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GENERAL INTRODUCTION

Water has “extraordinary” properties, which play an important role in shaping the
climate and make life on Earth possible. Circulation in the ocean helps distribute heat from
tropical areas to polar regions of the Earth. In addition, the oceans absorb large quantities of
CO, from the atmosphere. Approximately one quarter of CO, emitted by human activities
goes into the oceans (Balino et al., 2001; Denman et al., 2007), where it is partly stored and
thus excluded from the natural circulation for hundreds of years, helping to reduce the effects
of global warming. However, nature can not remain indifferent to our actions. Sea level rise,
extreme weather events, ocean de-oxygenation, ocean acidification, spreading of tropical
diseases, species extinctions and ecosystems changes are a consequence of the human impacts
on the natural carbon cycle (Millero, 2007). How much more carbon dioxide can sink in the
ocean abyss? Which are the underlying processes and how will they change in the future? An
accurate understanding of the ocean carbon cycle will allow to respond to the many questions
posed by scientists, politicians, economists, manufacturers...and will help them understand,
predict, mitigate and even manage climate change. This is not an easy task because the carbon
cycle in the ocean depends on many factors: the oceanic circulation, the presence of
phytoplankton, and thus theirs access to light and macro- and micronutrients (phosphorus,
nitrogen, silicium, iron...). Moreover, to observe and monitor the carbon biogeochemical
cycle, we have to face a difficult ocean environment which is harsh, dark, difficult to access,

and characterized by large pressure, temperature, and ionic strength variations.
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General introduction

Oxygen Minimum Zones (OMZs) are oceanic areas which have concentrated much
interest recently. They are characterized by low oxygen concentrations (even less than
1 umol L) and thus have a strong influence on biogeochemical cycles, greenhouse gases
emission and life in the ocean. Denitrification is a common bacterial process occurring only in
O,- deficient regions. Due to this process, nitrate is converted into radiatively active gaseous
nitrogen oxide which is released to the atmosphere (Cornejo and Farijas, 2012). This has a
strong influence on nitrate to phosphate ratio which is lower than the canonical Redfield ratio
of 16. Consequently, the phosphorus cycle is also influenced by the deoxygenation process.
Lower ratios than Redfield of nitrate to phosphate have a strong impact on the carbon uptake

by photosynthese processed and thus on the biological carbon pump.

Much of what we currently know about the temporal variability of biogeochemical
processes comes primarily from in situ observations either ship-based, or from time series
stations which give us just a limited understanding of how ocean biogeochemistry is changing
in response to natural climate variations. The advent of satellite technology and the
availability of satellite ocean colour allowed us to shed some more light on ocean
biogeochemistry changes in response to El Nifio for instance, or to anthropogenic climate
changes driven by the accumulation of greenhouse gases in the atmosphere. The development
of multi-disciplinary oceanic observatories for a long-time monitoring will help to increase
the observing capacities in the constantly changing marine environment. This monitoring
requires in situ miniaturized autonomous instrumentation able to achieve excellent figures of
merit: long lifetime, high precision, low detection limit, fast response time, good
reproducibility, resistance to biofouling and high pressure, able of stable long-term operation,
and have low energy consumption. Within the past few years, sensor technologies for oxygen,
chlorophyll, particles and nitrate have been refined (Johnson et al., 2009). These sensors are
capable of deployment on long-endurance missions on autonomous platforms such as

profiling floats and gliders.

For a large number of analytical methods, electrochemistry provides promising
reagentless methods capable of miniaturization, have a decrease in response time with low
energy requirements. In aquatic systems, electrochemical methods are used routinely for
monitoring of pH by potentiometry, dissolved oxygen by amperometry (Revsbech et al.,
2009), trace metals and speciation by voltammetry (Luther et al., 2001; Tercier-Waeber et al.,
2005), conductivity and therefore salinity by impedimetry. Electrochemistry offers also a

wide range of possibilities for achieving an excellent phosphate determination in seawater but

12



General introduction

no autonomous electrochemical sensor for in situ phosphate determination currently existsts.
Generally, the use of electrochemical in situ sensors in the ocean is not well developed but the

opportunities provided by some teams show an increasing interest in this research field.
My PhD thesis has two objectives:

A) Construction of an electrochemical sensor for in situ determination of phosphate in
sea water,
B) Improvement of the STOX sensor for the determination of dissolved oxygen in the
Oxygen Minimum Zones (OM2Z).
The first part of the PhD thesis was performed in Toulouse, France in close cooperation
with two laboratories: LEGOS (Laboratoire d’Etudes en Géophysique et Océanographie
Spatiales) and LGC (Laboratoire de Génie Chimique).

The second part was carried out during a stage at Aarhus University and UNISENSE

Company in Aarhus, Denmark.

This project is situated at the border of several fields: analytical chemistry,
oceanography and biogeochemistry of the open ocean. Fundamentals of each of these
disciplines must be presented here.

The first chapter is divided in two parts. The first part describes the biogeochemical
cycles in the oceans related to the biological and physical carbon pumps. The phosphate
chemistry and its special place in the biological carbon pump are also presented in this
chapter. The second part is focused on the Oxygen Minimum Zone problem with a special
attention on the influence of OMZs on the greenhouse gases budget and on biogeochemical

cycles of nitrogen and phosphorus.

The second chapter is an overview of electrochemical techniques and is dedicated to
non-specialists in this field. Firstly, principles of electrochemistry are described. Then
electrochemical kinetics are presented with possible solutions of Fick’s diffusion law which is
the basis of electroanalytical chemistry. Electrochemical techniques used in this work are
recalled and finally the influence of adsorption and coupled chemical reactions on

electrochemical signals is investigated.

The third chapter is a summary of the observing systems and autonomous in situ

sensors deployed for phosphate and oxygen measurements in the ocean. It also includes the
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General introduction

various electroanalytical techniques used for phosphate detection in laboratory conditions.
The crucial problem of corrosion and biofouling for deployments at sea is also addressed.

Chapter IV is a presentation of the work done during the secondment at Aarhus
University. The work was focused on improvement of STOX sensor for detection of ultra-low
oxygen concentrations by changing the method for front gold cathode formation. Firstly, the
wet chemical method for gold plating on silicon membrane is described. Then a comparison
of figures of merit for the traditional and improved STOX sensors is discussed.

Chapter V presents an additional work done on elucidation of complicated
electrochemistry of isopoly- and heteropolyoxomolybdates formed during anodic oxidation of
molybdenum in seawater. This work uncovers the chemical formulas of silico- and
phosphomolybdate complexes and explains complicated electrode reactions. It thus helps to

understand the difficulty of phosphate detection by electrochemistry.

Chapter VI is a presentation of the work done on development of phosphate sensor.
The method is based on oxidation of molybdenum electrode in seawater in order to form
phosphomolybdate complex, electrochemically detectable by means of amperometry or
voltammetry. The construction of an electrochemical cell based on membrane technology
done during this work gives the possibility to detect phosphate in presence of silicate without
addition of any liquid reagents.

The final chapter is a description of work done on preliminary analysis of Peruvian
water masses using data obtained during an oceanographic cruise offshore Peru. The CTD
(Conductivity, Temperature, and Depth) data are supported by phosphate concentration

profiles obtained by electrochemical measurements (as described in Chapter VI).
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INTRODUCTION GENERALE (francais)

L'eau a des propriétés «extraordinaires » qui jouent un rdle important dans le
faconnement du climat sur Terre. La circulation océanique contribue a la répartition de la
chaleur depuis les zones tropicales vers les pdles. De plus, les océans absorbent de grandes
quantités de dioxyde de carbone de I'atmospheére. Environ un quart du dioxyde de carbone
émis par les activités humaines se retrouve dans les océans (Balino et al., 2001; Denman et
al., 2007), ou il est en partie stocké et donc exclus de la circulation naturelle pendant plusieurs
centaines d'années, contribuant ainsi a la réduction des effets du réchauffement climatique.
Cependant, la nature ne reste pas indifférente a nos actions. L'élévation du niveau de la mer,
les phénomeénes météorologiques extrémes, la désoxygénation et I'acidification des océans, la
propagation des maladies tropicales, I'extinction d'especes et les changements de structure et
de fonctionnement des écosystémes marins sont autant de conséquences des impacts des
activités humaines sur le cycle naturel du carbone (Millero, 2007). Combien de dioxyde de
carbone peut se dissoudre dans I'océan ? Quels sont les facteurs qui contrélent ce processus et
comment vont-ils changer dans le futur ? Une compréhension précise du cycle du carbone
océanigue permettra de répondre aux nombreuses questions posées par les scientifiques, les
politiciens, les économistes, les industriels ... et permettra de les aider a comprendre, prédire,
atténuer et méme peut étre « gérer » le changement climatique. Ceci ne représente pas une
tache facile parce que le cycle du carbone dans I'océan dépend de nombreux facteurs : la
circulation océanique, les mécanismes biologiques de photosynthése, de respiration et
reminéralisation de la matiére organique et les processus chimiques. La pompe biologique de
carbone via le phytoplancton est contrélée par la lumiére et la disponibilité en macro- et

micronutriments (phosphore, azote, silice et fer, etc.). Afin de mieux comprendre les
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Introduction générale

mécanismes inhérents a cette pompe, il convient d’établir une surveillance a long terme de cet
environnement marin, environnement difficile d’accés car sombre et lointain, caractérisé par

de fortes pressions, une grande variabilité de la température et de la salinité.

Les zones de minimum d'oxygéne (OMZ) sont des régions océaniques ou I’intérét des
oceanographes s’est concentré récemment. Elles sont caractérisées par des concentrations
faibles en oxygéne (moins de 1 pmol L™) et ont donc une forte influence sur les cycles
biogéochimiques, les émissions de gaz a effet de serre et la vie dans I'océan. La dénitrification
est un processus bactérien qui apparait seulement dans les OMZ. En raison de ce processus, le
nitrate est transformé en protoxyde d’azote, puissanr gaz a effet de serre qui est libéré dans
I'atmosphére (Cornejo et Farijas, 2012). Le processus de désoxygénation a donc une forte
influence sur le rapport N/P qui devient inférieur a la valeur canonique de 16 de Redfield. En
consequence, le cycle biogéochimique du phosphore est aussi influencé par la
désoxygeénation. Les rapports nitrate sur phosphate inférieurs a la valeur de Redfield ont un
fort impact sur I’absorption du carbone par le processus de photosynthése et donc sur la
pompe biologique de carbone.

Une grande partie de ce que nous savons actuellement sur la variabilité temporelle des
processus biogéochimiques provient principalement d’observations in situ, soit a partir de
navires, soit a partir de stations de séries temporelles qui nous donnent cependant une
compréhension limitée de la facon dont la biogéochimie des océans évolue en réponse aux
variations naturelles du climat. L'avenement des missions satellitaires et de la disponibilité
des données couleur de 1’eau par satellite a permis une meilleure compréhension des
changements biogéochimiques des océans en réponse au phénomeéne EI Nifio par exemple ou
aux changements climatiques d’origine anthropique entrainés par l'accumulation de gaz a
effet de serre dans lI'atmosphére. Le développement des observatoires océaniques pour une
surveillance continue de 1’océan permettra d'accroitre les capacités d'observation de
I'environnement marin. Cette surveillance nécessite une instrumentation in situ miniaturisée,
autonome, capable d'atteindre de hautes performances en terme de durée de vie, de précision
de la mesure, de limite de détection, couplée avec un temps de réponse rapide, une faible
consommation d’énergie, une bonne reproductibilité, une résistance aux biosalissures et aux
hautes pressions. Ces dernieres années, les technologies pour les capteurs d'oxygéne, de
nitrate, de chlorophylle, et du carbone particulaire ont été affinées (Johnson et al., 2009). Ces
capteurs sont capables d’étre délpoyeé sur des missions longues sur des plateformes autonomes

tels que les flotteurs profileurs et les planeurs.
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Introduction générale

Parmi le grand nombre de méthodes d'analyse, I'électrochimie permet d'aller plus loin
dans la miniaturisation, de diminuer le temps de réponse et les besoins énergétiques, et donc
dans le développement de méthodes prometteuses sans ajout de réactifs liquides. En milieu
aquatique, les méthodes électrochimiques sont utilisées en routine pour la surveillance du pH
par potentiométrie, I'oxygene dissous par ampérométrie (Revsbech et al., 2009), les métaux
traces et leur spéciation par voltampérométrie (Luther et al., 2001 ; Tercier-Waeber et al.,
2005), la conductivité et la salinité par impédance. L’électrochimie offre également un large
éventail de possibilités pour parvenir a une excellente détermination du phosphate dans 1’eau
de mer, mais aucun capteur autonome pour la détermination électrochimique in situ des
phosphates n’existe a ce jour. Globalement, l'utilisation de capteurs électrochimiques in situ
dans l'océan n'est pas bien développée, cependant les possibilités offertes par certaines

équipes montrent un intérét croissant dans ce domaine de recherche.

Les travaux de ma these ont deux objectifs:

A) la construction d'un capteur électrochimique pour la détermination in situ de phosphate
dans I'eau de mer,

B) I'amélioration de la sonde STOX pour la détermination de I'oxygéne dissous dans les zones
de minimum d'oxygene (OMZ).

La premiére partie de ma these a été réalisée a Toulouse, en France, en étroite
coopération entre: le LEGOS (Laboratoire d’Etudes en Géophysique et Océanographie
Spatiales) et le LGC (Laboratoire de Génie Chimique).

La deuxiéme partie a été réalisée au cours d'un stage de 3 mois a I'Université d'Aarhus
et dans la compagnie Unisense a Aarhus au Danemark.

Ce projet de recherche est situé a la frontiere de plusieurs champs disciplinaires : la
chimie analytique, I'océanographie et la biogéochimie de I'océan ouvert. Les principes de base
de chacune de ces disciplines seront présentés dans ce manuscript.

Le premier chapitre est divisé en deux parties. La premiere partie décrit les grands
cycles biogéochimiques dans les océans en lien avec les pompes biologique et physique du
carbone. La chimie des phosphates et sa place particuliere dans la pompe biologique du
carbone sont également présentées dans ce chapitre. La deuxiéme partie se concentre sur le
probléme des Zones de Minimum d'Oxygene avec une attention particuliére sur I’influence

des OMZs sur le budget des gaz a effet de serre et sur les cycles biogéochimiques.

Le deuxiéme chapitre est un apergu des techniques électrochimiques et est plutdt dedié

aux non-specialistes dans ce domaine. Tout d'abord, les principes de I'¢électrochimie sont
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Introduction générale

décrits. Puis la cinétique électrochimique qui consitue la base de la chimie électroanalytique
est présentée. Les techniques électrochimiques utilisées dans ce travail sont rappelées et nous

discuterons enfin des problémes d’adsorption et des réactions chimiques couplées.

Le troisieme chapitre est un résumé des systemes d'observation et des capteurs in situ
autonomes déployés pour les mesures du phosphate et de I'oxygene dissous dans I'océan. Ce
chapitre inclut une description des différentes méthodes d’analyse utilisées pour la détection
de phosphates et d’oxygene dans des condtions de laboratoire, avec une attention particuliére
aux techniques électroanalytiques. Le probleme crucial de corrosion et des biosalissures sera

mentionné.

Le chapitre IV est une présentation du travail effectué pendant le stage a I'Université
d'Aarhus. Ce travail a été axé sur I'amélioration du capteur STOX pour la détection d'oxygene
a faible concentration. Cette amélioration a été effectuee par un changement dans la
construction du capteur. Au lieu d'électrodéposer de I'or sur du platine, un dépot d’or a été
réalisé sur une membrane silicium afin de créer la cathode d’or. La comparaison entre le
capteur STOX traditionnel et la version améliorée est discutée en fin de chapitre.

Le chapitre V présente un travail supplémentaire effectué sur I'électrochimie des
complexes isopoly- et hétéropolyoxomolibdiques formés via I'oxydation du molybdéne métal
dans I'eau de mer. Ce travail a révélé la structure chimique des différents complexes silico- et
phosphomolibdiques et a illustré la complexité des réactions électrochimiques et par
conséquent la difficulté d’interprétation des signaux pour la détection des phosphates.

Le chapitre VI présente le travail effectué sur le développement du capteur de
phosphate. Le procédé développé est basé sur I'oxydation d’une électrode de molybdene dans
I'eau de mer pour former le complexe phosphomolibdique qui est ensuite détecté par
ampérometrie ou voltammétrie. La réalisation d'une cellule électrochimique utilisant des
membranes a permis de détecter les phosphates en présence de silicates sans addition de
réactifs liquides.

Le dernier chapitre est une description du travail effectué sur I'analyse préliminaire des
masses d’eaux péruviennes en utilisant les données obtenues au cours de la campagne
océanographique au large du Pérou. Les données de CTD (Conductivité, Température,
Profondeur) sont compilées avec les profils de concentration en phosphate obtenus par

mesures électrochimiques (tel que décrits dans le chapitre V1).
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CHAPTER I:

INTRODUCTION ON OCEAN BIOGEOCHEMISTRY AND ON
OXYGEN MINIMUM ZONES

The goals of this work were to develop an electrochemical sensor for phosphate
detection in seawater and to improve an existing sensor for detection of ultra-low oxygen
concentrations. A good understanding on ocean biogeochemical cycles in general and on the
deoxygenation process is crucial for marine sensors development since it will help in finding

solutions which respond to the needs of marine biogeochemists.

The basics of the ocean carbon cycle are firstly described. Both physical and
biological pumps are discussed with a special attention to the factors controlling the
biological CO, uptake. Then the cycle of phosphate and its influence on the biological carbon
pump are discussed. The purpose of this part is to explain the importance of phosphate

measurements in the general context of this project.

In the second section the deoxygenation issue associated to the Oxygen Minimum
Zones is discussed and its impact on biogeochemical cycles and greenhouses emissions is
mentioned. The biotic response to the Oxygen Minimum Zones is briefly presented. The
purpose of this part is to explain the critical importance of oxygen ultra-low detection in the

Oxygen Minimum Zones.

19



Contents:

1. Introduction on ocean biogeochemistry 21

1.1. The role of ocean in the global carbon cycle 21

1.1.1. The physical and biological carbon pumps 24

1.1.2. Human impact on ocean CO; uptake 27

1.1.3. Oceanic circulation and global warming 28

1.2. The components of the biological carbon pump 29

1.2.1. Phytoplankton and primary production 29

1.2.2. Role of nutrients and iron in the biological carbon pump 32

1.3. The phosphate in the ocean 33

1.3.1. Chemistry of phosphate 33

1.3.2. The cycle of phosphate in the ocean 34

2. Introduction on Oxygen Minimum Zones (OMZs) 38

2.1. Oxygen in the ocean 38

2.2. Formation, distribution and stability of OMZ 40

2.3. The role of OMZ in the global climate change 42
2.3.1. Influence of OMZ on the biogeochemical cycles

and greenhouse gases budget 42

2.3.2. Biotic response to OMZ 43

3. Summary 44

20



Chapter I: Introduction on ocean biogeochemistry and on Oxygen Minimum Zones

1. Introduction on ocean biogeochemistry

Many closely related geological, physical, chemical, biological and biogeochemical
processes take place in the ocean on a variety of spatio-temporal scales. The study of
biogeochemical cycles of chemical elements (C, N, Si, P, Fe,...) requires taking into account
the origins (sources), sinks and changes within each of the reservoirs (ocean, continent,

atmosphere ...) of each element constituting them.

The carbon cycle in the global ocean includes the CO, exchange at the ocean-
atmosphere interface, the general oceanic circulation, the riverine and eolian inputs of
nutrients and inputs of nutrients by submarine volcanism. CO; is one of the major greenhouse
gases with nitrous oxide and methane. The study of the carbon cycle is essential for
understanding and predicting evolution of the climate. During photosynthesis, algae use
energy from sunlight to convert CO, and dissolved nutrients (nitrate, phosphate, silicate...) to
organic carbon. Monitoring levels of nutrients over time, as key elements of the marine food
chain but also as tracers of water masses, is therefore a critical factor to ulimately monitor

climate change.

1. 1. The role of the ocean in the global carbon cycle

The carbon cycle is the exchange of carbon among three reservoirs or storage places:
land, oceans and the atmosphere (Figure I. 1.1). The atmosphere is the smallest pool of
actively cycling carbon, that is, carbon which stays in a reservoir less than a thousand years or
so. The land and its plants and animals, which are called the terrestrial biosphere, constitute
the next largest reservoir of carbon and the oceans are the earth’s largest carbon active

reservoir by far (Denman et al., 2007).

The processes by which carbon moves through the earth’s reservoirs take place on
different time scales. The short-term carbon cycle includes processes that transfer carbon from
one reservoir to another in a matter of years, including photosynthesis, plant and animal
respiration, and the movement of CO, across the air-sea interface. Other processes, such as
transformation of carbon into limestone and its subsequent release as the rock weathered,
occur very slowly (thousands to millions of years). We call these processes the long-term

carbon cycle.
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Recent interest in the global carbon cycle corresponds to increasing levels of carbon
containing gases like carbon dioxide (CO;), methane (CH,), carbon monoxide (CO), and
chlorofluorocarbons (CFCs). These gases are all radiatively active, that is, they trap the heat
near the surface of the earth causing elevation of the average temperature. So, they are

considered greenhouse gases (Millero, 2007).
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Fig. I. 1.1. The global carbon cycle taken from the 4th IPCC Assessment Report, 2007. In the
figure the carbon fluxes are shown in Gt C/yr with natural fluxes depicted by black arrows

and the anthropogenic fluxes by red arrows (Denman et al., 2007).

The most important greenhouse gas is carbon dioxide (CO,). The amount of this gas is
increasing due to human activity. The pre-industrial level of this gas was 280 ppmV and has
increased to the current levels of 370 ppmV (Figure 1. 1.2). The levels of CO, in the past
varied between 200 ppmV (glacial times) and 300 ppmV (interglacial times). More recent ice
core measurements indicate that these levels have been similar for 600 ky (ky=1000 years)
(Figure 1. 1.3). These results indicate that the present level of CO, in the atmosphere is 23%
higher than 280 ppmV in the past 600 ky (Siegenthaler et al., 2005). Thanks to its ability to
buffer CO,, the oceans play a crucial role in regulation of the atmospheric level of this gas

and thus, have a great impact on greenhouse effect and climate. This has led to an increasing
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interest in understanding the cycling of CO, between the atmosphere and the oceans. The
influence of increasing CO; levels on climate will be discussed later.
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Fig. I. 1.2. The increase of carbon dioxide in the atmosphere at Hawaii from atmospheric

sources and trapped in ice cores (Millero, 2007).
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core during the last climate cycle (Millero, 2007).
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Our present understanding of the temporal and spatial distribution of the net CO; flux
into and out of the ocean is derived from a combination of field data, which is limited by
sparse temporal and spatial coverage, and models, which are validated by comparisons with
the observed distributions of tracers, like natural carbon-14 (*C), and anthropogenic
chlorofluorocarbons, tritium (*H) and bomb **C. With the additional data from global surveys
of CO; in the ocean (1991-1998), carried out during the Joint Global Ocean Flux Study
(JGOFS), the World Ocean Circulation Experiment (WOCE) Hydrographic Program, and
during IMBER (Integrated Marine Biogeochemistry and Ecosystem Research) and SOLAS
(Surface Ocean Lower Atmosphere Study) international cruises, it is now possible to
characterize in a quantitative way the regional uptake and release of CO, and its transport in

the ocean.

1.1.1. The physical and biological carbon pumps

The ocean plays an important part in both the organic and inorganic components of the
carbon cycle. The ocean contains about fifty times more carbon than the atmosphere, but only
1 % of this carbon is in the form of CO,, most of the carbon is found as bicarbonate (HCO3)
or carbonate (COs%). CO, dissolves in the ocean and reacts with water to form carbonic acid,
which rapidly dissociates into bicarbonate and carbonate ions according to the following

equilibrium reactions (I. 1.1-1.3):

CO,(g) < CO,(aq) (1.1.1)
CO,(aq)+H, 0= H" + HCO, (1.1.2)
HCO; < H" +CO}" (1. 1.3)

The sum of CO,, HCO5 and CO5” is called Dissolved Inorganic Carbon (DIC); 91 %
of DIC is in the form of HCO3", 8% in COs% and only 1% in CO, (Sarmiento and Gruber,
2001). Only CO, is exchanged with the atmosphere due to physical and biological processes
known as physical and biological pumps presented in Figure 1. 1.4,

The physical pump is driven by gas exchange at the air-sea interface and the physical
processes that transport CO, to the deep ocean. Atmospheric CO, enters the ocean by gas

exchange depending on wind speed and the difference in partial pressure across the air-sea
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interface. The amount of CO, absorbed by seawater is also a function of temperature through
its effect on solubility: solubility increases as temperature falls so that cold surface waters
absorb more CO, than warm waters. Generally speaking, cold and dense water masses in high
latitude oceans, particularly of the North Atlantic and Southern Oceans, absorb atmospheric
CO,, before they sink to the ocean interior. The sinking is balanced by an upwelling in other
regions. Upwelled water warms when it reaches the surface where CO, becomes less soluble
and some is released back to the atmosphere. The net effect is to pump CO, into the ocean
interior (Maier-Reimer et al., 1996; Sarmiento and Gruber, 2002).
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Fig. I. 1.4. The schematics of the biological and physical pumps (Chisholm, 2000).

Once CO; is pumped to the ocean due to physical processes, the DIC is absorbed by
phytoplankton during photosynthesis. Using sunlight for energy and dissolved inorganic
nutrients, phytoplankton convert DIC to organic carbon, which forms the base of the marine
food web. When phytoplankton die or are eaten by zooplankton and higher trophic organisms,
the part of the organic carbon from dead tissues can remain in the water as Dissolved Organic
Carbon (DOC). The DOC can be transported by currents to deeper waters. Finally, another
fraction of the organic carbon is transformed into aggregates called Particulate Organic
Carbon (POC), which sink to greater depths. The carbon entrained in POC is remineralized by
bacteria at depth and stored in the intermediate deep waters rich in carbon and transported

back to the surface by ocean currents and vertical mixing (Chisholm, 2000). The food web's
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structure and the relative abundance of species influence how much CO, will be pumped to
the deep ocean. This structure is dictated also by the availability of inorganic nutrients such as
nitrogen, phosphorus, silicon and iron. The influence of dissolved nutrients will be discussed
in detail later.

Some marine organisms grow their shells out of calcium carbonate (CaCO3), changing
the surface water carbon chemistry. Shells sink in the deep water and the concentration of
COs? at the ocean surface decreases moving the equilibrium of reaction 1. 1.4 towards the
right.

COZ +Ca* «> CaCO,(s) (1.1.4)
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Fig. I. 1.5. Annual exchange of CO, across the sea surface (Takahashi et al., 2009).

Together with the solubility pump, the biological pump maintains a sharp gradient of
CO, between the atmosphere and the deep ocean. The annual CO, exchange is presented in
Fig. I. 1.5. The blue and purple colours denote regions in which the ocean takes up large
amounts of CO,, red and yellow colours mark regions in which large amounts of CO, are
emitted into the atmosphere. The map shows that the Equatorial Pacific is the largest source
of CO,. This is due to the combination of strong upwelling of CO,-rich waters and low
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biological activity. The North Atlantic, on the other hand, is the most intense region of CO,
uptake in the global ocean. As the Gulf Stream and the North Atlantic Drift transport water

northwards, it cools and absorbs CO, from the atmosphere (Takahashi et al., 2009).

1.1.2. Human impact on ocean CO, uptake

More than seven billion people burn fuel to keep warm, to provide electricity to light
their homes, to run industry, and to use cars, buses, boats, trains, and airplanes. The burning
of fuels adds about 6 gigatons of carbon to the atmosphere each year (Balino et al., 2001;
Denman et al., 2007). The CO, emitted into the atmosphere by human activities is taken up by
the ocean at a rate which depends primarily on the rate of increasing atmospheric CO; as
compared with the rate of the ocean mixing. Nowadays, the ocean takes up about 2.2 PgC/yr
(Denman et al., 2007, Gruber et al., 2009). However in the past 20 years models and
observations suggest that the rate of growth of this sink may have slowed down (Canadell et
al., 2007). Measurements show that the oceans have absorbed 29 % of the total CO, emitted
since pre-industrial times (Sabine et al., 2004, Lee et al., 2003), but at present the ocean
uptake is only 15% of the potential uptake level for an atmospheric concentration of
385 ppmV (Greenblatt and Sarmiento, 2004). Potential variations in the oceans’ sink
efficiency due to climate change are extremely important because of the size of this sink.

Several examples of influence of carbon dioxide increase on climate are discussed below.

The increase in the concentration of CO, in the atmosphere will increase its flux across
the air-sea interface. This will result in a decrease in the pH of about 0.3-0.4 units if
atmospheric CO; concentrations reach 800 ppmv (Doney et al., 2009). The decrease in the pH
is expected to cause large changes in the carbonate system in the ocean. For example,
organisms like pteropods, foraminifera, and cocolithophores will have difficulty with
precipitating CaCOg; coastal corals may have difficulty in growing and may dissolve
(Beaufort et al., 2011). The constantly increasing carbon dioxide concentration in the
atmosphere is causing the global increase of temperature. The carbon dioxide dissolves better
in cold waters, thus increasing the temperature will cause the oceans to absorb less carbon
dioxide than now, and this will result in strengthening the greenhouse gases effect. Moreover,
higher temperatures will cause ice melting and greater inflows of freshwater into the oceans.
In addition, higher temperatures, in accordance with the laws of physics, will lead to increased

water volume. As an effect, this will lead to sea level rise and thus to intense flooding
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(Millero, 2007). These are only a few examples of the effects of global warming. To
understand, stop or mitigate these changes, we need to know first how the ocean machinery is

functioning.

1.1.3. Oceanic circulation and global warming

The main forces driving oceanic circulation are the difference in density of different
water masses and the winds. The density of seawater is controlled by its salinity and
temperature. The salinity of the surface water is controlled mostly by the balance between
evaporation and precipitation. As a result the highest salinities are found at low latitudes
where evaporation is high and precipitation low. The temperature of the oceans depends
mostly on the heat exchange with the atmosphere. In general the heat is transferred for low
latitudes to high latitudes via the winds in the atmosphere and by the currents in the ocean
(Wunsch, 2002; Colling, 2004). The thermohaline circulation known as the oceanic conveyor
belt is a key regulator for climate (Figure 1. 1.6). This circulation emphasises the

interconnections among the waters of the world ocean.

===  Surface flow O Wind-driven upwelling L Labrador Sea
=== Deep flow &) Mixing=driven upwelling G Greenland Sea

=== Bottom flow Salinity > 36 %o W  Weddel Sea
< Deep Water Formation Salinity < 34 %o R Ross Sea

Fig. I. 1.6. The thermohaline circulation of the oceans. Surface currents are shown in red,
deep waters in light blue and bottom waters in dark blue. The main deep water formation

sites are shown in orange (Rahmstorf, 2006).
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Salty and warm surface waters reaching the high latitudes of the North Atlantic with
the Gulf Stream are cooled in winter and sink to great depths and release heat. This heat helps
to mitigate the climate in northern Europe. Deep waters being formed that way start their
journey southwards where they join newly formed cold deep waters in Antarctica. Some then
flow outward at the bottom of the ocean in the Atlantic, Indian and Pacific basins. These
waters return to the North Atlantic as a surface flow, primarily through upwelling in the
Pacific and Indian Oceans. The deep waters become enriched with essential nutrients and CO,
as they circulate, from organic matter decomposition in the water and sediments. A complete

cycle of the conveyor belt takes about 1000 years.

There are evidences that the thermohaline circulation has changed regularly in the past
(Rahmstorf, 2003, Toggweiler and Russell, 2008). The variation of climate due to changes in
the circulation has been large, abrupt and global (Denton and Hendy, 1994; Clement and
Peterson, 2008). One of the consequences of global warming will be an increase of sea
surface temperature and the alteration of the hydrological cycle, both factors will make the
formation of the salty deep water, which is the main driver of the ocean circulation, more
difficult. Models used by the IPCC AR4 (Intergovernmental Panel on Climate Change, 4"
Assessment Report: Climate Change 2007) show a reduction in the circulation by 15% to
50% in 2100 (Meehl et al., 2007).

1.2. The components of the biological carbon pump

If we wish to understand all the factors controlling the biological carbon pump in the
ocean, both now and in the future as the ocean responds to global warming, then we must
survey the oceanic biogeochemical cycles of phosphates, nitrate, iron and silicate. Generally,
the access to carbon dioxide and sunlight is sufficient to start the photosynthesis process, but
nutrients and iron concentrations are not similar in every region of the ocean and they play a

main role in the biological carbon pump.

1.2.1. Phytoplankton and primary production

Phytoplankton are comprised of microscopic plants that live in the euphotic layer of

the oceans. Most of them are simply drifting with the currents, but some may also move

29



Chapter I: Introduction on ocean biogeochemistry and on Oxygen Minimum Zones

independently. They use sunlight, micro- and macronutrients, carbon dioxide (CO;) in sea
water in a process called photosynthesis to produce organic matter, which they use as a
building material for their own cells. In addition, during the photosynthesis process,
phytoplankton release oxygen as a by-product (equation 1. 1.5). Phytoplankton remove almost
as much carbon dioxide from the atmosphere as terrestrial plants, and thus defines the Earth’s

climate.
6 H,O + 6CO, + hv (energy) - CeH1206 + 6 O, (|. 1.5)

Both the amount and the rate at which phytoplankton are produced are important to
consider with respect to the availability of organic carbon in the food chain. The standing crop
is the amount of living phytoplankton at a given time and a given amount of seawater
(mg C m™ of seawater) or at given surface of seawater (mg C m™). The rate of primary
production (P) is defined as the weight of inorganic carbon fixed photosynthetically per unit
time per unit volume (mg C m™ h™) or under unit surface area (mg C m? day™) (Millero,
2006). The new production is the primary production associated with newly available
nitrogen (NO;’, NOs’, and NHs). The new production plus the regenerated production (the
primary production associated with recycled nitrogen) are equal to the total primary
production. These definitions are based on a system being in steady state. The ratio of the new
production to the total production is called the “f” ratio. This ratio is useful in describing the
fraction of organic nitrogen and carbon exported from the surface waters to the deep ocean. It
also represents the capacity of the system to sustain secondary and high levels of production.

A number of factors can affect the growth of phytoplankton in the ocean. One of the
most important is light and thus, the sun’s altitude, cloud cover, and then reflection,
absorption and scattering of light in water have a great influence on phytoplankton growth.
The other important factor is salinity. Marine phytoplankton will grow at salinities as low as
15, some more successfully than at 35. Stenhaline organisms will only thrive in a limited
range of salinity, for example Peridinium bacterium at salinity of 8-12 (Baltic Sea).
Euryhaline organisms can live over a wide range of salinities. The temperature range in the
ocean is -2° to 30°C. Phytoplankton are rapidly killed at temperatures 10° to 15°C above the
temperature at which they are adapted to live. A slow decrease of the temperature has less of
an effect (Millero, 2006).

Additionally, phytoplankton need nitrogen, phosphorus, iron and silicon for growth.

This problem will be discussed later. Some organics are necessary as well: vitamin By, and B;
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are growth promoters, ascorbic acid and cysteine may also be needed. The limitation in
vitamin By, inhibits the rates of photosynthesis by stopping cell division, causing a loss of

pigmentation and cell size (Millero, 2006).

Regional differences make it a challenge to measure primary production of the ocean
basins. Traditional techniques, based on discrete bottle samples, cannot give an accurate
global picture. Recent advances in remote-sensing technologies have vastly improved
estimates of primary production based on phytoplankton pigment levels. For instance, the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS), a satellite, mounted ocean colour
instrument, measures chlorophyll (algal pigment) in every part of the global ocean. With these

data now, it is possible to derive global seasonal to annual estimates of primary production

(Fig. 1. 1.7).
I 1000

mg C/ m*2 / day

Fig. 1. 1.7. Global ocean primary production estimated from chlorophyll a distribution

derived from SeaWiFS data (www.science.oregonstate.edu/ocean.productivity).

The estimation shows very low primary production in the subtropical gyre regions of
Pacific, Atlantic and Indian Ocean. These regions are called oligotrophic regions and are
characterized by low nutrient concentrations. Eastern boundary regions (offshore Africa and
Peru-Chile, for instance) are very productive due to upwelling phenomena which bring water
masses rich in nutrients to the surface. Finally, there are the HNLC (High Nutrient Low
Chlorophyll) zones characterized by high nutrient concentrations but low primary production
due to limitation in iron and/or high rate of consumption of phytoplankton by zooplankton.
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The HNLC regions are located in the Southern Ocean, in the equatorial band and in the

subarctic Pacific Ocean.

1.2.2. Role of nutrients and iron in the biological pump

Phytoplankton need macronutrients, mainly nitrogen and phosphorus. Phytoplankton
need nutrients in certain proportions according to the following reaction (Paytan and
McLaughlin, 2007):

106 CO;, + 16 HNO3+ H3PO4 + 122 H,O +ph0t0ns — (CHzo)loe(NHg)le(H3PO4) + 138 O,
(1. 1.6)

For every 106 carbon atoms, which are processed in organic matter, it is necessary to
use 16 nitrogen atoms and one phosphorus atom. These proportions are known as Redfield
ratios (Redfield, 1958). Atmospheric nitrogen (N) is usually not directly absorbed by
phytoplankton, although it can be by nitrogen fixers. Nitrate (NO3") and ammonia (NH,") are
the chemical substances being mostly uptaken by phytoplankton. In most areas of the ocean,
nitrogen is lacking and we can say that the growth of phytoplankton is dependent on the
availability of nitrogen. However, for example, in some oceanic areas, for instance in the
eastern Mediterranean, it is the availability of phosphorus which determines the growth of
phytoplankton. Natural sources of these nutrients are weathering of rocks (Paytan and
McLaughlin, 2007) but also eolian and riverine inputs. Human activity also constitutes a
source of nutrients. The main anthropogenic sources of phosphorus are detergents and
sewage. The occurrence of nitrogen in waters is mainly due to intensive agricultural activities
(Brandes et al., 2007) and coming from the excessive use of fertilizers containing nitrates and

ammonia.

Another important nutrient is silicate, which is derived mainly from the weathering of
rocks. The ratio of silicate over carbon varies from 0.06 and 0.45. Lack of silicate prevents the
growth of certain species of phytoplankton, diatoms, which use this nutrient to build their
skeletons. When running low on nitrogen or phosphorus, phytoplankton cease to grow. When
running out of silicon, phytoplankton may continue growing, but a change in species

composition may occur.
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Phytoplankton also need a small amount of metal particles such as iron, copper, zinc
and cobalt. The HNLC regions mentioned above do not have enough iron for phytoplankton
to develop. These regions account for about 20% of the total area of the oceans. From the
oceanographic point of view, these regions should be biologically active because they are
located in upwelling regions. However, these regions are distant from the desert areas and
very limited amounts of dust (and iron) reach the surface ocean (Sunda et al., 2010).

The so called iron limitation hypothesis has been tested by carring out in situ iron
fertilization experiments for instance in the Southern Ocean (SOIREE, Jan ’99), similar to
those carried out earlier in the eastern Pacific (IronEx I, 1993, and IronEx Il, 1995). The
experiments showed enhanced phytoplankton growth and uptake of atmospheric CO,, but at
the same time a shift in the planktonic community was noticed (Balino et al., 2001; de Baar et
al., 2005).

1.3. The phosphate in the ocean

As mentioned before, phosphate availability can impact primary production rates in
the ocean as well as species distribution and ecosystem structure. Thus, the availability of
phosphates in marine systems can strongly influence the marine carbon cycle and the

sequestration of atmospheric carbon dioxide.

1.3.1. Chemistry of phosphate

From a chemical point of view, phosphates are the salts of phosphoric acid. In dilute
aqueous solution, phosphate exists in four forms. In strongly-basic conditions, the
orthophosphate ion (PO,*) predominates, whereas in weakly-basic conditions, the hydrogen
phosphate ion (HPO4?) is prevalent. In weakly-acid conditions, the dihydrogen phosphate ion
(H2POy) is the most common. In strongly-acid conditions, aqueous phosphoric acid (H3POy)

is the main form. More precisely, considering the following three equilibrium reactions:
H,PO, & H"+H,PO, (1.1.7)

H,PO, < H" + HPO;" (1. 1.8)
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HPO;” < H*™ + PO} (1. 1.9)

the corresponding constants at 25°C (in mol/L) are:

K., :ww.s-m{ pK,, =2.12 (1.1.10)
[H:PO, ]
+ 2-
= [H IHP(?4 ]z 6.2-10°, pK, =7.21 (1.1.12)
H,PO,
+ 3-
_1*]po; ]z 2.14-10™, pK , =12.67 (1.1.12)

1.3.2. The cycle of phosphate in the ocean

The phosphorus content on both oceans and land is very small. The main reservoir of
phosphorus on land is rocks formed in ancient geological epochs. These rocks gradually
ventilate and release phosphorus compounds into marine ecosystems. Continental weathering
is the primary source of phosphorus to the oceanic phosphorus cycle. Most of this phosphorus
is delivered via rivers with a smaller portion delivered via dust deposition. In recent times,
anthropogenic sources of phosphorus have become a large fraction of the phosphorus
delivered to the marine environment, effectively doubling the pre-antrophogenic flux. The
main anthropogenic sources of phosphorus are detergents and sewage. The primary sink for
phosphorus in the marine environment is the loss to sediments. Much of the particulate flux
from rivers is lost to sediments on the continental shelves, and a smaller portion is lost to
deep-sea sediments. In surface waters, certain phosphate forms (PO,%) are taken up by
phytoplankton during photosynthesis. Subsequently, the phosphate travels up through the
food chain to zooplankton, fish and other top marine organisms. Much of organic-P is
converted back to PO,* in surface waters as phytoplankton die but some of it finds its way to
the deep ocean (via downwelling and sinking of organic matter) where it is remineralized
back to inorganic-P. It may return to the surface waters (via upwelling) or be bound by the
widely prevalent cations (AI**, Ca**, Fe**, Fe®*") and stored as minerals for a long time in the
rocks and sediments. In that case, only geological processes can bring them back to cycle. The
processes described above are presented in Fig. I. 1.8 as the marine phosphorus cycle with a

special attention to different phosphorus fluxes.
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The transformations between the various phosphate (DIP, DOP, PIP, POP) forms in
the water column and sediments, shown in Fig. I. 1.9, allow a better understanding of the

oceanic phosphate cycle.
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Fig. 1. 1.8. The marine phosphorus cycle (Paytan and McLaughlin, 2007).
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Fig. 1. 1.9. Transformation between phosphorus forms in the water column and sediments.
(Paytan and McLaughlin, 2007) (DIP-dissolved inorganic phosphorus, DOP-dissolved
organic phosphorus, PIP-particulate inorganic phosphorus, POP-particulate organic
phosphorus).

Vertical sections for phosphate concentrations in sea water are presented in Fig. I. 1.10
for the Atlantic, Pacific and Indian Oceans. As phytoplankton and other organisms die, PO,*
is regenerated in the water column. A maximum regeneration occurs near 1000 m, which is
the same depth as the oxygen minimum layer. The maximum values of phosphate
concentration in the Atlantic are about 2.5 uM, while in the Pacific values around 3.25 uM
occur. The higher values observed in the Pacific (and Indian) oceans as compared to the
Atlantic are due to the age of the water masses (older in the Pacific thus accumulating more
oxidized plant material). Generally, knowledge of the phosphate concentration in the ocean
surface allows us to deduce information on the biological activity in the ocean. Secondly,
phosphate is one of the chemical tracers (along with temperature, salinity, other nutrients
concentration...) which allows us to analyse water mass mixing and determine the origin of

the water masses.
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Fig.l. 1.10. Vertical section of phosphate concentrations obtained during the campaign
WOCE A16, P16 and Indian Ocean 18.
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2. Introduction on the Oxygen Minimum Zones (OMZs)

For various reasons, the content of the global ocean dissolved oxygen is far from
uniform. In some places, hypoxia (oxygen deficiency) occurs and strongly affects the
biological activity in the first few hundred meters depth. These regions are called the Oxygen
Minimum Zones (OMZ) and are found in tropical regions, in the eastern Pacific and northern
Indian Ocean. They are usually associated with upwelling systems and their extent increases
in summer and reduces in winter. Global warming is expected to help expand the OMZ and to
increase the hypoxia (Oschlies et al., 2008; Stramma et al., 2008; Keeling et al., 2010).
Models indicate that the average concentration of oxygen should decrease as well (Stramma et
al., 2012). These regions are still rather poorly understood despite much recent interest. A
better understanding of biological, biogeochemical and physical processes in these regions
will help us to answer many questions about the OMZ’s formation and expansion, and its
influence on ocean’s life, biogeochemical cycles of phosphorus, nitrogen and carbon and

emission of greenhouse gases to the atmosphere.

2.1. Oxygen in the ocean

The most studied gas (other than CO,) is dissolved oxygen. The oxygen cycle is very
complicated due to the fact that it participates in the composition of many compounds.
Sources of oxygen in natural waters are the process of absorption of oxygen from the
atmosphere, the formation of oxygen as a result of the photosynthesis and the entering oxygen
from rain and snow water. The distribution of oxygen in the oceans is the net result of
(Millero, 2006):

- Near equilibrium of atmospheric oxygen in the surface mixed layer
- Biological production in subsurface waters caused by photosynthesis

- Biological use of oxygen in respiration in all waters and oxidation of plant material in

intermediate waters

- Increases in oxygen in deep waters caused by the sinking of cold water rich in oxygen.
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Fig.l. 2.1. Vertical section of oxygen concentrations obtained during the campaigns WOCE
Al6, P16 and Indian Ocean 18.
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The dissolved oxygen concentrations decrease with depth in the ocean (to reach
minimum values at depth of about 1000 m) due to utilization of oxygen for oxidation of
organic substances and respiration of aquatic organisms. At greater depths the concentrations
of oxygen increase slightly again as presented in Figure 1. 2.1. Normally, the concentration of
oxygen is sufficient for sustaining life of marine organisms. However, in Oxygen Minimum

Zones a severe reduction or in extreme cases the complete loss of animal life may occur.

2.2. Formation, distribution and stability of the OMZ

Oxygen Minimum Zones are the regions in aquatic systems where concentrations of
oxygen are as low as a few uM. Oxygen Minimum Zones constitute primarily a problem in
Eastern Boundary Upwelling Systems (EBUS), some coastal waters and enclosed seas
(Fig. 1. 2.2), although it can also be an issue in freshwater lakes. Vertical oxygen profiles in
the OMZs are different from the classical O, minimum profiles (Fig. 1. 2.2). The oxygen
minimum is 5 times shallower up to 100-200 m than in the oxygenated ocean including a
marked gradient, the oxycline (Paulmier and Ruiz-Pino, 2009) and it is also 50 times more
intense. The total area of permanent OMZs is 8% of the global oceanic area and these include
mainly: the Eastern South Pacific, Eastern Tropical North Pacific, the Black Sea, the Arabian
Sea and Bay of Bengal. Oxygen Minimum Zones result from the combination of complex

ecological phenomena that arise from the convergence of several factors:

- Physical environment: In these oceanic areas, ventilation is very weak due to a sluggish
circulation and in EBUS undercurrents usually advect low oxygen waters. Wind strength and
direction also affect the rate of mixing. Poorly-mixed waters increase the chance that an OMZ

might develop.

- Nutrient enrichment: An overabundance of nutrients, combined with enough light and
warm, slow-moving, and poorly-mixed water, can result in algae blooms and eutrophication.
This is a prerequisite for the chain of reactions leading to OMZ formation. These

overabundant nutrients may come from both natural sources (upwelling) and human activities.
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Fig. I. 2.2. The global ocean oxygen concentration at depth where it is minimal from World
Ocean Atlas 2009 (right panel); The OMZs oxygen profile vs. the classical oxygen profile in
the ocean (left panel) (Paulmier and Ruiz-Pino, 2009).
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Fig. 1. 2.3. Schematic of interactions of open ocean oxygen minimum zones (OMZ, red) with
hypoxic shelf systems and dead zones (Diaz and Rosenberg, 2008) on continental shelves of

gastern ocean boundaries.
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Figure 1. 2.3 presents behaviour of ecosystems associated with Oxygen Minimum
Zones and explains the formation, functioning and the future predictions about the spreading
of these regions. Global warming and eutrophication reduce oxygenation of the world ocean
and spread the hypoxia vertically and horizontally (Stramma, et al., 2010). Thus, there is a
pressing need to understand the functional consequences of oxygen depletion on
biogeochemical cycles and marine biota.

2.3. The role of OMZ in the global climate change

It was reported that OMZs are the main areas of nitrogen loss (under N, N,O forms)
to the atmosphere (Naqgvi and Noronha, 1991; Farias et al., 2007; Paulmier et al., 2008). This
loss is driven mainly by denitrification and anammox (ammonium anaerobic oxidation)
processes which appear in oxygen deficit waters. In this way, OMZs can affect the nitrogen

(and indirectly phosphorus) and carbon ocean cycles.

2.3.1. Influence of OMZ on the biogeochemical cycles and greenhouse gases
budget

OMZs have been mainly known for playing an essential role in the global nitrogen
cycle. The comparison of nitrogen involved processes in oxic and anoxic waters is presented
in Fig. I. 2.4 together with the oxidation states. Under oxic conditions, nitrification transforms
NH;" into NOs". Denitrification is a bacterial process occurring in O,-deficient regions
(Paulmier and Ruiz-Pino, 2008) and is present in all OMZs. Denitrification converts NOs’,
one of the main limiting nutrients in the ocean, into gaseous nitrogen (for example, N,O, Ny)
(Paulmier et al., 2008) which is lost to the atmosphere and contributes to the oceanic nitrate
deficit (Cornejo and Farijas, 2012). Moreover, recently, an unknown process in the ocean has
been observed, first in anoxic sediments and then in the water column in the OMZs: the
anaerobic oxidation of NH4* using NO,” (anammox); this imposed a complete revision of the
global nitrogen cycle (Kuypers et al.,, 2005; Brandes et al., 2007). Denitrification and
anammox both represent large sinks of inorganic fixed nitrogen in anoxic or suboxic waters
close to the shelves, thereby lowering N:P stoichiometry and driving the autotrophic system
ultimately into N limitation (Glessmer et al. 2011; Franz et al. 2012). Furthermore, anoxic

conditions in shelf sediments and shelf bottom waters enhance the release of reactive
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phosphate into the water column formerly associated to iron hydroxides, further enhancing the
negative deviation from the Redfield N:P ratio of 16:1 (Ingall and Jahnke, 1994).
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Fig. 1. 2.4. Influence of OMZs on the nitrogen cycle. Comparison of nitrogen involved

processes in oxic and anoxic waters (Paulmier, com. pers.).

The OMZ role on CO; is unknown, but we can presume a different behaviour than in
oxygenated areas, contributing to a redistribution of the oceanic DIC, fixed into organic
carbon by photosynthesis and then remineralized and ventilated to the atmosphere above the
OMZs. Indeed, a remineralization, up to 5 times higher than in the oxygenated ocean, has
been estimated for the OMZ off Chile (Paulmier et al., 2006), producing locally potential high
CO; concentrations in the OMZs. This was already suggested for the OMZ region of the
Arabian Sea (Nagvi et al., 1993).

2.3.2. Biotic response to OMZ

OMZ conditions lead to major loss in biodiversity and impact the surviving organisms

through sublethal stress (Levin, 2003), such as reduced growth and reproduction,
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physiological stress, forced migration, reduction of suitable habitat, increased vulnerability to
predation, and disruption of life cycles (Vaquer-Sunyer and Duarte, 2008).

A drastic example of the OMZ influence on ocean life can be related to major events
which occurred in North Carolina: two separate hypoxic events in the Neuse River Estuary in
1995 killed millions of fish. Additional events in 1998 and 1999 killed tens of thousands of
fish. These fish kills were closely linked to hypoxia in the estuary. Another example is the
Chesapeake Bay, where low oxygen levels have killed many blue crabs, one of the most
popular local menu items (Chesapeake Bay Foundation, 2008). Off the coast of Cape
Perpetua, Oregon, there is also a dead zone due to hypoxia with a 2006 reported size of 300
square miles (780 km?2) (Chan et al., 2008). This dead zone only exists during the summer,
perhaps due to wind patterns. This event causes death of starfish, mussels and rockfish.

However, some organisms demonstrated adaptation skills to hypoxia (Levin, 2003)
like body size change (Foraminifera in the Oxygen Minimum Zones can facilitate respiration
by enhancing surface area to volume ratios), migration (Orchomene obtusus appears to
migrate into the anoxic bottom waters of Saanich Inlet, Britich Columbia to exploit abundant
food and escape from predators and competitors, but will migrate upward into oxygenated
waters to recover oxygen debt), or development of respiratory pigments (a fish Sebastolobus

alascanus developed respiratory pigments with an affinity for oxygen).

3. Summary

With 50 times more carbon dioxide than in the atmosphere, the oceans contain the
largest reservoir of carbon actively circulating in the biosphere. In the long term, the ocean
plays a dominant role in the natural regulation of CO, in the atmosphere and thus exerts a
powerful influence on the climate. A comprehensive and quantitative understanding of the
way the ocean carbon cycle functions is fundamental to predict the consequences of rising

levels of carbon dioxide and other greenhouse gases in the atmosphere.

The Ocean removes CO, due to both physical and biological pumps. Many factors can
influence carbon dioxide uptake: temperature, salinity, availability of light and nutrients.
Phosphate is one of the main components of the biological carbon pump. Moreover, by
monitoring the phosphate concentration and other factors (like temperature, salinity...) we

can deduce information on the biological activity and on water mass mixing. It is thus critical

44


http://en.wikipedia.org/wiki/Oregon_Coast
http://en.wikipedia.org/wiki/Oregon_Coast

Chapter I: Introduction on ocean biogeochemistry and on Oxygen Minimum Zones

to monitor properly phosphate concentration in the ocean, if we are to understand climate

regulation.

This chapter has described the OMZs problem in the ocean which can result both from
natural and anthropogenic processes. Oxygen Minimum Zones are locations where oxygen
sensitive processes may influence both the marine nitrogen budget and the formation of
climatically relevant gases (e.g. nitrous oxide, carbon dioxide), with possible consequences on
climate, marine ecosystems, biological production and associated marine carbon uptake. The
OMZs will probably expand in the coming decades as a consequence of global climate
change. Therefore, an accurate knowledge of causes of these processes in these areas is so

very interesting and crucial.
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CHAPTER II:
FUNDAMENTALS OF ELECTROCHEMICAL METHODS

Electrochemical methods in this work were used for oxygen and phosphate detection
by amperometry and voltammetry. Moreover, electrochemical techniques were applied to
study the electrochemical properties of isopoly- and heteropolyoxomolybdates. This chapter
aims to present the principles of electrochemistry and electroanalytical methods for a better
understanding of results presented in Chapters 1V, V and VI. Thus, this chapter is intended for
non-subject specialists.

Firstly, principles of electrochemistry are described with a special attention to the
electrochemical kinetics problem. After an overview of the experimental devices, the
electrochemical methods are presented. Here, a particular attention is paid to the
voltammetric and amperometric methods. The problem of rotating disk electrode is also
discussed. The problem of absorption and chemical coupled reactions are briefly described.
This approach allows the systematic study of electrochemical properties of molecules of

interest and the determination of analytes.
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Chapter Il: Fundamentals of electrochemical methods

1. Basic concepts

Electrochemistry studies chemical reactions which take place at the interface between
an electronic conductor (a metal or a semiconductor) and an ionic conductor (the electrolyte),
and sometimes involve electron transfer between the electrode and the electrolyte or species

in electrolytic solution.

1.1. Electrolytes and the electrode-solution interface

Electrolytes are molecules dissociating in a polar solvent to ions, which act as charge-
carriers and provide an ionic type of conductance in solution. Typical electrolytes are salts,
acids and bases. The driving force for the dissociation is an energy gain due to solvation of
the ions formed by the molecules of the solvent. The most frequently used polar solvent is
water. Electrodes are the systems consisting of two kinds of conductive phases, metal and
electrolyte. When a metal is introduced into an electrolyte solution, an electron exchange
between the electrode and the ions in solution will take place. This leads to a potential
difference over the metal-electrolyte interface, i.e. an electrical field is generated. As a
consequence, the electrical field will lead to the redistribution of mobile ions and water dipole
molecules in the region near the electrode. This electrode-solution interface is also known as
“electric double layer” which is illustrated in Figure 11. 1.1. It is a representation of electrode-
solution interface derived from Helmholtz and Gouy-Chapman models which show the
interface as a single capacitor and as a Boltzman distribution of ions, respectively. The
electrical double layer consists of an inner layer (Inner Helmholtz Plane-IHP), an outer layer
(Outer Helmholtz Plane-OHP) and the diffuse or Gouy layer. The inner layer is the area
closest to the electrode where absorbed ions and solvent are found. The outer layer is the
imaginary plane passing through the solvated cations. The solvated cations undergo
nonspecific adsorption and are pulled towards the electrode surface by long range coulombic
forces. The distance from the electrode to the IHP is equivalent to the radius of cation and the
distance to the OHP is approximately two solvent molecules and the radius of the ion. These
two layers are strongly held on the electrode and they remain at the surface even if the
electrode is removed from the solution. The most outer plane is the diffuse or Guoy layer
where ions can move due to electrostatic attractive and repulsive forces from the electrode

surface. The presence of the electrode cannot be felt by ions beyond this region.
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Fig. Il. 1.1. Proposed model of the double-layer region (Bard and Faulkner, 2001).

1.2. The electrode reactions

Oxidation-reduction reactions (redox) involve transfer of electrons between the

species of different systems:
Ox; + Red, <» Red; + Ox» (“ 11)

where Ox and Red are the oxidized and the reduced forms of reactants forming a redox
couple. In electrochemical systems, the oxidation and reduction are spatially separated and an
actual exchange of electrons occurs via the electrodes. Thus the whole reaction can be split

into half-reactions:

Ox; + n;e” >Red; (reduction on cathode) (1.1.2)

Red; = Ox; + nye” (oxidation on anode) (1. 1.3)

The current response is deduced from the transfer of electrons during the redox process of the
target analyte. The current that arises from the oxidation or reduction of the analyte species is

called the Faradic current. Non Faradic currents are a result of those processes that do not
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involve the transfer of electrons across the electrode-solution interface and they stern from the
capacitance present at the interface. The capacitance (C) of the electrical double layer can be

defined using equation (1. 1.4):
C=q/E (11. 1.4)

Where g and E represent charge and potential, respectively.

1.3. Galvanic cell and Nernst equation

Galvanic cell (Volta cell) presented in Figure 1l. 1.2 is an electrochemical cell that
derives electrical energy from spontaneous redox reactions taking place within the cell. It
generally consists of two different metals connected by a salt bridge, or individual half-cells

separated by a porous membrane.

Gahvanic call

——

@

(=) znze®icu?icu @

[Anocde) (Cathode)
Zn = Zn°t 4 2e CuP* 4+ 2¢ = Cu

Fig. 11. 1.2. Galvanic cell (Bard and Faulkner, 2001)

There is a math between the open circuit potential (E [V]) and the change in Gibbs

free energy (AG [J]) for spontaneous reactions in the cell:
AG = -zEF (1. 1.5)
Where z is the number of electrons, F-Faraday’s constant (F = 96,485 C/mol).

For chemical reactions AG value is in the range of 0-300 kJ meaning that the open
circuit potential for galvanic cells based on simple spontaneous reactions should be in the

range of 0-2 V.
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The galvanic cells are used in potentiometry (Compton and Sanders, 1996) and the
equilibrium electrode potential (Eeq) can be described using the Nernst equation:

E =E’ +Eln(

nF \a

] (I1. 1.6)

red

Where E° is the standard half-cell reduction potential (the potential difference measured
between the electrode and the Standard Hydrogen Electrode-SHE), R is the universal gas
constant: R = 8.314 J K' mol™", T is the absolute temperature, F is the Faraday constant, n is
the number of moles of electrons transferred in the cell reaction or half-reaction and a is the

chemical activity for the relevant species, where areq is the reductant and apy is the oxidant.

If we consider that the ionic force remains stable during the experiment and that the

compounds behave ideally in the solution, we can change the chemical activities to

concentrations (C',C})in the Nernst equation:

ox ! ~red

sol
E =E +%| [EI] (I.1.7)
n

red

For equation involving protons Ox + mH"* + ne” <> Red, the equilibrium potential can

be described by the following equation:

E=E +ﬂln( = H*] (11. 1.8)
nF ared
RT
orat298 K: E, =E’ ——00595pH +Eln£ j (1.
red

1.9)

and the standard potential of the reaction presented above can be described by:
or - M
E =E ——0.0595pH (11. 1.10)
n

The ratio m is the number of protons divided by the number of electrons.
n
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1.4. Electrolysis cell and non-equilibrium processes

If a chemical reaction is driven by an external applied current, the measured potential
will be different than the equilibrium potential. The electron transfer from redox species to
electrodes (or reverse) appears and thus, the electrode is polarized with a characteristic
overpotential applied to the electrode (n), where n=E - E¢q. This potential difference creates
an imbalance in the system, causes a change (more or less rapid) for the restoration of a new

equilibrium state. This implies a change in the composition of the solution:

- for m >0 the oxidation reaction appears and thus the ratio of Ox over Red increases,

- form <0 the reduction reaction appears and thus the ratio of Ox over Red decreases.

The electrolysis cell presented in Figure Il. 1.3 is used in voltammetry, polarography,

amperometry, etc.

Electralytic cell
=HH==
. &) Y, !
€ Power supphy

(=) cucu® Hs0.Pt  (+)

(Cathode) (Anode)

Cu?* +2¢ — Cu HaO — ‘%Gg +2H" + 2e

Fig. Il. 1.3. Electrolysis cell (Bard and Faulkner, 2001)

1.5. Electrochemical methods and apparatus

Electrochemical methods can be divided in several categories depending on which
aspects of the cell are controlled and which are measured. The three main categories are
potentiometry (the difference in electrode potentials is measured), amperometry and
voltammetry (the cell's current is measured while actively altering the cell's potential),

coulometry (the cell's current is measured over time). Table 1I. 1.1 presents a summary of the
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control parameters and signals measured for typical electroanalytical methods (Denuault,
2009).

Table I1. 1.1. Overview of electrochemical techniques. E is the potential, i is the current
flowing between electrodes, Q the charge passed (the integral of the current over time), Z the
electrical impedance of the electrochemical circuit, f and t are the frequency and time of the
potential perturbation respectively, ¢ and a are the concentration and activity of the analyte

of interest, respectively (Denuault, 2009).

Control Signal Relation to Driving

Method parameter measured  analyte circuitry required
Amperometry or E —fixed, stepped, i ioc Yes
voltammetry ramped
Coulometry E ] Ooxe Yes
Impedimetry
— Conductimetric

sensing ior E=sin2x fr) Z Zo [Ecj‘l Yes
— Capacitive

sensing
Potentiometry i=0 E E oc Infa) No
Self-powered Chemistry, electrode ic No

electrochemical cells  material

Depending on the technique, the electrochemical cell involves a number of electrodes
as presented in Table Il. 1.2 (Denuault, 2009). The most important one is the working
electrode (WE) where the electrochemical reaction is studied. The reference electrode (RE)
allows the potential of the working electrode to be determined and the counter electrode (CE)
completes the electric circuit. The best reference electrode is one whose potential does not
shift from equilibrium, meaning non polarizable electrode. In order to minimize the potential
shift, a reference electrode with large area is often used. Potentiostats based on operational
amplifiers are often used for the complete elimination of the reference electrode polarization.
A potentiostat adequate for voltammetric/amperometric techniques is presented in Figure II.
1.4. As shown on this figure the potentiostat maintains the potential difference, AE, between

the RE and WE and collects the current, 1, occurring during changes at WE.
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Table Il. 1.2. Overview of typical electrode configurations found in electrochemical systems,
WE-working electrode, CE-counter electrode, RE-reference electrode, CE/RE-counter
electrode also acting as reference electrode, WE/CE-working electrode alternatively acting as
counter electrode (Denuault, 2009).

Techmique Number of electrodes  Electrode confizurations
Potentiometry 2 Indicator electrode+EE

3 Indicator electrode+EE

+conmmon electrode

Amperometry of 2 WE+CEEE
voltammetry 3 WE+CE+EE

4 2WE+1 CE+1 RE

Amrays nWE+1 CE+1EE

Impedimetry 2 WE+CE or 2 WE/CE

3 WEHCE+RE

4 2 WE+2 indicator electrodes

Measure |
'Drive’ CE

Apply potential E
Mo current flows

| measured

Fig. Il. 1.4. Graphical representation of a convectional three-electrode cell (Compton and
Banks, 2007).
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There are numerous reference electrodes employed in electroanalytical experiments,
but the most common is the silver/silver chloride one (Ag/AgCl, 3 mol L™ KCI). It is a piece
of silver wire covered by silver chloride which is immersed in potassium chloride solution
encased in a glass tube. The electrode is protected from the bulk solution by a salt-bridge.
Platinum rods, wire, loops, gauze or foil are usually used as counter electrodes. Commonly
used working electrodes include mercury, carbon and inert materials such as gold and
platinum. The modification of working electrodes with conducting polymers (Dhawan et al.,
1997), gels (Tercier-Weaber et al., 1999), polymers loaded with enzymes or redox mediators

(Grundig et al., 1995), doped polymers (Trojanowicz et al., 1996) are also common.

2. Electrochemical kinetics

The electronic transfer is located at the surface of the electrode, at the interface
between the electronic conductor (electrode) and the ionic conductor (the solution). The
electrochemical reaction can take place if the electroactive substance is present on the surface
of the electrode. Overall an electrochemical reaction can be described according to Figure II.
2.1. In addition to the charge transfer, the transport of matter should also be considered for the
establishment of a relation between the current (1), the potential (E) and concentrations in
solution of Red and Ox.

The fundamental movement of charged or neutral species in an electrochemical cell to
the electrode surface is facilitated by three processes namely: diffusion, migration and

convection;

- diffusion: spontaneous movement caused by the establishment of a concentration
gradient, due to the consumption and/or production of species in the vicinity of the
electrode,

- convection: movement of species under the effect of a velocity gradient of the fluid
(stirring the solution, rotating electrode),

- migration: displacement of the charged species under the effect of an electric field
created by applying a potential difference between electrodes.

Like in any global process involved in consecutive steps, the overall rate is equal to the
rate of the slowest step. Any quick step before a slow step is assumed to be in a state of near
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equilibrium. We must therefore consider the rate of charge transfer and the kinetics of
transport of matter and determine the slowest step.

E Bulk solution
i ass

O =0,
i ttransfer

Fig. Il. 2.1. Processes involved in an electrode reaction (Zoski, 2007, adapted from Bard and
Fauklner, 2001)

2.1. Faraday’s law and Butler-Volmer’s law

Faraday's law links the quantitative number of moles of electroactive species produced
or consumed Ox and Red (denoted Ngreg and Nox, respectively) and the total electric charge
(Q) passed through the electrode-electrolyte interface. For an electrochemical reaction of the

form:

Red <> Ox+ne” (11.2.1)

where k, and k. represent the rate constants for the oxidation reaction (ks-anodic) and
reduction (kc-cathodic), respectively, Faraday's law is expressed by:

Nges = Nox =% (11.2.2)

From Faraday's law, it is possible to establish the relationship between the electric current

passing through the electrochemical interface and the velocity (v) of the electrochemical

process:

_d
= (I1. 2.3)
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dN |
so v(mol-s 1) =—=— I1.2.4
( ) dt nF ( )

and so v(mol -s™'cm™) = ﬁ = LF (1. 2.4°)
n n

where I-current (A), A-electrode surface (cm?) and j-current density (A cm™).

The current density in the simplest case, where both oxidation and reduction reactions
are first order reactions, can be expressed by:

i= .+ . =nF(k,ca, —k.Cce) (11. 2.5)
where j, and j. are density currents for oxidation and reduction reactions, respectively.

The rate constants of charge transfers k, and k. depend on transfer coefficients

o and B for anodic and cathode reactions, respectively and on electrode potential E:

k, =k’ exp(a_FI_ E-E )j (I1. 2.6)
k. :k°exp(—§F—T(E—E°')J (I1.2.7)

where k° is the standard heterogenous rate constant of the electrochemical system and E °' the
apparent standard potential of a couple Ox / Red.

If we combine the equations 1l. 2.5-11. 2.7, the current density can be described by:

el aF el ﬂF o
j = Fk <cRed exp[ T(E E )}—CoXexp{—ﬁ(E—E )D (11. 2.8)

At equilibrium the current density is null, so:

c, exp[al: (E-E )}:cg‘xem{—g:—T(E—E"')} (I1. 2.9)

When the concentrations on the electrode and in the solutions are the same and in ideal

conditions of elementary reaction: a + =1, the equation can be written:
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C F .
- =exp| —|\E,, — E I1.2.10

This equation is in fact the Nernst equation:

sol
E=E" +%'”(EZZIJ (1. 2.11)
n

red

At equilibrium, it is possible to define the exchange current density j °, equal in fact to

the anodic and cathodic components of the current (j, and jc):

j'=Fk'Ccy, exp{%(E - E)} =Fk'CY exp{—’gF—T(E - E)} (I1.2.12)

If we combine the equations 11. 2.10 and Il. 2.12 and raise to the power a, we obtain:

i=kFee ey (I1. 2.13)

sol

And in the special cases: C, =C¥' =C:

j =k'FC (I1. 2.14)

The current-voltage presented below is obtained by introducing the voltage in the

expression of the current density in order to overcome the term E ° .

.. Co, (aF j CS ((1—0()F ]
= L exp| —n |——2 ¢ Il. 2.15
i J{Cé?d | 77 o Py 7 ( )

This equation is composed of two terms related to anode and cathode components of
the current. When the applied voltage is positive and large, the cathodic component is
considered negligible; the total current is the only anode current. Conversely, when the

overpotential is very negative, only the cathodic component is to be considered.

Considering that the concentrations of Ox and Red at the electrode surface are equal to

concentrations in solution, the equation becomes the equation of Butler-Volmer:

ji= j°[em(g—$nj—e><p(%nﬂ (1. 2.16)
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The kinetic parameters of this equation can be determined experimentally from the
Tafel curves which give the decimal logarithm of the current density in absolute value

depending on the voltage (Figure 1. 2.2).

200 150 100 50 -50 =100 -150 —200

., mv

Fig. Il. 2.2. Tafel plots for anodic and cathodic branches of the current-overpotential curve
(Bard and Faulkner, 2001).

2.2. Fick’s diffusion law

The use of a supporting electrolyte in large excess eliminates the effect of migration of
the electroactive species and ensures the charge transport in the electrolytic solution. It
remains to consider two modes: pure diffusion (where the electrode and the solution are
immobile) and the convective diffusion (controlled agitation of the solution). In both cases,
the natural convection is negligible due to the use of large scan rates, or by performing
measurements on short times, or by the establishment of a controlled and forced stirring of the
solution. Subsequently, the particular case of a planar electrode is considered to be the
phenomenon of diffusion in a single direction perpendicular to the surface of the electrode.

The flux density (J), expressed as mol cm? s™, defines the number of electroactive
molecules per unit time which passes through a plane parallel to the surface of the electrode,
located at a distance “x”. According to Fick's first law, the flux of species “i” is directly

proportional to its concentration gradient:
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L G (xY)
J,(x,t)=-D, — (1. 2.17)

where D; is the diffusion coefficient of species “i”, expressed as cm? s™. Applying the law of
conservation of mass, and considering the correlation between flux and current density, it
appears that the flow of Red is equal in value and opposite in sign to the flux of Ox, and we
have:

L:DR(m—R“] =—DOX(6C°XJ (I1. 2.18)
X Jo X )

Fick's second law determines the variation of the concentration of the species “i” in

question in space and time:

oC. (x,1) 0%C. (x,1)
=D,
ot ox®

(I1. 2.19)

Solutions of Fick’s law depend on the initial and boundary conditions at infinity and the

surface of the electrode.

2.2.1. First case: transport by pure diffusion

If the electrolytic solution is not stirred, the single transport phenomenon is diffusion.
The present system is then in terms of a pure diffusion regime. Figure Il. 2.3 shows the
concentration profiles over time, depending on the distance “x” to the electrode, for a species
“i> consumed during electrolysis at fixed potential, with a zero interfacial concentration. As
illustrated in this figure, the thickness of the diffusion layer & increases over time.

The calculation of the limiting current density distribution (jgirr) and the concentration
profile C; (x, t) requires solving Fick's second law with the following boundary conditions:

C (xt)=C*
C (0,0) = CiSOI
C,(0,t)=0,fort>0

61



Chapter Il: Fundamentals of electrochemical methods
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— — >
0, 0, O o, Oy x

Fig. II. 2.3. Concentration profiles in function of distance from electrode for species “i” at

different times (Bockris and Reddy, 1970)

The initial condition means that the solution is homogeneous at t = 0 and the semi-
infinite condition that there are no perturbations during the experience, at a sufficient distance
from the electrode. The third condition corresponds to the situation on the surface of the
electrode after the application of a potential. By using the Laplace transformation, the
expression of the concentration profile is:

X

C(x,t)=C>'erf {2—\/5} (11. 2.20)

The current density is proportional to the flow to the surface of the electrode:

iy = nFDi[Mj (1. 2.21)
8X x=0
The calculation of the derivative(aa—cj , from equation (11-20), leads to Cotrell’s
X x=0
equation:
) nFDl/ZCiSO|
= T (11. 2.22)

62



Chapter Il: Fundamentals of electrochemical methods

2.2.2. Second case: transport by convective diffusion
The intervention of convection by stirring the solution or rotating the electrode
increases the rate of mass transport. The system is then under the condition of a convective
diffusion regime. A simplified theoretical approach is based on the hypothesis of the
formation of the diffusion layer. Two cases can be considered (Figure Il. 2.4) depending on
whether one is in the diffusion layer or in homogeneous solution:
- for x<&: material transport is controlled only by diffusion

- for x>3: the agitation of the solution is sufficient to maintain a constant

concentration of species i, C

C_sol 1.0 4 g
Diffusion o

Forced
convection
X

0.004
Fig. Il. 2.4. Concentration profile of species “i” in function of distance from the electrode.
The system is in steady state condition, so:

2
oG, Y D, o (Zx,t) = 0and the expression of the diffusion flux is:
ot OX

J, =-D, %(Cf"' -c) (I1. 2.23)

The current density is a function of the difference in concentration of species “i” (Ox
or Red) in solution and the species “i” (Ox or Red) presented on the surface of the electrode.

The terms of the anodic and cathodic current density are given below:
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Ja ='H)TR“(C;23 ~Chua) (112.24
. FD
jo = e es! s (1. 2.25)

When the diffusion rate is much lower than that of the electron transfer
at the surface of the electrode ¢7* = 0, the diffusion limiting current density is proportional

to the concentration of the species in solution.

sol
Lma=559@££ﬂ- (I1. 2.26)
: 5
sol
e == oo (1. 2.27)

3. Electrochemical methods used in this work
3.1. Diffusion controlled methods: Cyclic voltammetry

Cyclic voltammetry is the most extensively used electrochemical technique and is
used to study electrochemical reactions as well as to provide information on the reversibility
and kinetics of such reactions. During a cyclic voltammetry experiment, the potential of an
electrode is scanned linearly from an initial potential to a final potential and then back to the
initial potential. The potential is a function of scan rate (r) and time (t):

E=E, +rt (I1.3.1)

Where E; indicates the initial potential and usually the potential at zero current (Ei=o) is
chosen to ensure that there is no reaction when starting the recording of the current-potential

curve.

The potential at which the peak current occurs is known as the peak potential (Ep)
where the redox species has been depleted at the electrode surface and the current is diffusion
limited. The magnitude of the Faradic current (lp-anodic peak current or I-cathodic peak

current) gives an indication of the rate at which electrons are being transferred between the
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redox species and the electrode. Cyclic voltammogram can be reversible, quasi-reversible or

irreversible as presented in Figure 11. 3.1.

j.l

(D)

Fig. 1l. 3.1. Cyclic voltammetry for different systems: A-reversible, B-quasi-reversible, C, D-

irreversible (Barus, 2008, adapted from Bard and Faulkner, 2001).

The experimental conditions of implementation of this technique are the use of a
device with three electrodes and an electrolyte of sufficient concentration and not being
agitated. Only diffusive transport semi-infinite is then considered. Natural convection is

negligible during the relatively short time of measurement.

When applying the potential, the electroactive species present on the surface of the
electrode can be oxidized (or reduced) and the anodic current (or cathodic) increases until it
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reaches a maximum. Current-potential curves have therefore the form of peaks. Indeed, the
concentration of species consumed at the interface electrode / electrolyte solution decreases

and, in conditions of semi-infinite linear diffusion, the current then decreases as predicted by
1 . . . . . .
Cottrell's law| ——— |. The intensity of the peak obtained is proportional to the concentration
(721:)1/2

of the species concerned.

3.1.1. First case: reversible system

A reversible process is one in which the electron transfer process is rapid, and the
electroactive oxidized (or reduced) species in the forward scan is in equilibrium with the
electroactive reduced (oxidized) species in the reverse scan. The electroactive species are
stable and so the magnitudes of Inc and I,, are equal and proportional to the concentration of
the active species. The current density of the peak (jp) can be determined by a Randles-Sevcik

law:

jp — (269105)n3/2 Dil/2CiSO|V1/2 (“ 32)

E, is not dependent on scan rate (v), but current increases with v and indicates that the
current is controlled by diffusion to the electrode surface. AE, (Epa-Epc) should be independent
on the scan rate (v) but in practice it increases slightly with increasing v due to the solution
resistance (Rs) between the reference and working electrodes. The potential difference
between the oxidation and reduction peaks is 59 mV for a one electron reversible redox
reaction. However, in practice, AE, is sometimes found in the 60-100 mV range. The
separation between peaks can be used for calculation of electron numbers:

RT
AE=E,, ~E, =2303_— (I1.3.2)

And at room temperature:

~ 0.059V
n

AE

(I1.3.3)
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3.1.2. Second case: irreversible system

For an irreversible system, only the forward oxidation (reduction) peak is observed. A
weak reverse reduction (oxidation) peak is a result of slow electron exchange or slow
chemical reactions at the electrode surface. The peak current density, j,, for an irreversible
process is given by equation 1l. 3.4.

jp — (269 .105)0{1/2 Di]./ZCisolvl/Z (“ 34)

Where « is the coefficient of electron transfer.

For a totally irreversible system, AE, is calculated from the following equation:

1/2 1/2
AE, =E _%{O.YBHn ?(i +|n[0;FTVj } (I1.3.5)
a 0

The potential peak for an irreversible system shifts by 0.048/an at 25°C.

3.1.3 Third case: quasi-reversible system

Unlike the reversible process in which the current is purely mass-transport controlled,
currents due to a quasi-reversible process are controlled by a mixture of mass transport and
charge transfer kinetics. The process occurs when the relative rate of electron transfer with
respect to that of mass transport is insufficient to maintain Nernst equilibrium at the electrode

1/2

surface. For a quasi-reversible process, i, increases with v, the peak potential shifts and AE

increases when increasing v and AE>0.059/n.

3.2. Modulated voltammetric techniques-differential pulse voltammetry

Advanced voltammetric techniques have been developed to increase the sensitivity
and selectivity of the voltammetric signal. In most cases this requires minimizing the current
from non-faradic processes such as that due to the charging and discharging of the double

layer (Bard and Faulkner, 2001). These techniques rely on combinations of sweeps and steps
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(Table 1I. 3.1) and have names such as staircase voltammetry, normal pulse voltammetry,
differential pulse voltammetry, and square wave voltammetry (Whitfield and Jagner, 1981). A
classic example of the power of sweep and step combinations is anodic stripping voltammetry
where a step to low concentrations is used to pre-concentrate metallic species by reducing
them on the electrode while subsequent sweep towards high potentials is used to oxidize them
sequentially.

In the differential pulse voltammetry, pulses of constant height are imposed on a linear
sweep of the voltage. Current is sampled twice-before the pulse and on the end of the pulse
and the difference is recorded. Differential pulse technique is one of the most sensitive
techniques and allows acheving low limits of quantification. The curves take a shape of the
peak with a maximum which corresponds to the half wave potential from classical cyclic
voltammetry. The width of the peak at half height, Wy, increases as the pulse height grows
larger, because differential behaviour can be seen over a greater range of base potential.
Normally, one refrains from increasing pulse amplitude (AE) much past 100 mV, because
resolution is unacceptably degraded. The precise form of Wy, as a function of AE is
complicated and is of no real use. However, it is of interest to note the limiting width as AE

approaches zero:
Wi, = 3.52 RT/nF (I1. 3.6)

In this method, there is total elimination of the capacitive current and the magnitude of
the Faraday’s diffusion current is measured. The height of peak (J,),,, IS given by the
equation:

nFAD*'C’>* 1—aj
S = L 1. 3.7
( |)ma>< 72_1/2(2__2_)1/2 (14—0’ ( )

Where T - T is pulse duration, c=nFv/RT. The quotient (1 — 6)(1 + o) decreases monotonically

with diminishing potential amplitude (AE) and reaches zero for AE=0. When AE is negative 6;

is positive (or cathodic), and vice versa.
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Table 1I. 3.1. Voltammetric and modulated voltammetric techniques

Technique Driving waveform Response Equation

Linear sweep i, =kn*?ADYA/¥?C

voltammetry _
} [Randles-Sevcik]

-
'
m

Cyclic voltammetry i, =kn¥?ADYA/¥?C

# [Randles-Sevcik]

-
'
m

Normal pulse
voltammetry

. nFAD’C

h= JETERTE
[Cottrell]

Differental pulse
voltammetry

- nFAD"?C (1— aj

A
JL (nF AE)
o=exp — —

o
1

Square wave
voltammetry

i, = kn’ ACD"?AE@"?

JL k = F?/4RT

-
'
m

3.3. Methods controlled by forced convection: hydrodynamic methods

Hydrodynamic methods are characterized by convection of the solution, forced and
controlled through the use of a rotating electrode. These methods give a possibility to achieve

quickly steady state conditions. The working electrode, controlled by the attached electric
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motor, actually rotates, and in so doing provides an influx of the analyte species at the
electrode surface. As it turns it pulls the solution closest to the surface (hydrodynamic
boundary layer) creating a whirlpool effect. Thus the solution from the center of the electrode
is displaced as a result of centrifugal force. Solution from the bulk now flows up,
perpendicular to the electrode, to replace the boundary solution. The sum result is a laminar
flow across and towards the electrode surface. The rate of the rotating disk controls the
solution flow which in turn controls the steady-state current. This method is different to
unstirred techniques where the steady-state current is controlled by diffusion. Indeed, the
mass transport is faster and independent of time. In addition, the thickness of the diffusion
layer (8) can be controlled and & is directly proportional to the inverse of the square root of

-1/2

the speed of rotation of the electrode (o ' ) according to the following relationship:

5 =1.62v"°D>' "2 (1. 3.7)

3.3.1. Levich’s equation

The voltammograms obtained in conditions of steady state have the form of sigmoid of
the limiting current density, in the case of a rotating disk electrode, is defined by the Levich’s

equation:

j“m — 0.62nFDi2/3a)1/2V71/6Cisol (“ 38)

3.3.2. Koutecky-Levich’s equation

For more complex systems, a linear correlation is observed between the inverse of the
current density and the inverse of the square root of the rotation speed of the electrode. This
relationship, known as the Koutecky-Levich equation reveals the existence of a coupled

chemical reaction or the presence of a reaction intermediate in the oxidation mechanism:

L R S exp{%(E —E" )} and j, =0.62nFD23w"2v°C (I1. 3.9)
J ke Jim

Where |, jk, Jiim are the measured current, kinetic and diffusion-limited current, respectively.
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3.5. Chronoamperometry

Chronoamperometry is based on applying a constant potential on the working
electrode immersed in a solution and the registration of the current variation over time. If an
electroactive species is oxidized or reduced at the applied potential, a decrease in the current
density with time is observed. In the case of a pure diffusion regime and for the first tens of
seconds of the experiments, this decrease in current obeys the Cottrell law. In this case, the
solution concentration of the oxidized or reduced species is invariable (micro-electrolysis).
Instead, the application of a potential for a long period (macro-electrolysis) causes a change in
the composition of the solution. The concentration of the species in solution decreases with
time, the law of Cottrell is no longer applicable.

4. Influence of adsorption of electroinactive species

The adsorption phenomena play an important role in the electrochemical processes. If
an electroactive species is adsorbed on the electrode surface, it is necessary to modify the
theoretical treatment of the electrochemical method and consider then the concentration of
reactive species at the electrode surface is relatively higher than at the beginning of the
experiment. On the contrary, the adsorption of a non-electroactive species causes the fall of

the electrochemical signal by forming an insulating layer on the surface of the electrode.

Generally, there are two types of adsorption: specific and non-specific.

Non-specific adsorption is characterized by electrostatic interactions of long distance
which modify the distribution of ions in the vicinity of the surface of the electrode. The non-
specific adsorption of an electroactive species affects the electrochemical response because it
alters the concentration of the species and the potential distribution in the vicinity of the
electrode.

In the case of specific adsorption, a strong interaction between the adsorbate and the
electrode material causes the formation of a layer (partial or complete) on the surface of the
electrode.

As described above, electroactive and non-electroactive species can be adsorbed on
electrode surface. Generally, the first one causes the increase of the measured signal whereas

the second one decreases the signal due to formation of blocking layer on the electrode
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surface. Here, only the second one will be described in detail since the problem of adorption
of electroinactive species is discussed in Chapter V when dealing with reduction of
isopolyoxomolybdates on a gold electrode.

The adsorption of electroinactive species occurs frequently. Such adsorption can
inhibit (or poison) an electrode reaction. Indeed, in many studies with solid electrodes, one
observes a slow change in the electrochemical response with time, which can be ascribed to
the build up of asorbed impurities on the electrode surface at a rate limited by their diffusion
from the bulk solution. An adsorbed film may inhibit an electrode reaction by completely
blocking the electrode surface so that reaction occurs only at the uncovered fraction (1 - ).
Alternatively, the reaction may occur also at the covered part of the electrode, for example, by
penetration of the reactive species or by transfer of electrons through the film but at reduced

rate as compared to the free surface.

If we consider that the film has a porous structure and that, the species can pass
through to the active sites of the electrode surface, so that the sites behave as a collection of
UMEs (ultramicroelectrodes). The expression for the total limiting density current registered

at rotating disk electrode is:
j| — FDiSO|CiSO|(1_0)l/2 /j/RO (” 411)

where vy is a factor which depends upon the site type and distribution. For the disk array the

following equation has been proposed:

j, = FD'C>'(1-6)"?10.6R, (1. 4.12)

6 is the fractional coverage of the electrode by the blocking film and 2R, is the spacing

between the sites.

5. Electrochemical reactions coupled with chemical reaction

The heterogeneous electron transfer is often accompanied by homogeneous chemical
reactions that involve species Ox and/or Red. The presence of coupled chemical reactions

affects the electrochemical response and complicates the elucidation of the mechanism. There
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are several possible types of coupling with effects on the electrochemical signal. A coupled

chemical reaction leads to changes in peak height, changes in the shape of the curves (peak

jpa

symmetry, absence of the return peak, variation in the ratio—). The relationship between

Joe

the potential and concentrations of electroactive species is still governed by the Butler-
Volmer’s law in the case of limiting charge transfer, but concentrations of oxidizing and
reducing species to the electrode surface are dependent this time upon the speed of the
processes associated with the electronic transfer. The integration of differential equations
takes into account the kinetic characteristics of these phenomena and considers:

- The speed of electron transfer

- The rate of chemical reactions associated

- Nature of the system (reversible, quasi-reversible, irreversible)

Electrochemical methods most commonly used to study such processes are:
- Voltammetry in steady state convective diffusion regime which is suitable for studying

thermodynamics of reactions in solution,

- Voltammetry in pure diffusion regime, including cyclic voltammetry, which allows the

detection of reaction intermediates.

The consequences of different chemical couplings of the electrochemical responses

obtained by cyclic voltammetry are detailed below.

The effect of a chemical reaction on the parameters coupled to an electrode reaction
depends on the progress of this reaction compared to the duration of the whole
electrochemical experiment. So ty,: half-reaction for a chemical coupled reaction and the t-

duration of electrochemical experiment:
- if T <<typ: no change in the electron transfer is observed,

- if T >> ty, : there is a coupled chemical reaction, leading to possible variations of

current — voltage curves.

Investigation of chemical coupled reactions is based on varying several parameters such
as the scan rate, the speed of rotation of the electrode, etc... and studying the variations

obtained on the characteristic intensity-potential curves.
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The theory was developed for numerous mechanisms involving different combinations of
reversible, quasi-reversible, and irreversible heterogenous electron transfer and homogenous

steps. In this chapter, two well known mechanisms will be considered.

5.1. C,E, mechanism

In the C,E, mechanism, an electroactive species X is converted into the oxidized
species O via reversible chemical reaction (Il. 5.1) preceding reversible electron transfer
reaction (Il. 5.2):

X ¢ O (11.5.1)
O+ne” <R (1.5.2)

The appropriate dimensionless parameters are K=kgk, and A=(RT/nF)[(ks + kp)/v).
Using these parameters, the voltammetric behaviour of a C;E; mechanism can be summarized
in a zone diagram (Figure Il. 5.1). The small log A, A < 0.1 (large v) values correspond to the
pure diffusion regime (DP). In this zone, reaction is slow on a short experiment time scale and
does not significantly affect the concentrations of the redox species in the electrode proximity.
The chemical kinetics is too slow to be measured. At higher A ( 0.1< A<1) values the process
shifts to the intermediate Kkinetic zone (KI), where the response is under mixed
diffusion/kinetic control. By further decreasing the sweep rate, one can reach the pure kinetic
zone, ( 1< A<100) (KP). The current is independent of v, and at extreme potentials it reaches a

plateau value.

i, =nFADY?C'K (k,+k,)"? (11. 5.3)

The half — plateau potential of such voltammogram (the potential at which i=0.5i) is:

E,,=E" —%(In A +0.554) (11. 5.4)
n
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Fig. Il. 5.1. Zone diagram for C,E, process (Zoski, 2007)

5.2. E;C; mechanism

The kinetic behavior of a E,C; process can be presented as:

O+ne” &R (1.5.5)

R«*>X (11. 5.6)
and is determined by the single dimensionless parameter A=(RT/nF)[(k)/v), and the
corresponding zones are: KP-pure kinetic control (A >5), Kl-intermediate zone (5 > A > 0.1),
DP-pure diffusion zone (A <0.1).

In the DP zone, the following reaction is too slow to be detected, and the
corresponding voltammogram is essentially indistinguishable from CVs of a simple, diffusion
controlled electron-transfer. In the KI zone, the reaction (Il. 5.6) becomes sufficiently fast to
compete with diffusion. A significant fraction of species R is converted to electroinactive X
before being re-oxidized at the electrode surface during the potential sweep in reverse
(anodic) direction. Hence, height of the reverse peak is decreased. The disappearance of the
reverse peak at slower v (KP zone) is typical of an irreversible chemical reaction following

the electron transfer step. The value of A, and subsequently the rate constant of reaction (k),
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can be obtained by measuring the difference between the peak potential and E;,. The

following equation shows that in KP region this quantity is a linear function of In v.

p

E —E,, - %(Inﬂ—l.%) (1. 5.7)

6. Summary

The basic concepts of electrochemistry are explained and two electrochemical cells
are presented. In the Galvanic cell, a spontaneous redox reaction is taking place within the
cell, due to Nernst’s law. In the electrolysis cell, a chemical reaction is driven by an external
applied current and the forced reduction (or oxidation) processes can be registered. A galvanic
cell is used in an electrochemical method called potentiometry and this cell usually consists of
a working and reference electrode. The electrolysis cell is used in many methods:
amperometry, voltammetry and this cell has an additional electrode-counter electrode.

Electrochemical kinetics is based on Fick’s diffusion law and describes transport of
species to the electrode surface. Two cases are possible: transport by pure diffusion where

current density can be described by Cotrell’s equation or transport by convective diffusion.

Electoanalytical methods used in this work (Chapters 1V, V, and VI) are described as
well. Cyclic voltammetry is a well known and often used method and is dependent on reaction
rate. Three cases are considered: reversible, quasi-reversible and non reversible reactions. A
large ratio of capacitive over faradic current is sometimes a severe problem when using cyclic
voltammetry, especially if the analyte is at low concentrations. To solve this problem,
different modulated voltammetric techniques were developed. Differential pulse voltammetry
is one of these methods. In the differential pulse voltammetry, pulses of constant height are
imposed on a linearly changing voltage. Current is sampled twice-before the pulse and on the
pulse and the difference is recorded. The measured current difference is only the faradic
current. Cyclic voltammetry was used in this work for characterizing isopoly- and
heteropolyoxomolybdates formed during anodic oxidation of molybdenum in seawater

(Chapter V). Differential pulse voltammetry was used for phosphate detection (Chapter VI).
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Chronoamperometry (or amperometry) is based on applying a constant potential on the
working electrode immersed in a solution and the recording of the current variation over time
is obtained. This method was also used for phosphate (Chapter VI) and dissolved oxygen
(Chapter 1V) detection.

Methods involving rotating electrodes are called hydrodynamic methods or methods
controlled by forced diffusion. The current density can be described by Levich or Koutecky-
Levich’s equation. Linear sweep voltammetry at rotating disc electrode was used in this work
for characterizing isopoly- and heteropolyoxomolybdates formed during anodic oxidation of

molybdenum in seawater (Chapter V).

The adsorption of electroinactive species blocks the electrode and the measured
currents are lower than expected or the potential-current curves behave unexpectedly.
Adsorption of electroinactive species was observed in this work (Chapter V) during reduction
of isopolyoxomolybdates on rotating disk electrode and caused deviation of traditional signals

with limiting current.

Electron transfer is sometimes associated with homogenous chemical reactions which
can have a great influence on voltammograms. This problem was observed for silico- and
phosphomolybdate complex (Chapter V). The reduction of complexes is preceded by a
chemical step, protonation, which is much slower for phosphomolybdate complex than for the
silicomolybdate one.

This chapter has provided a general overwiew on electrochemistry and
electroanalytical methods and will help to understand the work described in the following
chapters.
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CHAPTER III:
IN SITUPHOSPHATE AND OXYGEN MONITORING

If we are to understand the factors controlling the biological carbon pump in the
ocean, both now and in the future as the ocean responds to global warming, then we must
survey the oceanic biogeochemistry at proper spatial and temporal scales. Long term
monitoring of marine environments requires in situ platforms and miniaturized autonomous
sensors with long lifetime, high precision, low detection limit, fast response time, good

reproducibility, resistance to biofouling and high pressure and low energy consumption.

This chapter provides a description of the state of the art of in situ sensors for
phosphate and oxygen monitoring. Firstly, amperometric sensors for oxygen detection are
described with a special attention to the STOX sensor. Thus, the chapter is focused mainly on
amperometric sensors but a comparison of amperometric sensors with optodes is also
provided. Both methods, amperometric and optodes sensors, seem to be the future of in situ
oxygen monitoring. Secondly, in situ analyzers for phosphate monitoring are presented with a
special attention to the ANAIS one. Finally, the future of in situ phosphate monitoring is

discussed focussing mainly on electrochemical sensors.
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Chapter I11: In situ phosphate and oxygen monitoring

1. Ocean observing systems

The processes involved in the ocean, shown in Figure I1l. 1.1, cover very wide spatial
and temporal scales ranging from molecular processes (below the millimeters and seconds) to
climate change on a global scale over several decades (Dickey, 2001; Prien, 2007).
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Fig. I11. 1.1. Spatial and temporal scales of ocean processes (Dickey, 2001).

Much of what we currently know on spatial and temporal variability of oceanic
processes is based on satellite measurements and several, primarily ship-based, time series
programs, for example: Hawaii Ocean Time series-HOT (23°N, 158°W), Bermuda Atlantic
Time series Study-BATS (31-32°N, 64°W), European Station of Time-Series in the Ocean
Canary Islands-ESTOC (29°N, 15°W). Data from these observatories showed for the first
time the increase of dissolved CO, associated with decreased pH of the ocean (Bindoff et al.,
2007), the so-called ocean acidification issue.
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Ship-based sampling can provide information about mesoscale processes but it is very
time-consuming and extremely expensive. Satellite observations can overcome this problem
giving access easily to meso-and submesoscale features on a global world ocean scale. With
respect to biogeochemistry, the suite of observable parameters comprises: chlorophyll a
concentration, particle load (or particulate organic carbon), qualitative nature of the particles
(size, composition), dissolved/detrital material. However, they can be retrieved only during
cloud-free periods. Consequently, we have limited information about ocean biogeochemistry.
Observing ocean biogeochemistry at the proper spatial and temporal scales requires a
revolution in observing technology (Johnson at al., 2009). Rapid progress is being made in the
development of a suite of chemical and biological sensors that are low power, small in size,
precise and accurate, and have long-term stability. Within the last few years, sensors
adaptable on platforms for oxygen, chlorophyll or nitrate have been refined. They represent
the enabling technology for a global observing system that might operate on a scale

comparable to the physically oriented ARGO array (Fig. III. 1.2).

* Oxygen @ Bio-optics A Nitrate

Fig IIlI. 1.2. a) ARGO floats from June 9-16, 2009 equipped with CTD, b) ARGO floats, from

the same period, equipped with biogeochemical sensors (Johnson et al., 2009).
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ARGO is a major contributor to the WCRP's Climate Variability and Predictability
Experiment (CLIVAR) project and to the Global Ocean Data Assimilation Experiment
(GODAE). The ARGO array is part of the Global Climate Observing System/Global Ocean
Observing System GCOS/ GOOS. There are about 3000 of these floats in the ocean
(Roemmich et al., 2004, 2009, 2012) equipped with typical physical sensors whereas the same
floats equipped with biogeochemical sensors (to measure oxygen, chlorophyll and nitrate) are
a few hundred in number. The next step will be to increase the number of biogeochemical

sensors adapted on ARGO floats.

Other observation systems are developed intensively as well: autonomous vehicles,
permanent stations situated at ocean bottom (landers), moorings, drifters, profiling floats
(gliders). Together, satellite and ship-based data gives us the possibility of ocean monitoring
at different spatial and temporal scales (Figure I11. 1.3).

Fig. l1l. 1.3. The integrated ocean observations (www.oceanleadership.org).
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2. Sensor characteristics for long term ocean monitoring

Ocean observing systems require development of a new generation of sensors that can
be deployed on underwater vehicles, on moorings or landers equipped with communication
systems to facilitate the collection of oceanographic data. An important step was taken in the
last ten years in the development of autonomous sensor networks by the community of
chemists and marine environmentalists. The number of the biogeochemical sensors remain
below the physical ones but some biogeochemical sensors are now continuously deployed in
rivers, lakes, estuaries and in the open ocean. And thanks to networks and modern
communication systems, data can be transmitted directly to research centers and then

disseminated in near real time via the Internet.

Following the booming development of new sensors and chemical analyzers in situ
over the past decade, two major works on chemical sensors in aquatic environments have
been published (Varney, 2000; Buffle and Horvai, 2000). More recently Johnson et al. (2007)
brought together the various networks of chemical sensors in the aquatic environment in a

review. Some of the sensors have already been deployed for at least several months and years.

The development of autonomous chemical sensors suitable for the in situ
measurements in the long term will have to meet a set of rigorous specifications. Indeed, the
instrument must be deployed for several months without human intervention. These key
features are listed below (Johnson, 2003; Prien, 2007):

- Strength (mechanical, electronic, corrosion resistance ...),

- Protection or strong resistance against biofouling,

- Low power consumption,

- Low cost (when investing and during maintenance),

- High accuracy measurements,

- Low detection limit (adapted to the needs of the study),

- Fast response time (if the device is fitted to a profiling vehicle),

- Lack of reagents or stability of reagents over time (and low consumption of reagents),
- Methods of self-calibration and stability over time,

- Presence of other essentials, such as temperature, conductivity and pressure,

- Reliability, critical factor in field deployments,
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- Data transfer (sometimes adapted in real time).

There are a lot of sensors which detect analytes directly, without addition of liquid
reagents. Among them, the most often used ones are oxygen and pH sensors. Clark-type
sensors are essential to study primary production and metabolism of organisms. They are also
essential for oxygen measurement of special ecosystems like the Oxygen Minimum Zones.
There are many examples of applications of these sensors on CTD profilers or floats (Figure
I1l. 2.1). pH sensors are essential for measurements of growing acidification of the oceans

and its impact on the carbon pump and life of marine organisms.

However, there are many species which are undetectable by direct measurement
(ammonium, phosphate, silicate,...). Analyzers have been developed to measure these
elements in situ but these methods require a set of elements for measuring samples where the

detection is done after a chemical reaction (pump, valves, sensors, electronics ...).
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Figure 1ll. 2.1. Temperature, nitrate, and oxygen measured at Ocean Station Papa in the
North Pacific (50°N, 145°W) by Apex profiling float 5143, which is equipped with an ISUS

nitrate sensor and Aanderaa oxygen optode (Johnson et al., 2009).

3. Sensors for oxygen in situ monitoring

The iodometric titration technique (Winkler, 1888) probably represents the oldest and
most widely used method for O, determination and it is still used with some modifications
since the original description (Horstkotte et al., 2010). Techniques such as gasometry, mass

spectrometry, and gas chromatography have been employed, but have never become widely
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used, and they were not well suited for in situ applications. Various polarographic and
voltammetric measuring principles have been applied for oxygen sensing (Glazer et al., 2004;
Luther 11l et al.,, 2008). However amperometric sensors have probably been the most
successful within the aquatic sciences and most certainly the most widely applied for in situ

studies.

Next to the electrochemical sensors, a new generation of sensors was introduced:
optodes. The basic principle of O, optodes is dynamic fluorescence quenching. In the absence
of O, the fluorophore absorbs light at a given wavelength and releases the absorbed energy
by emitting fluorescence with a defined intensity and lifetime. In the presence of O,
quenching of the fluorophore appears and results in a decrease of the fluorescence light as

well as in the fluorescence lifetime (Fisher and Wenzhofer, 2010).

Generally, two types of amperometric oxygen sensors have been applied in situ:
Clark-type and gold plated cathode-type microsensors, but the so called Needle-type sensors
were also used in the aquatic environment (Figure Ill. 3.1). The scheme of the sensors is
presented in Figure Ill. 3.2 A-C. The working principle of these sensors is based on
measurement of current that is proportional to the oxygen concentration reduced on metal
surface kept at fixed potential of -0.8V. The measurement principle is presented in Figure IlI.
3.2D.

Characteristics of the amperometric sensors are presented in Table I1l. 3.1. The main
advantage of the Clark-type and gold plated cathode-type microsensors is the small size of
their sensing tip. This allows measurements at small spatial and temporal scales. Besides,
microscale sensors improve the signal stability as compared to macroscale sensors, and reduce
the response time and analyte consumption rates. However, the gold plated cathode-type
microsensors are generally more sensitive to stirring than Clark-type ones, because of their
close distance between the cathode and the bulk water (the gold cathode is plated on
membrane). Additionally the gold plated cathode-type and Clark-type microsensors are fragile
to mechanical shocks. The tip size can be increased like in the needle-type sensors. This leads
also to an increase of the signal size, but the sensor consumes an important quantity of oxygen
(thus it requires a stable flux of this analyte to the tip). Therefore, the sensor is sensitive to
stirring and gives a longer time response. The choice of the most appropriate sensor depends

on its properties for a given task. For example, in benthic studies, stirring sensitivity and low
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analyte consumption rate will be crucial for data interpretation and thus rather small tip size

sensors will be preferred.

It is worth noticing that all discussed amperometric sensors have a membrane to

provide chemical and physical shielding from the environment. The membrane allows oxygen

to penetrate but also some ions can pass through it to make the sensor electrically conducting

and this can cause several interferences. Many membranes have been used (silicone, DPX,

cellulose acetate, acrylic polymers etc.) with different parameters (adhesion, mechanical

stability, permeability towards oxygen and various electrolytes) and the optimal membrane

for a given application has to be carefully evaluated and selected.

Fig. . 3.1. Clark-type (up) and needle-type (dawn) amperometric sensors from UNISENSE

(www.unisense.com)

Table 111. 3.1: Characteristics of three types of oxygen amperometric sensors applied for in

situ interface studies (In situ monitoring of aquatic systems, edited by Buffle and Horvai,

2000).
Sensor

Micro-cathode* Micro-Clark Needle-type
Tip size (pm) 0.2-5 1-10 600-800
Stirring sensitivity (%) 2-50 0-2 5-50
90 % Response time (s) 0.1-2 0.5-2 60-120
Detection limit (wmol L~1) 0.1 0.1 1
Signal size at air saturation (pA) 100-200 50-200 5009 5
Main interference Mg’", Ca’t, H>.S Ha,S Mgt Ca-,
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Fig. 1. 3.2. The basic structure of gold plated and DPX-coated cathode-type sensor (A), The
tip zone of the needl-type DPX-coated cathode sensor (B), The tip of the Clark-type oxygen

microelectrode (C), Schematic drawing of the measurement principle (Buffle and Horvai,
2000).
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3.1. Clark-type oxygen microsensor

In the following pages, the characteristics of the Clark-type microsensor will be
discussed. This discussion is important, if we are to understand the function of the STOX

sensor, which is in fact an improved Clark-type microsensor.

3.1.1. Construction and functioning

The Clark-type microsensor consists of a metal cathode and Ag/AgCl anode which
acts like a reference electrode. The electrodes are immersed in an electrolyte containing KCI.
The sensor is separated from the environment by a membrane. An additional improvement
was achieved by an addition of a guard cathode behind the sensing cathode (Revsbech, 1989).
This additional electrode reduces oxygen diffused deep inside the sensor from the tip. The
sensing and guard electrodes are polarized at -0.8V against Ag/AgCl electrode. The oxygen
reduction leads to OH" formation with an intermediate H,O, (Bucher, 1983). The porous
sensing cathode has a large catalytic area which ensures total oxygen reduction and thus a
stable signal. At the anode, solid Ag is oxidized (to Ag") and precipitates as AgCl (in
presence of KCI from the electrolyte solution). The Clark-type microsensor is presented in

Figure I11. 3.2 C with a principle of measurement in Figure I11. 3.2 D.

The signal measured at the sensing electrode depends on many parameters: the
geometry of the sensor, solubility, diffusion coefficient (and thus temperature and salinity),
and membrane permeability. Therefore, the signal measured (Si) on the sensing electrode can
be described by diffusion theory (equation Ill. 3.1) (Gundersen et al., 1998, Crank, 1989). In
this theory, a few assumptions were made: a) the sensor tip is conical and it can be described
by three radii, the length of silicone membrane, and the distance between membrane and
cathode surface, b) the oxygen concentration at the outer silicone membrane surface is equal
to the concentration in the bulk water phase (true only for the sensor with low stirring
sensitivity) c) the oxygen concentration on cathode is zero (as it is the case after short

polarization period).

<
Lo Zos
- 1. 3.1
Si = ®7rpw (r2 T + v, Se) ( )
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Fig. II. 3.3. The tip of a Clark-type microelectrode described like in equation Ill. 3.1.
(Gundersen et al., 1998)

The geometry of the sensor is given by ro, ry, 2, Zy and Ze (Figure 111. 3.3.) and can be
determined by microscopy. Thus rg, r1, ;> are the internal sensor radii at the cathode, inner and
outer position of the silicone membrane, respectively (m), Z,, and Z are the lengths of the
silicone membrane and electrolyte distance respectively (m), pw is the partial oxygen pressure
in the ambient water (Pa), D is the oxygen diffusion coefficient in the electrolyte (m?s™), S,
S, is the oxygen solubility in the electrolyte or in the water sample (mol L™ Pa™), @ is the
current generated per mole of oxygen reduced (3.86x10° A s mol™), ¥ is the oxygen

permeability of the silicone membrane (11.2 x 10™ mol m™ Pa® s™). The S, and D, can be
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found in gas tables and recalculated for different temperature and salinity conditions. The
parameter p,, (partial pressure) is determined by the oxygen concentration and other
environmental parameters (temperature, salinity etc.). The model was experimentally
validated by comparing the signal from 23 different O, microsensors to signals predicted by

equation (I11. 3.1) and presented in Figure I11. 3.4.
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Fig. Ill. 3.4. The signals of 23 Clark-type sensors as calculated using equation 1 versus

experimentally determined values. (Gundersen et al., 1998)

3.1.2. Characteristics of Clark-type sensors

Temperature and salinity effect

The model described above (Section 3.1.1.) predicts sensor behaviour in different
conditions. For example the increase of salinity will cause an increase of partial pressure.
Since partial pressure is the only parameter affected by salinity, the sensor signal will increase
with salinity (Figure Ill. 3.5 A). The increase of temperature will affect more parameters:
partial pressure, membrane permeability and diffusion coefficient will increase whereas the
oxygen solubility will decrease. The combined effect will lead to an increase of the signal
with temperature (Figure I11. 3.5 B). Increasing the relative membrane thickness determined
as (Zm/Ze)+Zm will lead to an increase of the signal since the solubility of oxygen is higher in

silicone membrane than in water (Figure 11l. 3.5 C).
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Fig. 1. 3.5. Relative signal change as a function of salinity (A), temperature (B) (for relative
membrane thickness of 99.9 %-upper line and 0.1%-lower line), relative membrane thickness

(C) (in temperature of 50°C-upper line and 0°C-lower line) (Gundersen et al., 1998).

Stirring sensitivity

The Clark-type microsensor consumes oxygen, and thus requires a steady flux of
analyte into the sensing tip. This means that the sensor will be affected by the transport of
analyte in the surrounding medium-the so-called “stirring sensitivity”. It iS a very important
parameter, since the moving of the tip sensor from the free flowing water to the stagnant
interstitial water of the sediments will cause a signal decrease due to the decrease of oxygen

transport rate.

The model predicts that a low stirring sensitivity can be achieved by using relatively
thick membranes and a small sensor opening and pulling the cathode back from the sensor
opening. This will increase the response time. Some commercially available sensors are

equipped with stirred measuring chambers or flow-through systems.

Stability and lifetime

The drift of the Clark-type microsensors was found to be 2% over 25 days (Buffle and
Horvai, 2000). It is due to changes in temperature and pressure. It can be calculated from

equation (I11. 3.1) that a signal change of 2% can be the result of 1°C temperature change.

92



Chapter Il1: In situ phosphate and oxygen monitoring

The lifetime of the microsensor is from months to years unless they are mechanically

damaged or poisoned by interfering species (Kuhl and Revsbech, 2000).

Possible interference

For the Clark-type microsensors with hydrophobic membranes (like silicone) the only
major interfering species is hydrogen sulphide, H,S, which can pass the gas-permeable
membrane and interfere with the electrochemical reactions of the sensor. The result is usually
the increase of the signal at the beginning of the measurements but after some time sulphur-
metal complexes may be formed and precipitated on the membrane and cathode and thus they
may decrease the signal (Hale, 1983). It is worth noticing that, in the oldest cathode-type
micosensors, a hydrophilic membrane was used and sensors were poisoned also by Ca®* and
Mg®* due to precipitation of hydroxides and carbonates on the cathode and membrane
(Revsbech and Jorgensen, 1986). The result is a non-linear and a drifting calibration curve.

Spatial and temporal resolution

Spatial resolution is highly dependent on the sensor tip size. It is assumed that the
spatial resolution of a sensor is of the order of twice the outside tip diameter. Since the Clark-
type microsensor tip can be made small, down to 1-10 um, the spatial resolution is more than
sufficient for many practical purposes (Revsbech and Jorgensen, 1986). On the other hand,
sensors of greater size like the needle-type one with big tip diameters (600-800 um) will have
lower spatial resolution and their high oxygen consumption rates will cause local distortion of

the oxygen gradient.

The response time of Clark-type sensor can be as fast as 0.5s and this guarantees
sufficient temporal resolution. To achieve a sensor with such a short response time, the
distance between the cathode and the bulk water should be limited but we should consider
also the fact that this modification will increase the stirring sensitivity. Thus, construction of

such a sensor requires a very skillful constructor.

3.2. STOX sensor as an improved Clark -type sensor

The modifications of Clark-type microsensors led to develop the STOX (Switchable

Trace amount OXygen) sensor where oxygen can be determined at very low (nM)
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concentrations (Revsbech et al.,, 2009). Thus characteristics of Clark-type microsensors

presented above are applicable for the STOX sensor.

3.2.1. Construction and principle of functioning

The STOX sensor construction is based on Clark-type microsensors; one inside the

other as presented in Figure 111. 3.6.
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Figure 11I. 3.6. Schematic drawing of STOX microsensor tip with a diagram on the right
showing all anodes and cathodes in a STOX sensor (up), For clarity of the drawing, reference
electrodes do not appear on the left schematic. They are shown on the right schematic.

Photography of the microsensor tip made under microscope (down) (Revsbech et al., 2009).
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There are 6 electrodes: two gold cathodes (one sensing electrode called inner cathode
and one front guard electrode called outer cathode), two anodes which act as reference
electrodes Ag/AgCI/KCI 1M and two silver back guard cathodes. The electrodes are
immersed in glass casings with thin tip and protected from the environment by silicone
membrane. The outer cathode is made porous, so that oxygen can pass through a gold matrix
into the inner cathode when the gold matrix is depolarized. When polarized at about -0.8V,
the gold matrix of outer cathode will reduce the incoming oxygen and very little of the

oxygen will reach the sensing cathode. This arrangement enables in situ zero determination.

On the anodes which act like reference electrodes, oxidation of silver to silver cations
is present in buffer containing KCI solution and thus the precipitation of AgCl salt appears.
The non-reduced oxygen (which diffuses deep to the sensor from the tip area) is

eliminated by silver back guard cathodes which are kept at a stable potential of -0.8V.

3.2.2. Sensor characteristics

Sensor signals achieved during calibration are presented in Figure Ill. 3.7. The low
signals at the beginning are due to a small amount of oxygen being present in spite of
deoxygenation of water under nitrogen. Typical STOX sensor signals are due to repetitive
changing polarization of the outer gold cathode. When the outer gold cathode is polarized, the
current reading on the sensing cathode is close to zero. When the cathode is depolarized, the
oxygen can pass through the outer gold cathode to be reduced on the inner. The current is

proportional to the amount of diffusing oxygen.

It is worth noting that the current on the sensing electrode is never zero pA when the
front guard cathode is polarized. This means that some oxygen can pass to the sensing
cathode. It was found that a front guard electrode consumes only 98.3 % of incoming oxygen.
Thus the useful signal can be achieved by calculation of the difference between the signal on

the inner gold cathode measured when the front guard electrode is off and then on.

The detection limit was found to be as low as 1-2 nmol L™, the sensor gives a linear
response in the concentration range of 2-1000 nmol L™. The response time is about 1-2
minutes and a signal drift of 2% was noticed during the first day of sensors working. This

sensor was validated during a number of oceanographic cruises offshore Peru and showed
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excellent improvement on sensitivity for low oxygen concentrations in the Oxygen Minimum
Zone layer as compared to other amperometric sensors. The sensors are currently used for
analysis of oxygen consumption rates (Revsbech, com. pers.).
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Fig. 111. 3.7. Sensor signals during calibration of a STOX sensor (Revsbech et al., 2009).

3.2.3. In situ applications of STOX sensor

One of the first in situ uses of the STOX sensor took place in the Oxygen Minimium
Zone off shore Peru and Chile (Revsbech et al., 2009) during the Danish Galathea 3
Expedition in February 2007. For in situ use, the STOX sensor has to be protected from the
environment. Thus, electronics were housed into a light metal alloy cylinder that was
designed to resist external pressure of 600 atm. The cylinder also housed a timer that could be
programmed for continous shifts between front guard polarization/depolarization with
variable intervals. The rear end of the electronics cylinder was equipped with a cable that
allowed interfacing with the Seabird CTD (Figure Ill. 3.8). The STOX sensors were
interfaced with the electronics cylinder by use of a custom-built Plexiglas sensor holder with
oil pressure compensation as described by Reimers and Glud (2000) (Figure I1l. 3.9, Il
3.10).
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Titanium cylinder
containing pico-
ammeter that can
be used to 6000 m

STOX sensor
attached to
electronics
and protected
by steel sleeve

Fig. II. 3.9. STOX sensor, sensor folder and protective tube for in situ applications

(Revsbech, com. pers.)
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The outer pressure comp. tube

" Holes through which oil can go from hoider interior
to thespace behind the silicone membrane

Fig. Ill. 3.10. (upper) STOX sensor with compensation tubes, (down) sensor holder

(Revsbech, com. pers.).
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Fig. 111. 3.11. STOX microsensor (black line) and Seabird oxygen sensor (grey line) signals in
the OMZ off Peruvian cost at depths varying from 500 to 31 m (Revsbech et al., 2009).
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Oxygen profiles were measured by the STOX sensor at 26 OMZ CTD stations with a
maximum deployment depth of 1000 m. Data from one CTD station are presented in Figure
I11. 3.11. There is a good corelation between the Seabird oxygen signals and STOX signals.

3.2.4. Advantages and disadvantages

The traditional STOX sensor for measurements of ultra-low oxygen concentration has
a lot of advantages. The sensor has very low detection limit (1-2 nmol L™) which makes it
very suitable for measurements of ultra-low oxygen concentrations in Oxygen Minimum
Zones. The sensor is thus essential to scientific questions like respiration rates, anoxia, and
denitrification. Thanks to in situ zero calibration there is no need of frequent sensor
calibration. The sensor is also small and thus has small area for colonization (biofouling).
Besides, the sensor is easy to operate; it has a high degree of signal stability and extremely
high resolution (2-1000 nmol L™). However, the sensor has some disadvantages (fragility and
quite long response time). To overcome some disadvantages, work through a new method for

gold electrode production was done within my PhD programme.

Nowadays, electrochemical deposition of gold on the platinum electrode is used to
form porous gold electrodes as described by Revsbech et al. (2009). The method is fast and
simple but sometimes the outer gold cathode collapses and pushes the membrane out. Plating
of gold on the silicone membrane can overcome this problem. Besides, a thin layer of gold on
the membrane instead of a gold ball will give us the possibility to place the inner casing closer
to the outer cathode and consequently, make the sensor work faster and increase its sensitivity
(but in the same time, the sensor can be more sensitive to stirring). The technique has been
already applied. For example a porous film of Pt was deposited on a Nafion membrane by
reduction of PtCleg> with hydrazine (Bard and Fauklner, 2001).

A faster response can be achieved also by having thin silicone membranes and also by
having the outer back guard electrode very close to the tip of the inner sensing electrode. A
smaller opening of the sensor will also result in a faster response time and a lower stirring

sensitivity, but it can result in a decrease of the signal.
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3.3. Optical vs. amperometric microsensors

A range of oxygen sensors is now available for in situ applications (Table I11. 3.2). For
water column studies instrument packages such as CTD capable of carrying electrochemical
oxygen sensors, like the SBE 43 (Sea-Bird Electronics, Inc.), have been used from many
years. For in situ monitoring of oxygen in the sediments, microprofilers with mounted sensors
are used. Clark-type electrodes are widely used (www.unisense.com), but optodes have
potential advantages for in situ research (Fischer and Wenzhofer, 2010). In both cases, the
oxygen detection is possible thanks to two-point calibration (0% and 100% air saturation).
The fluorescence signal to oxygen ratio is not linear, and an optode is most sensitive at low
oxygen concentration meaning the sensitivity decreases as oxygen concentration increases
following the Stern-Volmer relationship. On another hand, no oxygen is consumed and hence
the fluorescence sensor is insensitive to stirring. The problem of stirring does not exist in
electrochemical sensors today. Clark-type sensors can be made very small with a tip size of
10 um. The oxygen consumption of such a microsensor is so small that it is practically
insensitive to stirring. However, small and thin glassy tips of the Clark sensor are very fragile
and it is quite easy to destroy them during monitoring of sediments or in highly pressure
characterized deep waters. In addition, the hydrophobic membrane is sensitive to H,S, which
can pass though the gas-permeable membrane and interfere with the electrochemical reactions
in the sensor. The result is usually a drift of the signal. This problem does not appear in the
optode sensors. The oxygen quenching is extremely specific for Ru(diph)s-PS-based optodes
and interferences from for example CO,, pH, H,S and heavy metals have not been detected.
The electrochemical sensors are relatively cheap, small, and simple and give a linear response
in a wide range of concentrations. Even now the oxygen detection in the Oxygen Minimum
Zones is no longer a critical issue thanks to the very sensitive STOX sensor (Revsbech et al.,
2009).
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Table I11. 3.2. In situ amperometric sensors and optodes for oxygen monitoring in seawater

Name/ Laboratory/ Outside tip Stirring Response Primary Literature
Sensor type Society Diameter, Sensitivity, % time,t% Applications
um

Needle — DPX Netherlands 700 5-50 60-120s Marine sediments Helder and Bakker, 1985

coated cathode Institute for Sea
sensor Research

DPX — coated Aarhus 0.2-2 2-50 0.1-2s Microbial ecosystems Revsbech
cathode sensor Univeristy and Jorgensen, 1986

Clark — type UNISENSE, 10 0-2 0.3-3s Sediments, biofilms, Revsbech, 1989
microelectrode microrespiration, WWWw.unisense.com

Aarhus University wastewaters,
cell and tissue analysis
STOX sensor UNISENSE, Aarhus 100 7 15s Ultra — low oxygen detection Revsbech et al., 2009
University (60s full cycle) | in Oxygen Miniumu Zones, WWW.unisense.com
respiration rates
Needle — type PyroSciense 1100 None 10s Non — précised WWW.pYro-science.com
minioptode (in stirred
solution)
Needle — type PreSens 50 None 2s Sediments, biofilms, www.presens.de
microoptode microrespiration,
cell and tissue analysis
Planar optode Max Planck - None 5-10s Sediments, mats, Fischer and Wenzhofer,
Institut, MPI biofilms, photosynthesis 2010
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4. Methods for phosphate monitoring in seawater

Although only phosphate interests us directly in this study, the three major nutrients
(silicate, phosphate and nitrate) used in oceanography have been the subject of this literature
search. These three anions are often inseparable and usually analyzed at the same time
(Adornato et al., 2009).

4.1. Autonomous phosphate analyzers based on wet chemistry and spectrophotometry

Phosphate analysis in the ocean is generally based on traditional shipboard sampling
techniques with subsequent analysis either on board or in a shore-based facility. Most in sifu
analyzers use wet chemistry like ANAIS (Thouron et al., 2003) or NAS 3-X (www.n-
virotech.cim), etc. They are able to work 1-2 months without human intervention and are
capable of the simultaneous determination of phosphate, silicate, nitrate and nitrite. Such
analyzers provide also a good accuracy but require addition of reagents. The drawback of
these techniques is also their large size and weight. New technologies are developed now, but
no autonomous, reagentless sensor for phosphate detection exists nowadays. Within a wide
range of techniques, electrochemistry can be a promising tool to go further in miniaturization,
decrease in response time and energy requirements. The purpose of my PhD project was to
use electrochemical methods for the development of in situ sensor for phosphate detection in

sea water.

4.1.1. Principle of phosphate measurements

The analysis is performed using the method of Murphy and Riley (1962) adapted by
(Strickland and Parsons, 1972). Molybdic acid is formed by conversion of ammonium
heptamolybdate in acidic medium (reaction I11. 4.1). The phosphate in reaction with molybdic

acid forms a phosphomolybdate complex which absorbs yellow in the UV (reaction I11. 4.2):

(NH4)6MO7024, 4H,0 + 6H+ — 7(M003, HZO) + 6NH4+ (l“ 41)

PO,* + 12M00O; + 3H" — H3PM012049 (111. 4.2)
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PM0v'1,040" + 4e = PM0"4sM0"'504" (1. 4.3)

The phosphomolybdate complex (the oxidation state of molybdenum is V1) is reduced using
ascorbic acid (I1l. 4.3). This gives a blue complex with molybdenum in an oxidation state
between V and VI. This complex has an absorption maximum at 882 nm. The measurement is
also possible at 715 nm but with a loss of sensitivity. The concentration can be found by
measurements of absorbance which is directly proportional to the concentration as described

by Lambert-Beer’s law:

I=1,e*'c (111. 4.4)

|
A, =—|0910|—=51 IC (111.4.5)

0
With lp-intensity of excitation light, I-intensity of light output, I / lp-transmittance of the
solution, A-absorbance or optical density at a wavelength A, e-molar extinction coefficient (in
mol™ cm™); l-optical path length traversed in the solution, it corresponds to the thickness of
the vessel used (cm); C-molar concentration of the solution (mol L™), a-absorption coefficient

(m?mol™ or m*mol™ cm™).

The absorption measurements required the use of spectrophotometers. The very simple
schematic of a spectrophotometer is presented in Fig. I11. 4.1. Today, spectrophotometers with
simple measurements using cuvettes are still performed but methods coupled with flow-

injection apparatus are preferable.

Transmitted
Monochromator light Recorder
Light Pr i \ Sample Photodetector .0 .o puter

\ ‘\ / _/
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\ — direm)

~
Monachromatic incident light

Fig. I11. 4.1 . The schematics of spectrophotometer.
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Arsenate and silicate form the same type of complex which can be a source of
interferences. However, normally arsenate concentrations are very small as compared to
phosphate and do not exceed 0.03 uM in seawater. Thus, the influence of arsenate on
phosphate detection is negligible. On the other hand, silicate concentration is much higher in
the ocean and without special treatment can cause a significant interference. To avoid silicate
interferences, the ratio of protons over molybdates H*/Mo and pH of solution should be in
range 60-80 and 0.4-0.9, respectively (Drummond and Maher, 1995).

Some fractions of particulate phosphorus (included in phytoplankton or mineral) react
like dissolved phosphate. For this reason, the procedure of analysis for nutrient rich coastal
waters must be preceded with the removal of particles by filtration or centrifugation (Kérouel
and Aminot, 1987). Another problem during phosphate sampling is associated with
adsorption of phosphate on plastic and glass bottles (especially in brackish waters) and
contamination in contact with the skin (Kérouel and Aminot, 1987).

4.1.2. ANAIS-Autonomous Nutrient Analyzer In Situ

The chemical analyzer ANAIS developed at LEGOS allows simultaneous
measurement of nitrate, phosphate and silicate. This instrument is suitable for autonomous
vehicle YOYO, profiler developed by the LODYC (Laboratory of Dynamic Oceanography
and Climatology, now LOCEAN laboratory) in the framework of the European MAST I
"YOYO 2001: The Voyage of the ocean. The YOYO vehicle passes along a cable stretched
between 1000 meters and the surface with a range of 400 up-down cycles. This vehicle is also
equipped with several other bio - optical, biological, physical and chemical sensors.

This instrument is autonomous and capable of in situ measurements in pressure
between 0 and 1000 m depth (Muillemin et al., 1999; Thouron et al., 2003).

The analyzer ANAIS represented in Figure I11. 4.2 is a set of:

1. Three chemical sensors (nitrate, silicate, phosphate) which contain:

- A manifold where the chemical reaction takes place at a constant temperature

maintained between 20 ° and 25 ° C by a heating resistor integrated into the manifold,

- A colorimeter, integrated into the manifold with characteristic wavelength for the

studied analyte,

- Two clamping plates sealing the manifold and the fixing of pumps (pumps solenoids

Lee Co.).
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2. A container in which the three sensors mentioned above are fixed.

3. A set of bags for storing reagents and standard solutions.

4. An electronic card for the sensors’ control and data storage (1 card for each salt),
receiving control commands transmitted by a central brain outside (the YOYO) and
data transmission to a central brain outside (one card called master card).

The device offers an analytical measurement reproducibility of about 1%, and very good

calibration results similar to those obtained with a Technicon colorimetric chain (conventional

laboratory equipment) (Thouron et al., 2003).

Fig. 111. 4.2. ANAIS applied on YOYO vehicle (left), and the container with reagents bags and
spectrophotometer (right).

This analyzer (only nitrate) was tested in 2003 off shore Argentina as part of the
CLIVAR programme. The scientific objectives were articulated along two axes: 1) to monitor
the Malvinas Current transport at 41 °S with a line of current meters on moorings under a
track of the satellite altimeter JASON, 2) to study variations and characteristics of Antarctic
Intermediate Water in the Argentine Basin. This deployment has yielded a total of 28 profiles
of nitrate concentration with two calibrations per profile (80 m and 800 m depth). These
results are the first profiles of nitrate concentrations obtained independently at these depths
(Figure 111. 4.3).

105



Chapter I11: In situ phosphate and oxygen monitoring

55°W

—
54°W

Argentine2003

ANAIS Nitrate 12 avril

Argentine 2003
ANAIS Nitrate 13 avril

Argentine 2003
ANAIS Nitrate 14 avril

m—
53°W

900 -

900 -

conc (uM) conc (uM) conc (M)
10 15 20 25 30 5 10 15 20 25 30 10 15 20 25 30
0 0
o 100 4 N 100 - *
(3 9 %
[ 200 A (3 200 A
® g 300 o 300 ®
400 400
o & 4o ¢ 00 N
° 500 ¢ 500 °
600 A 600 A
¢ 700 ° %
¢ 1 293 700 o
° 800 ® 800 °

Fig. I1l. 4.3. Nitrate profiles done in 2003 offshore Argentina (Thouron et al., 2006; Thouron
and Garcon, 2006).

The sensor was also deployed at the station SOLA (Service Observing Laboratory

Arago) of Banyuls sur Mer in the Mediterranean Sea from 2003 to 2005. The measurements

obtained (4 analyses per day) helped to describe the diurnal variability of very low

concentrations of nitrate in the area (Figure 111. 4.4).
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Fig. 11l. 4.4. Nitrate variability at SOLA station obtained with ANAIS analyser in 2003 and
2004 (Thouron et al., 2006).
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4.1.3. Other spectrophotometric analyzers

Many adaptations of classic colorimetric methods for the measurement of phosphate
(silicate and nitrate) have been developed for in situ analysis. Many of these instruments are
now commercially available. The basic principle is an assembly of pumps, valves, manifolds
and colorimetric detectors that can be combined to measure multiple analytes simultaneously.
The calibration has to be done regulary and thus, bags with standards are needed.
Characterization of some phosphate analyzers is presented in Table Ill. 4.1. The
characterization is based on a few parameters like: range of measured chemicals, detection

limit for phosphates, size and weight, and application of analyzer.

Both commercial and experimental analyzers are characterized by a good precision (1-
3%) and high sensitivity. Detection limit is in the range of 10 to 100 nM. The analyzers can
measure simultaneously all salts. Some of them have a possibility of additional measurement
of iron or sulphur (CHEMINI, SubChemPak Analyzer). Cycle-PO, analyzer is dedicated to
phosphate measurements. Most of the analyzers are not resistant to high pressure (except
ANAIS and CHEMINI) and can not go deeper than 10-200 m. Most of the analyzers can work
autonomously for a few months, but require addition of reagents which can be unstable
(ascorbic acid). Globally, they are large and heavy.

The analyzers were deployed in natural waters. However, there are not many examples
of phosphate monitoring using these analyzers. Nitrate is the most commonly measured. For
example, the SubChemPak Analyzer was installed on a winch-deployable, electronic profiling
package. The profiling package also included a Sea Bird Electronics Model 25 Sea Logger
CTD with modular sensors for the measurement of conductivity, temperature, pressure,
dissolved oxygen, pH, chlorophyll fluorescence, and light transmission and irradiance. The

analyzer measured iron (I1) and nitrate concentration at Providence River (Figure I11. 4.5).

The Wet Labs Cycle-PO, was succesfully used at three different fixed mooring
stations. The field tests were performed during 4 weeks at fixed depth in coastal freshwaters
(Clinton River), brackish waters (Chesapeake Bay), and saltwater (Resurrection Bay).
Phosphate concentrations at Chesapeake Bay were found in the range of 0.039-0.092
umol L™, despite a significant contribution of river water to the site. Phosphate concentrations
were higher at the Resurrection Bay (even 0.701 pmol L) and the highest in the Clinton
River (0.09-3.77 umol L) (Figure Ill. 4.6). The same analyzer was used on CHARM
(CHAnNnel Island Relocatable Mooring) mooring at Hawai Ocean Time Series (HOTYS)
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station in February- March 2004 at depth of 22 m. The phosphate there varied from 0.1 to 0.9
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Fig. WIl. 4.5. Vertical profiles obtained at Station 6 located in the Providence River

(http.//www.subchem.com/Oceans2000Paper.htm).
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Fig. Ill. 4.6. Time series comparison of WET Labs Cycle-PO, measured phosphate

concentrations against laboratory measured reference samples and field trip blanks for the

Clinton River, Ml moored deployment test (www.wetlabs.com).
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Table I11. 4.1. In situ analyzers for phosphate detection in seawater, detection limits only for phosphates.

Name Laboratory/ Detection Detected Detection Autono Size, Weight | Depth | Applications Literature
Society method Chemicals limit my mm in air, max.
kg m
ANAIS LEGOS FIA Si(OH)s, 100 1 month | 320(d)x1000 50 1000 Open ocean, Vuillemin, 1999,
(Autonomous colorimetry PO,%, nmol L™ coastal waters Thouron et al.,
Nutrient NO3;+NO,', 2003
Analyzer In
Situ
NAS - 3X EnviroTech FIA Si(OH)4, 50 1-3 246(d)x799 27 250 Bays, coastal WWW.N-
MicroLab LLC colorimetry PO,%, nmol L™ months waters virotech.com
EcolLab NOs;+ NO,,
DPA/NPA Systea colorimetry Si(OH)s, 1 ppb 1 month | 320(d)1220 36 10- Open ocean, www.systea.it
(Deep — sea/ PO,*, (10 nmol L™ 4500 | coastal waters
Nutrient NO3;+NO,',
Probe
Analyer
APP 4004 Me Grisard | colorimetry Si(OH)s, np 1-2 - 8 7 Bays, coastal | www.me-grisard.de
Gmbh PO, months waters
NO3; +NO;,
SubChemPak | SubChemSyst FIA Si(OH)s, 20-50 - 12(d)x635 6 200 Bays, costal | www.subchem.com/
Analyzer ems, colorimetry PO,*, nmol L™ waters prod0.1.htm
Inc. /Wet NO3;+NO,,
Labs Fe
CHEMINI IFREMER FIA Si(OH)s, np - 120x140+ 4 6000 Coastal www.ifremer.fr
(Chemical colorimetry PO,*, Fe, 140(d)x264 waters, Vuillemin et al.
Miniutarized H,S, hydrothermal 2007
Analyzer) NOs;+ NO, vents
Cycle — PO, Wet Labs FIA PO,”, 75 1 month 560x180 6.8 200 Bays, coastal www.wetlabs.com
colorimetry nmol L™ waters
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4.2. Alternative phosphate sensing techniques

Other alternative methods for phosphate-spectrofluorimetry do not require addition of
molybdate. Some very selective membranes, dyes etc. in contact with phosphates create or
change the luminescence signal and thus can be used for quantitative analysis (Nakamura et
al., 1997; Lin et al., 2006; Saeed et al., 2010).

The potentiometric analysis of phosphate requires application of ion-selective
electrodes (ISE). In these conditions, the water sample does not have to be pretreated.
Numerous membranes are being used and are presented in Table I1l. 4.2. Some of them are
dedicated to environmental water analysis but so far no in situ application of potentiometric
sensors in seawater is described. Several issues affect potentiometric methods: the electrode
response is often slow, interferences from other species are very common, and miniaturization
Is tricky especially because the potential is unstable when the electrode approaches
micrometre dimensions. Finally, electrodes require very often calibration, sometimes before

and after the measurement of interest.

As an alternative to spectrophotometry, methods based on electrochemistry have also
been proposed. Amperometric procedures have been reported for the determination of
phosphate as phosphomolybdate complex (Fogg and Bsebsu, 1981; Harden and Nonidez,
1984; Quintana, 2004). Phosphate has been also determined by using voltammetric methods
with carbon paste electrode (Guanghan et al., 1999), gold microdisk electrode (Carpenter et
al., 1997) and glassy carbon electrode (Matsunaga et al., 1986). Different modifications were
proposed to increase the sensitivity or eliminate the interferences from other coexisting
molecules. Applications of these methods are proposed in Table 11l. 4.3 but only a few of
them were used for natural analysis of seawater in laboratory conditions. In spite of many
advantages of voltammetric or amperometric methods, some serious problems may appear. In
particular, electrode surface fouling by absorbing compounds, or oxidation by oxygen are the

most important of issues.
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Table I11. 4.2. Examples of potentiometric sensors for phosphate detection

Literature Technique Figures of Merit Comments

Chen et al. 1998 Potentiometric flow injection detection LOD:1 uM + The method works the best in neutral pH
using a cobalt wire electrode Slope: 41 mV/decade - Interferences from CO3” and HCOy3' in neutral pH
(Co/Co0) R: 10 uM-5m M +The interference can be reduced by working in pH 4
Selective membrane based on molybdenum | LOD: 60 nM + The electrode can be used for at least 10 weeks without any

Ganjali et al. 2006

bis (2-hydroxyanil) acetylacetonate
complex (MAA) is used

Slope: 29.5 mV/decade
R: 0.1-1.0*10° uM

considerable divergence in its slope and detection limit
+ Sensor works the best in pH 8.2
- The silicate interferences are not described

Jain et al. 2006

Polyvinyl chloride (PVC) based membrane
with macrocyclic dithioxamide receptor (1)
derived from isophtaloyl dichloride and
dithiooxamide

LOD: 2 nM (0.2 ppm)
Slope: 29.6 mV/decade
R: 1.7-1000 uM
Response time: 8s

+ The electrode can be used 2 months without showing any
significant change in the value of slope or concentration range
+ Sensor works the best in pH 8

- The silicate interferences are not described

Kivlehan et al. 2007

PVC membrane-based ion-selective
electrodes doped with urea- and thiourea-
calix(4) arene ionophores

LOD: non determined
Slope:28or33 mV/decade
R: 50 uM-0.1 M
Operation time: 2 months

- The silicate interferences are not described

Zou et al. 2007

On-chip sensor with planar cobalt (Co/CoQ)
microelectrode on polymer substrate

LOD: about 10 uM
R: 10 uM-10 mM
Response time 30-60s

+ Sensor can be mass-produced with very low-cost
- The possible interferences are not discussed

Lawal and Adeloju,
2009

Two phosphate biosensors are compared.
Purine nucleoside phosphorylase and
xantine oxidase were co-immobilised by:
a) chemical cross-linking with
glutaraldehyde and bovin serim albumin
(BSA-GLA-PNP-XOD)

b) via entrapment into polypyrrole films by
galvanostatic polymerisation (PPy-PNP-
XOD-Fe(CN)g")

LOD: 1 uM (b)
20 uM (a)
Slope: 46.5 mV/decade
R:5-25uM (b)
40-120 uM (a)

The PPy-PNP-XOD-Fe(CN)s" is notably superior
- The interferences from common water anions and cations were
not investigated

Ejhieh et al. 2010

Selective electrode based on surfactant-
modified zeolite (SMZ) particles into
carbon paste

LOD: 12.8 uM

Slope: 29.9 mV/decade
R: 15.8-10000 uM
Operation time: 3 months

+ The sensor can work in different pH 4-12
- Significant interference from AsO,*
- The silicate interferences are not described

Figures of merit: LOD-detection limit, R-concentration ranges
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Table I11. 4.3. Examples of voltammetric and amperometric sensors for phosphate detection

Literature Technique Figures of Merit Comments
Fogg and Differential pulse voltammetry at carbon electrode for Detection at 10" M The work described also procedures for silicate,
Bsebsu 1981 determination of phosphate as molybdovanadophosphate at levels arsenate and germanate analysis but no interferences
carbon electrode study was done
Carpenter et al. | Voltammetric methods for phosphate detection as a LOD: - +The work described also procedure for silicate
1997 phosphomolybdic complex at gold microelectrode R: 1-1000 uM + The possibilities for avoidance of silicate interference
are discussed
- Method was not applied in seawater analysis
Tanaka et al. Adsorptive voltammetric at a glassy carbon electrode LOD: 0.3 pug/L -Interferences from arsenates
2001 (reoxidised of the preadsorbet heteropoly blue) R: 0.3-30 pg/L
Yao et al. 2003 | Bioamperometric flow-injection analysis LOD: 0.25 uM + 30 samples/h
R: 0.5-800 uM + Simultaneous determination of orthophosphate and
total phosphates
+ Highly selective to sulphate, nitrate, chlorate etc. but
no description about silicate interferences
-The method was not applied for natural samples
Quintanaetal. | Reduction of phosphomolybdic complex at carbon electrode at | LOD: 0.3 uM + Interferences from silicates were eliminated
2004 0.3 V (amperometric) R: 1-20 uM appropriate selection of H+/MoO42' ratio

+ The method was applied for seawater and
cyanobacterial biofilm analysis

Udnan et al. Flow injection amperometric detection at carbon electrode LOD: 0.18 pg/L +70 samples/h
2005 (with on-line pre-concentration on ion-exchange column) R: 0.1-10 pg/L + Method was investigated with and without
preconcentration step
+ No silicates interferences
+applied for tap water
Cheng et al. Activated nickel platform for amperometric flow injection LOD: 0.3 uM + Highly selective to sulphate, nitrate, chlorate etc. but
2010 detection no description about silicate
Jonca et al., Amperometric reduction of phosphomolybdate complex LOD: 0.22 uM + no interferences from silicate
2011 created during oxidation of molybdenum in seawater R: 0.49-3.33 uM +method applied for seawater analysis

Figures of merit: LOD-detection limit, R-concentration ranges
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5. Corrosion and biofouling problem

Corrosion is the disintegration of an engineered material into its constituent atoms due
to chemical reactions with its surroundings. In the most common use of the word, this means
electrochemical oxidation of metals in reaction with an oxidant such as oxygen. This type of
damage typically produces oxide(s) and/or salt(s) of the original metal. Corrosion control and
protection are based on the use of high corrosion resistance materials, protective coating
surfaces or corrosion inhibitors. The corrosion of a metal can be used to provide required
electrical current in the process called cathodic protection with galvanic anodes or impressed
current cathodic protection. In most cases, effective corrosion control is obtained by
combining two or more of these methods. The methods selected must be appropriate for the
materials used, for the configurations, and for the types and forms of corrosion which must be

controlled.

Biofouling is the undesirable accumulation of microorganisms, plants, algae, and/or
animals on wetted structures (Figure III. 5.1.). Biofouling greatly reduces the efficiency of
materials and equipment. Biofouling can also accelerate corrosion and bio-deterioration
problems (Little et al., 2008). The old methods for preventing corrosion are based on
mechanical cleaning or air/sun drying, but those do not completely remove biofouling.
Among the most recent methods, we can find biological control using grazers, new materials
(silicone based fouling-release coatings), and electrical antifouling, new cage designs and

spraying with an antifouling solution such as acetic acid (Delauney et al., 2010).

The corrosion and biofouling problem is inherent in development of sensors.
Biofouling can disrupt the quality of measurements, sometimes in less than a week. Without
proper prevention, our sensors are useless. Thus, it is very important to follow new techniques

for avoidance of this serious problem.
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Chapter I11: In situ phosphate and oxygen monitoring

Cycle-P sample inlet prior to deployment

WET Labs Cycle-P after deployment

Fig. I11. 5.1. Photographs of the WET Labs Cycle-PO, before and after deployement in

Chesapeake Bay (www.wetlabs.com).

6. Summary

Monitoring of oceanic biogeochemical cycles at proper spatial and temporal scale
requires miniaturized in situ sensors with excellent figures of merit: fast response time, low
detection limit, low energy consumption, resistance to mechanical shocks etc. Development
of the marine sensors is even more complicated due to harsh and difficult access to oceanic
environment. In spite of all these large number of requirements, some very good sensors

actually exist and new onces are still being developed.

Here only sensors for oxygen detection and analyzers for nutrient (phosphate)

monitoring are discussed. A wide range of amperometric, polarographic and voltammetric
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sensors for oxygen detection exists nowadays; whereas the Winkler’s colorimetric detection
of oxygen still prospers quite well. Optodes based on fluorescence quenching are widely used
and together with amperometric sensors are the future of in sifu oxygen monitoring. A special
attention was paid on the STOX sensor for ultra-low oxygen detection. This sensor is
essential for scientific questions like hypoxia, respiration rates, denitrification and anammox
processes. The STOX sensor was improved during my PhD project and preliminary results

are presented in Chapter IV.

Phosphate monitoring is based on wet chemical analyzers. Analyzers have good
accuracy, reliability and can measure a few analytes at the same time. However, phosphate
detection is based on addition of liquid reagents to the sample and thus analyzers contain
reagents and standards bags which make them large and heavy. There is also the issue of
stability of the reagents and of high energy consumption of the analyzers. Actually, many
teams work on electrochemical sensors for phosphate detection. There are a few voltammetric
and amperometric sensors for phosphate detection but none of them have been applied in situ.
Moreover, they still require addition of liquid reagents to transform electroinactive phosphate
species into active phosphomolybdate complex. During this PhD, a method for phosphate
detection, based on molybdenum oxidation, in order to form phosphomolybdate complex
electrochemically detectable by amperometry or voltammetry, was developed. The method
does not require addition of any liquid reagents and is free from silicate interferences (Chapter

V).

Even the best sensors without proper protection against corrosion and biofouling are
useless. This problem was briefly presented and the existing anticorrosion and antibiofouling

methods were shortly mentioned.
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CHAPTER IV:

IMPROVEMENT OF THE STOX SENSOR FOR ULTRA-LOW
OXYGEN CONCENTRATIONS

This chapter describes the improvement of an amperometric STOX sensor for
detection of ultra-low oxygen concentrations. This improvement is based on the change of the
sensor construction. Instead of electrodeposition of gold on platinum to form the front gold
cathode, a wet chemical method was developed. The method requires reduction of gold

chloride to gold with hydrazine by gold plating on silicon membrane.

Firstly, the best conditions to form a gold layer on silicon membrane were found.
Thus, concentrations of hydrazine hydrate and gold chloride were optimized and used to form
the front gold cathode. In this way, the inner part of the sensor can be pushed closer to the

outer membrane.

Secondly, the improved sensor was compared with traditional STOX sensor and
preliminary data showed a better sensitivity (about 2-3 times higher than for traditional
sensor), a shorter response time (t*° about 7s instead of 16s) but similar detection limit and
temperature dependence (loss of signal 2.36%/°C). These results showed great potential in

STOX sensors with the new gold electrodes.
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Chapter IV: Improvement of the STOX sensor for ultra-low oxygen concentrations

1. Introduction

Determination of oxygen in both the water column and at the sediment-water interface
Is extremely important for oceanographers. At the sediment-water interface oxygen gradients
are very steep and the characteristic depth scales are on the order of mm to um (Archer and
Devol, 1992). Moreover, the oxygen concentration can change within seconds due to changes
in hydrodynamics, faunal activity, or photosynthesis. Great care must be taken on the sensor

to be used in terms of size, response time, and stirring sensitivity.

The temporal and spatial variability in the water column is usually several orders of
magnitude smaller than the variability found across the sediment-water interface. The vertical
oxygen gradient in the water column extends over depth scales of meters to hundreds of
meters and the oxygen concentration is stable for hours or days. The dissolved oxygen
concentrations in the water column decrease with depth due to the decline of photosynthesis
and utilization of oxygen for respiration and decomposition processes. At greater depths the
concentrations of oxygen increase slightly again. The concentration of oxygen is sufficient for
sustaining life of marine organisms. However some areas of coastal waters and open ocean
are characterized by low oxygen concentration of 1 pmol L™ or less (Oxygen Minimum
Zones-Paulmier and Ruiz-Pino, 2009) which causes a severe reduction or in extreme cases the
complete loss of animal life in these regions (Levin, 2003). Thus very sensitive oxygen

sensors are required for adequate monitoring of these important ocean areas.

Among the many techniques dedicated to oxygen determination in seawater (Winkler
method, gasometry, gas chromatography, mass spectrometry, polarography), the
amperometric oxygen sensors are the most used within the aquatic sciences. Recently, a very
sensitive STOX sensor was developed (Revsbech et al., 2009). The detection limit of this
sensor is as low as 1-2 nmol L™ and thus provides ideal conditions for oxygen measurements
in Oxygen Minimum Zones. The sensor has other advantages like small size, easy to operate,
in situ zero calibration. From the other hand some disadvantages are noticed as well: fragility,

signal drift and quite long response time.

In this work, an improvement of the STOX sensor was achieved by changing the
construction of the front gold electrode. Instead of using electrodeposition of gold on
platinum wire, a wet chemical method was chosen for gold plating on silicon membrane. This
change, due to Fick’s law, should give faster response time and increase sensitivity of the

sensor.
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Chapter IV: Improvement of the STOX sensor for ultra-low oxygen concentrations

The work is structured as follows: at the beginning optimization of gold plating on
membrane is performed and then the comparison of traditional and new STOX sensor is

presented. Finally, future possible improvements of the sensors are discussed.

2. Sensors preparation

The traditional STOX sensor construction can be described shortly as follows
(Revsbech et al., 2009):

- Preparation of casings

The outer casing was constructed using Schott AR glass with an outer diameter (OD)
of 8 mm and inner diameter of (ID) of 7 mm. The inner casing was prepared using Schott AR
glass with outer and inner diameter of 6 and 5 mm, respectively. The glasses were formed
under heat with the use of microscope. The diameter of the formed tips should be as small as
50 — 100 um. The silicon membranes were made by inserting the tip of the casing into acetic
acid-curing silicon rubber (Wacker Elastosil E43, Wacker Chemie) and letting the capillary

force suck in the silicone membrane.
- Preparation of gold electrodes

The central cathode of the inner sensor was made from Schott 8512 glass with an OD
of 4mm and ID of 2.5mm. A 5cm piece of tapered 0.05 mm platinum wire was melted into
the glass capillary. This action causes the glass closure. Thus the outermost 200-400 um glass
coating was removed by immersion into hydrofluoric acid-HF (a drop of 30% HF covered by
mineral oil and contained in a plastic spectrophotometer cuvette).

The front guard cathode was made from 0.6-0.8 mm thick glass capillary made from
either Schott 8533 or AR glass. A piece of platinum wire was immersed into the glass
capillary but the tapered part was uncovered with glass.

The tips of the tapered wires (10-20 um) were plated with 50 % saturated gold
chloride under microscope and using an applied potential of -0.7V (versus a platinum wire
inserted into the plating solution). For the outer gold electrode, after achieving a gold ball
diameter of 70 % of the inner cathode diameter, the voltage was increased subsequently until

it reaches a potential of -2.3 V. The final plating resulted in a porous gold matrix. The
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electrical connections to the gold electrodes were made with Teflon coated silver wire from
which the Teflon was removed from both ends and then the wires were pushed into the

capillaries until they touched the platinum part of the sensing or front guard electrodes.
- Preparation of guard and reference electrodes

The back guard electrodes and reference electrodes were made from Teflon-coated
silver wire (diameter 250 um) from which the Teflon was removed from the tip region. The
wires dedicated to serve as reference electrodes were coated with AgCl. The wires dedicated
to serve as back guard electrodes were tapered using an applied voltage in (potassium
cyanate) KCN solution.

To permanently fix the cables and casings were glued using UV-curing cement
(Loctite 190672, Loctite Corp.) and fixed onto the glass shaft. The sensor in both parts (inner
and outer casing) was filled with phosphate buffer (pH 7.4) containing 1M of KCI.

It is worth noting that the Teflon-coated wires (reference and guard electrodes) or
glass protection around the outer and inner cathodes were used to avoid any kind of soldering
or other fusion of conductors near the sensor, as it is a general experience that soldering near

humid glass surfaces may result in erratic currents.

For laboratory use, a PA2000 picoammeter (Unisense) was applied. Polarization and
depolarization of the front guard were mediated by inserting a banana jack with connection to
the front guard into either the guard or reference socket. For subsequent land-based work, a
custom-built picoammeter with timer-controlled switching between front guard on and off

was used. The signal was recorded by a Unisense ADC816 16-bit A/D converter.

The improved STOX sensor was prepared in the same way except for the front guard

cathode. This electrode was created by electroplating of gold on the silicon membrane. The
method is based on gold chloride hydrate (Sigma Aldrich) or potassium dicyanoaurate (Sigma
Aldrich) reduction by hydroxylamine (50% in water solution, Bie and Berntsen) or hydrazine
hydrate (50-60% in water solution, Sigma Aldrich) with some ammonium hydroxide addition

(25% in water solution, Merck). Optimization of this method is presented below.
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3. Results and discussion

3.1. Optimization of gold plating on silicon membrane

The gold chloride AuCl,; or gold cyanide complex Au(CN), was reduced by
hydroxylamine or hydrazine in order to form a gold layer on the silicon membrane. The gold
chloride (or gold cyanide) complex was added into the tips with membranes and the whole tip
was immersed into a plastic tube containing a solution of reducing agent. The hydroxylamine
(or hydrazine) passed through a membrane and reduced gold chloride (or gold cyanide)
complex to gold. The process depends on the concentration of gold chloride (or gold cyanide)
complex, reducing agent and addition of other composites. The method does not require high
temperature, strong acid or addition of organic composites. The hydroxylamine and hydrazine
were used because they are small molecules but strong reducing agents and thus they can pass
through the silicon membrane.

The results showed that hydrazine and hydroxylamine will not reduce gold cyanide. Thus

it is not a good source of gold for our purposes.

Gold chloride seems to be a good source to produce gold particles. The effects of reducing
the gold chloride with 0.015 % hydroxylamine are visible after one week, so the reaction is
very slow. It was not possible to increase the concentration of hydroxylamine since it can
destroy the silicon membrane. The reduction with hydrazine gives better and faster results
since we obtained a well defined gold layer after a few hours. Moreover, ammonia increases
the reducing capability of gold chloride but the optimal concentration is about 1-2 %. Larger
ammonia concentrations will lead to the formation of a red polymer into the tip. We also
optimized the gold concentration and the results showed that the larger the gold chloride
concentration is, the thicker the gold layer is achieved. Increasing the concentration of gold
chloride to 10 % will lead to the change in color of the membrane into red. The hydrazine
concentration was optimized at the end and it seems that the higher the hydrazine
concentration is, the thicker the layer of gold is achieved. To summarize, the best conditions
to form the gold layer on the silicon membrane is to use 3-5 % gold chloride, and to immerse
it into 12 mL of aquatic solution containing 1 mL of hydrazine, and 0.5 mL of ammonia for 8-
12h.

After optimization of gold plating on membrane, the porous gold outer cathode was

created. First, gold was electrodeposited on platinum wire by applying a low potential of
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0.6 V to form a small gold ball of 20 um diameter. This gold plated wire was immersed into
the outer glass tip (together with the inner glass tip). The outer casing is filled with gold
chloride complex and then the whole tip is placed in hydrazine/ammonia solution for 8-12 h.

After, the construction of the sensor is continued as for the traditional STOX sensor.

3.2. Comparison of traditional and improved STOX sensor

To characterize the new STOX sensor, a few experiments were carried out. We
determined figures of merit such as: detection limit, reproducibility in short (1-2 h) and longer
time of utilization (12-15 h), sensitivity, behavior of the sensor in different temperatures, etc.
To compare the traditional and new STOX sensors, we carried out the experiments in the

conditions where both types of sensors were utilized simultaneously.

3.2.1. Calibration curves and sensitivity

Calibration curves were made in low oxygen concentration solutions (100-400

nmol L) for traditional and new STOX sensors (Figure IV. 3.1).

< 45 -

S 40 - y =18.265x + 1.7923

H R? = 0.9939

S 35 - ¢ Improved STOX

3 m Traditional STOX

— 30 A

2

D 25 A

()

e 20 A

o y = 5.5632x + 0.6013

£ 157 R? = 0.9893

2 10 -

c

()

= 51 ¢

U 0 T T T T 1

0 0.5 1 15 2 2.5

Oxygen concentration, uM

Fig. IV. 3.1. Calibration curves achieved for different STOX sensors. Traditional one: STOX
173 and STOX sensor with new gold outer cathode: STOX 179.
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It is clear that the new sensors give higher signals. This is due to the decrease of the
distance between sensing electrode and the outer membrane. Table IV. 3.1 presents all
sensitivity values achieved for both types of sensors. To summarize, the new STOX sensor
presents a 2-3 higher sensitivity than the traditional ones. Sensitivity is defined as the slope
taken from the calibration curves. It seems that it is difficult to obtain two sensors with the
same sensitivity. The signal can be further increased by increasing the tip opening, but this

will also lead to the increase of the stirring sensitivity.

Table IV. 3.1. Sensitivity for traditional (*) and new STOX sensors:

Sensor number | Sensitivity pA/umol L™
STOX 173* 5.27
STOX 177* 2.66
STOX 179 18.3
STOX 180 13.7
STOX 181 10.0

3.2.2. Signal stability

Stability tests for short and long term utilization of the sensors were made. The
stability of the sensors was performed by repetition of signal measurements at given oxygen
concentrations on a short period of time (few repetitions; 1 hour) or on a longer period of time
(overnight; 12-15 h). From these data, precision was calculated as a standard deviation
divided by the average value of the signal achieved at given oxygen concentrations (and
multiplied by 100 to obtain values in %). On short time scales, the drift of the signal is very
small for both types of sensors (Table IV. 3.2). On longer time scales (Table 1V. 3.3), we can
notice a drift: the signal value decreases for all sensors. It is presently dificult to conclude that
this drift problem is more serious for the new STOX sensor than it is for the traditional one. It
was noticed before that a drift can appear due to the presence of oxygen in the electrolyte
solution but pre-polarization of the sensor will remove it by the guard electrode. However, in

our case the drift was still present after 12 h (or more in some cases) of pre-polarization. The
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other possibility can be the presence of impurities in the sensor which are difficult to remove

or changes in temperature and pressure.

Table IV. 3.2. Precision (%) achieved in different oxygen concentrations (umol L™) by

different STOX sensors (*traditional STOX sensors). Precision was calculated from about 7-

10 measurements of signal for each oxygen concentration.

Oxygen concentration, (umol L™)

Sensor number | 0.129 | 0.516 | 0.903 | 1.29 | 2.06 | 3.61
STOX173* | 0.83 | 1.31 | 11 |2.84|1.02]|5.35
STOX 177* 123 | 15 2.3 |3.06|156]6.03
STOX 178 3.0 14 | 135 | 13 |1.04| -
STOX 179 3.7 10 | 0.77 |0.7410.69 | -
STOX 180 0.79 | 1.08 - 20 | 219 4.2
STOX 181 0.48 | 0.97 - 195|221 | 45

Table IV. 3.3. The drift of the signal for the same oxygen concentration presented as a

precision calculated from 86-100 measurements performed overnight at a given oxygen

concentration of 2.1 zmol L™.

Sensor number | Precision (signal drift)
STOX 173* 2.5%
STOX 177* 6.5 %
STOX 178 4.0 %
STOX 179 8.4 %
STOX 180 3.0%
STOX 181 2.6 %
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3.2.3. Detection limit

Since it is difficult to fully remove oxygen from the water, we were looking for the

detection limit as the smallest signal for oxygen achieved by addition of ascorbic acid to

oxygenated water. Ascorbic acid will reduce oxygen in the solution, thus the signal given by

the STOX sensor will be reduced as well. The amount of ascorbic acid has to be low enough

to not reduce oxygen too fast. By careful addition of ascorbic acid, we were able to reduce

oxygen to very small levels and to register the corresponding signal. Table IV. 3.4 presents

detection limits found for traditional and new STOX sensors. It is dificult to conclude which

type of sensors has the lowest detection limit. For the time being, it seems that the traditional

STOX sensors have slightly lower detection limits than the new STOX sensor.

Table 1V. 3.4. Detection limits achieved by different STOX sensors (*traditional STOX

Sensors):
Sensor number | Detection limit, nmol L™
STOX 173* 1.7
STOX 177* 4.14
STOX 178 194
STOX 179 11.3
STOX 180 7.6
STOX 181 10.9

3.2.4. Temperature dependence

The sensor response in different temperature conditions was checked for traditional

and new STOX sensors. The signals were measured for milliQ water in temperature range of

2.5 — 25°C. We started the measurements at the highest temperature conditions and then we

cooled down the system. The temperature calibrations waves are presented in Figure IV. 3.2.
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We also examined the loss of signal sensitivity with temperature as compared with the
highest signal achieved here at 25 °C. We present data (in %) as the ratio of the signal at a
given temperature over the signal at 25 °C (Figure IV. 3.3.). The average slope of this
dependency is 2.36 %/°C.

The similar behavior of the sensors can be explained using the Fick’s diffusion theory.
Temperature changes will affect parameters like partial pressure, membrane permeability and
diffusion coefficient and they are not dependent upon the construction of the sensor. Thus a
change of the front gold cathode formation method will have no influence on the sensor

behavior at different temperatures.

3.2.5. Response time

A very useful parameter to compare the response time of different sensors is the time
calculation over which the sensor will achieve 90% of the total signal value-t*°. The response
time depends strongly on the sensor construction. One way to achieve fast working sensors is
to decrease the distance between the inner and the outer membrane which was the objective of
this work. The values of t*° are presented in Table IV. 3.5.

Table 1V. 3.5. Values of t** achieved for different sensors (*traditional STOX sensor):

Sensor |t (9)

STOX 173* | 12.96

STOX 177* | 16.67

STOX 178 | 155.7

STOX 179 | 16.5

STOX 180 | 7.3

STOX 181 | 184

The longest response time that we achieved was for the STOX sensor 178. This sensor
178 was characterized by a large distance between the inner and the outer membrane (around
120 pm).
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The shortest response time was obtained for the STOX 180 where the distance
between the inner and the outer membrane was the smallest (around 25 um). This sensor 180
had also small casings openings which also leads to a decrease in response time. However, the
other sensors with the new outer cathode didn’t show short response times because it was
difficult manually to construct a sensor with such a short distance between the inner and outer
membranes. Indeed, their response time is comparable with traditional STOX sensors.
However, the example of the sensor STOX 180 confirms that it is possible to achieve a very

short response time sensor with the new method for gold cathode formation.

4. Conclusions and perspectives

STOX sensors with new gold electrodes show higher signals as compared with
traditional STOX sensors, leading to an improved sensitivity. This is due to the decrease of
the distance between the inner and outer membranes. Detection limit for both sensors’ types is
similar; both sensors are characterized by an excellent precision (when we repeat
measurement 7-10 times on the same concentration). However, after 12-15 h of measurements
with the same oxygen concentration, both sensors show a drift; the signal decreases with time.
For the time being, it is difficult to asses whether the drift is more significant for the
traditional or for the new sensor type. The temperature calibrations show an increasing signal
with temperature (2.36 %/°C). The parameter t* (time for which the sensor will achieve the
90% of the total signal value) confirmed that by decreasing the distance between the inner
cathode and the outer membrane, we can obtain a sensor with a shorter response time than the
traditional STOX sensor.

These preliminary studies showed a great potential in STOX sensors with the new
gold electrodes. However, construction of the sensor with such a short distance between the
inner and outer membranes is quite difficult. Thus, more sensors of this type should be
constructed and tested to confirm the results achieved in this work. Future work should be
focused on working on the drift problem. To increase further sensitivity, we could also

increase the tip size but this will lead to an increase of the stirring sensitivity.
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CHAPTER V:
ELUCIDATION OF MOLYBDATE’S COMPLEX CHEMISTRY

Chapter V presents additional work on electrochemical behaviour of isopoly- and
heteropolyoxomolybdates formed during anodic oxidation of molybdenum in seawater.
Recognition of these complexes has never been done before. Thus, our knowledge about
different forms of molybdates produced during molybdenum oxidation is very limited. This
work helps to discover which kind of silico- and phosphomolybdate complex are formed,
explains complicated electrode reactions and thus helps to understand the difficulty of
phosphate detection by electrochemistry. Thus, these results will help us to develop a first
electrochemical sensor for in situ detection of phosphate and silicate in the ocean. For this
purpose different analytical methods were used: electrochemistry, spectrophotometry and
equilibrium analysis. Electrochemical behaviour of isopoly- and heteropolyoxomolybdates

formed during simple addition of liquid reagents was used in this work for comparison.
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The electrochemical behavicur of isopoly- and heteropolyvoxomelybdates formed during anedic
oxidation of molybdenum in seawater at constant current intensity was investigated in this work. The
results supported by spectrophotometry clearly indicate the formation of mixed walence molybdates
(V/VT) during this process. The electrochemical behaviour of isopolyoxomelybdates shows a typical
quasi-reversible mass-transport limited system coupled with an adsorption of reduced species and
under some kinetic limitations. For heteropolyvoxomolybdates a reversible mass-transport limited
system coupled with an homogeneous chemical reaction was found. The coupled reaction, probably
protonaticn, prevents a rapid heterogeneous electron transfer for heteropeolyoxomolybdate complex.
The phenomenocn is more noticeable for the phosphomolybdate complex since the protonation step has
a greater influence on the registered veltammograms. The presented results have a great importance in
research areas where melvbdate chemistry is used in detection of silicate and phosphate. namely in
seawater.

Kevwords: isopolyoxomoelybdates, heteropolyoxomelybdates, molybdennm cxidation, voltammetsy

1. INTRODUCTION

Polyoxemolybdates have long been applied for detection, separation and quantification, based
on properties such as high molecular mass, electrochemical activity, reducibility, and vanety of
elements that can be incorporated. One of the mest widely vsed application has been the
spectrophotometric determination of phosphate and silicate in seawater after reduction of [XMo204]"

135



Chapter V: Elucidation of molybdate’s complex chemistry

Int. J. Electrachem. Sci., Vel 7, 2012 7326

(=51, P) to “heteropoly blues™ by ascorbic acid [1-3]. The determunation of P, 51, Ge and As has been
also performed by differential pulse anodic voltammetry [4]. cyelic voltammetry [5, 6] and
amperometry [7, 8]. Recently, a totally new electrochemical method was developed in our group for
determination of silicate [9, 10] and phosphate [11] without addition of any liguid reagents. The
methed is based on the anodic oxidation of molybdenum in seawater in order to form silico- or
phosphomolybdate complex electrochemucally detectable either by means of cyclic voltammetry or
amperometry. This method offers a great possibility for the in sifu phosphate and silicate monitoring in
seawater, but owr knowledge about different forms of molybdates produced during moelyvbdenum
oxidation is limited The purpose of this work is to find what kind of isopoly- and
heteropolyoxomolybdates complexes are formed during electrochemical oxidation of melybdennm
electrode in seawater. These results will help us to develop a first electrochemical sensor for the in sif
detection of phosphate and silicate in the ocean and to elucidate the complex chemistry of isopoly- and
heteropolyoxomolybdates.

Oxidation of molybdenum has been performed in several solutions. The polarization curve for
molybdenmm in acidic medmm was divided in three regions: cathodic, passive and transpassive [12,
13]. In the first region hydrogen evolution proceeds on the electrode; in the middle zone a layer of
Mo leads to passivity; in the high potential region, the MoQ; layer is transformed to MoO; and Mo
dizsolves to form molybdate. Bejinov et al. [14. 15] suggested that the final soluble product of the
molybdenum oxidation in acid solution is Mo{VI) which can exist according to Hull [16] as molybdate
or polymolybdate species (depending on pH). However, Itagaki et al. [13] claimed coexistence of
Mo(V) and Mo(VI) in the solution after oxidation of molybdenwm at high anodic potentials.
Chukalovskaya et al. [17] stated that the final soluble product in this region was molybdenum blue.
The Mo(WVI)Mo(V) ratio of molybdenum blue composition was 0.5.

The electrochemical behaviour of molybdenum in basic solutions was also investigated but to a
lesser extent. Howewer. the molybdenum electrode in this medinm was covered with a film consisting
mainly of Mo({OH); MoO; and MoO; [16]. The soluble product of anodic oxidation at higher
potentials (0.2 — 1.0 V) was Mo(VI) as monomeric MoOy™ species since the pH was basic. Moreover
some Mo(IIl) species were reported but at much lower concentrations than when oxidizing
molybdenum at low potentials (-0.3V — 0.2 V). At very high potentials = 1.0 V the molybdate (V)
species were also found in the selution.

There are only a few publications about the oxidation of molybdenum in nentral medinm like
seawater [10] or 0.15 mol L NaCl solution [18]. Wang et al [18] stated that molybdate oxides film
consists of MoO> and Mo-O;, but the final soluble product is Mo(VI). Lacombe et al. [10] supposed
also that the produced soluble Mo{VI) can exist in different forms depending on the pH of the solution.

It is worth noticing also that the produced ancdic layers of molvbdemum oxides were
conductive [19]. This is very important for our purposes since the molyvbdennm electrode could not be
cleaned in situ after oxidation.

As it was mentioned above. polyoxomolybdate form depends strongly on pH and
concentration. It was found that, at very low concentrations {<111{]4 mol I_'l}, monomeclear species
predominate. At higher concentrations [Zi>l[}'} mol I.'lj._ the polynuclear species appear [20].
Additionally, it was found that in the pH 7-12 the main species is I‘v‘I{rD42_ and its protonated forms:
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HMoOy and H:MoOs but at pH 3-5 the MoyOu”. HMoOs™. HiMoyOrs". HiMorOw' are
predominant. Finally at pH 2 and below. the MogO2s™ [21] appears and [Mo3sO112(Ha0)15]" was also
found [22]. Future acidification might lead to more and more complicated polyoxomolybdates due to a
polyvmerization process. In the agueous solutions lower oxidation state molybdates are not very well
defined. The agqua ions of Mo(V) and Mao(IV) are [Mu:r;D;;]} and [Mo;Dq]d_. The agqueous chemistry of
Mo(II) suggests monomeric MoO{H20)s5" or I-.-Io{l-lz{)}a3+ and dimer [{HzD}sIvIo—D-IvIo{H:D}j]* [21,
23]

Polyoxomolybdates can  incorporate  other ioms into  their structure, forming
heteropolyoxomolybdates. The major silicomolybdate is SiMo;;0s". The 0~ and p— isomers are
known, but the o— isomer is more stable. Both appear in acidic medinm. but the first cne corresponds
to a pH range about 3.5-4.5, the second cne to a pH about 0.8-2.5 [24]. In pH higher than 4 the
Sil'dn:nqu;;.q' is formed but upon simple acidification or excess of M-:n{]f' the Si.l‘v[oljﬂqu"" form iz
predominant [25]. The major phosphomolybdate are 0— and B— PMo120=r", P-Mo1s0s:™, PMonOs7.
PMogOss . PMogO3(0H:)s™. PiMosOx™ [26]. The Keszgin anion PMoj:Os’ is the most known
complex of phosphomolybdates which appears in very acidic agqueons solutions. The f— isomer as any
p— EKeggin anion is less stable in aqueus solutions than the o— one [25].

The study of molybdate complexes in this work was performed by electrochemistry,
spectrophotometry and equilibrium analysis. It 13 a first paper describing in details the electrochemieal
behavior of isopoly- and heteropolyoxomeolybdates formed durng molybdenum oxidation in seawater.

2. REAGENTS AND SOLUTIONS

Molybdate solution (1 mol I_'l} was prepared by dilution of 2.42 g of sodmm melybdate (VI)
(Merck) in 10 mL of milliQ) water.

Sulphuric acid solutions (0.5 mol L and 5 mol L'l:l were prepared by dilution of concentrated
sulphurie acid (Merck) in milliQ) water.

Phosphate and silicate solutions were prepared with sodium silicofluoride (NapSiFs Merck)
and potassinm dihydrogen phosphate (KH,POy, Merck).

The ascorbic acid for spectrophotometrical analysis was prepared by dissolution of 7.5 g of
ascorbic acid (Sizma) in 250 ml milliQ) water.

All expeniments were performed in artificial sea water at salinity 35.4.

1. METHODS

3.1. Electrochemisiry

The reference electrode was an Ag/AgCL3 mol L KCl1 electrode (Metrohm). All the following
potentials are given relative to this electrode. Electrochemical measurements were carried out with a
potentiostat p-Autolab IIT (Metrohm).

Voltammeopgrams at a stationary or rotating disk electrode were recorded in a three electrode
cell with a platinum counter electrode. Wotling electrode was in gold (Metrchm, area 0.07 -:mz}. The
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electrode was polished with lappmg film sheet (3 mol Ll Alumininm Oxide, 1 pm) and
electrochemically cleaned in 0.5 meol L! sulphuric acid solution (3 scans. from 00 to 1.5 W,
200 mV s'l} before each measurement.

The molybdenum electrode (Good Fellow Metals, purity: 99.9%) has an area of 0.20 cm’ (or
7.85%10° r_-m!}. The intensity potential curves for molvbdenum oxidation were obtained with small
electrode {7.85*1{]'3 u:m‘)'}. The oxidation of molybdenum at constant cusrent was done with a bigger
one (0.20 cm™).

The production of iscpoly- and heteropolyoxomolybdates without addition of any ligud
reagents in our conditions 1s based on the use of a 20 ml cell divided in two by a membrane (N117
DuPont™ Nafien™ PFSA Membranes); the first part of the cell was filled with 3 ml of the solution,
the second with 17 mT of solution. Molybdenum, reference and working electrodes were in the anodic
compartment while the counter electrode was in the cathodic one Molybdates were produced by
molybdenum ancdic oxidation performed in artificial seawater at a constant current electrolysis
(30 mA) doring different times.

3.2, Spectrophotometry

The measurements were carried out on a UV-Vis spectrophotometer (Varian Ine. Cary 30,
Auvstralia) using 10 mm 100-QS5 guartz cuve (Hellma Analytics, Germany). The spectrograms for
isopoly- and heteropolyoxomolyvbdates were registered at different pH and concenfrations of
molybdate. The final selution was treated with ascorbic acid to reduce heteropolyoxomolybdates (V)
to molybdennm blue which gives a spectrum in vistble (400-200 nm). Spectrograms for 1sopoly- and
heteropolyoxomolybdates created without addition of any lquid reagents were performed after
different oxidation times of the molybdenum electrode in artificial seawater. The spectrograms (400-
900 nm) were registered in presence and absence of ascorbic acid.

3.3 Equilibrium analysis

Argtificial sea water solutions at different initial pH were prepared and the 1 mol Lt molybdate
solution was added to obtain different final concentrations. The pH was measured before and after
addition of molybdate.

The pH was also measured after different times of the molybdenwn electrode oxidation and the
concentration of protons was compared with theoretical values obtained from Faraday's law.

The pH was controlled using the pH meter Metrohm 744,

4. RESULTS AND DISCUSSION

4.1. Molybdenum oxidation

Molybdate and protons were produced by anodic oxidation of meolybdenum in the
electrochemical cell according to reaction (1). By separation of the ancde from the cathode with a
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Nafion diaphragm we eliminate the consumption of the protons on the platinum cathode. This allows
us to achieve the desired pH in the anodic compartment.

Mo + 4H:0 >Mo0s" +8 H™ + 6¢” (1)
The intensity potential curves for molybdate oxidation in natural seawater at different pH and
in 0.6 mol L™ NaC1 solution are presented on Fig. la. The ancdic parts of the Tafel plots (Fig. 1) can

be described by a general equation (2).

23RT
= 1o
aF

~ 23ERT
EJo— P

n logj 2)

Where j is the current density (A Eﬂl_z:l. jp is the exchange current density (A 1:1.11'2}_. o is the
anodic transfer coefficient, 1) is the overpotential (V). F is the Faraday constant (C rucul'l} and R is the
molar gas constant (J mol’ K'l}.

{a) 01 -
oog{|® RIS
008|%
0.07 - E
T D0EH|E =153 log j = 1516
g e 7 weam
& 005 4| netiegos
- E =19
= 0.04 4 A 5 =
0.03 4 bog | (A em ™
0.02 4
0.01 4
ﬂ I T 1
D3 0.1 0.1 0s
N (V) vs AgiAgCl

Figure 1. (a) Linear sweep veltammograms (5 mV s"} for molybdenum oxidation in 0.6 mel L NaC1
solution (red line) and in natural seawater at pH 7.8 (blue line). pH 1.0 (black line) and pH 10
(orange line); (b) comresponding Tafel plots.

The Tafel plot slopes in 0.6 mol L NaCl and in natural seawater (pH 7.8) are the same and
egual to 0.123. The exchange current density was 107*! A cm™ for seawater and 107 A em™ for the
NaCl solution. The determined transfer coefficient of from equation (2) was equal to about (.46 for
both media. Acidification of seawater to pH 1.0 by sulphuric acid cansed a decrease of the Tafel plot
slope to 0.074 and the exchange curent density is decreasing to 10%7 A em™ The alkalinisation of
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seawater with sodinm hydroxide to pH 10 results in the increase of the Tafel plot slope to 0.147 and an
increase of exchange current density to 1079 A con™. The transfer coefficient was 0.39 for seawater at
pH 10 and 0.79 for seawater at pH 1.0. The obtained results showed similar order of magnitude that
those obtained by Wang et al [18] in different solutions and clearly indicate that the passivation of
molybdennm can be achieved more easily in acidic medmm than i basic one. The following
experiments may be done in artificial seawater becanse the electrochemical behaviour of meolybdennm
electrode in 0.6 mol L™ NaCl solution is wvery similar to the one in natoral seawater (pH 7.8).

For further analysis a constant current intensity is chosen for the molyvbdenum oxidation in
order to control the quantity of molybdate formed. according to the Faraday's law. We chose a current
of 50 mA corresponding to potentials between 0.8 — 1.0 'V and thus, we are in the transpassive region
where active dissolution of meolybdenum to molybdate occurs.

The concentration of molybdate and protons inecreases with oxidation time. A longer oxidation
time of molybdenum leads to a higher molvbdate concentration in the solution and the percentage of
polynuclear species increases.
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Figure 1. Comparison of (black line) expected value of proton concentration (calenlated from
Faraday’s law) with (red line) experimental measurements of pH.

Besides, the formation of polyexemolybdates consumes seme protons and more and moere
complex polyoxomolybdates are created with an increase of acidification. Having all this in mind, we
assume that equation (1) will change with time duning the molybdenum oxidation Fig. 2 presents the
comparison between the expected value of protons and that caleulated from measured pH after
different oxidation times. The results show that the measured concentration of protons is lower than
the theoretical one. This may be due to mentioned protonation process of molybdates. Some protons
are nsed for the formation of polyoxemolybdates and thus the measured pH for the solution is higher
than expected.
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In spite of the complexity of the reactions ocowring during the molybdenum dissclution, the
measured pH in the solution is repeatable with a precision of 1.7% for 300s of oxidation [11]. The
colonr of the solution after molybdenum dissolution 1s blue and its intemsity increases with time of
oxidation. This fact clearly indicates the presence of isopolyoxomeolybdate complexes containing
Mo(V) and Mo(VI) known as molybdenum blues. Moreover, the blue colour appears in both
0.6 mol L NaCl solutions: in presence and absence of phosphate (or silicate). Additionally. the
surface of the oxidized molybdenum electrode is covered with a dark blue oxide layer which is
conductive as it had been noticed before [19].

4.2 Electrochemical behavior of isepolvoxomelyvbdates

4.2 1.Cyelic voltammetry

Cwelic voltammetry was performed on a 3 mm geld disk electrode (200 mV 5'1} after each
oxidation time of molybdenum in 0.6 mol L' NaCl solution and presented on Fig. 3a. For comparison
cyclic voltammeograms made with isopolyoxomolybdates created by addition of sodinm molybdate
{(VI} and sulpluric acid are presented on Fig. 3b where the value of molybdate concentration and pH
were the same as those achieved during the oxidation of molybdemum For clarity only selected curves
are presented.

Cwclic voltammetry of 1sopolyoxomolybdates created by addition of sodinm molybdate (VI) to
an acidified solution was investigated before by Krishnan et al. [21]. The werk shows clearly that the
shape of the curves depends strongly on pH since different molybdate species might be formed from
simple I'-'IDOq]_ to protonated species of I'v'[c:g();.s“'. Simular conclusions were made in this work but the
sifuation is even more delicate since the pH of medium was lower (pH 1-2) and diverse
1sopolyoxomolybdates can be formed as it 1s suggested by different shapes of woltammograms.
Calculation of parameter “z” —the number of protons consumed by cne molecule of MoOs  isa proper
equilibrivm methed to indicate the isopolyoxemolybdates formed at different conditiens (Table 1.).
The methed is based on pH measurements of an acidified solution before and after addition of sodmm
molybdate at adequate concentration. The difference in proton concenfrations is divided by the
molybdate concentration giving a value of parameter “z” characteristic for each created molybdate
species. Moreover, total formation reaction can be proposed for each species (equations 3a-e). It is
clear from these results that with growing acidification and molybdate concentration more and more
complicated isopolyoxomolybdates are formed due to protonation and condensation reactions. The
proposed forms of isopolyoxomolybdates are in zood apreement with a reaction model of the
equilibriom system for molybdate described by Cruywagen et al. [27].

8§ MoOy™ + 12 H™ = MogOas™ + 6 H10 (3a)
13 MoOy™ + 22 H™ = HiMop305" + 10 HyO (3b)
13 MoOy™ + 21 H™ = HMoy:05™+ 10 H10 (3c)
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12 MoOs* + 17 H - HMo;:05" + 8 HaO (3d)
36 MoOs* + 65 H™ = HMo3sOm2~ + 32 Ha0 (3¢)

The cyclic voltammetry for isopolyoxomolybdates formed during cxidation of melybdenmm
differs from the characteristics described above. The shapes of the cwrves registered after each
oxidation times are similar to each other, the signal peak is more or less at the same potential and the
reduction peak current density is proportional to the melybdate concentration calewlated from
Faraday's law (jp=-0.3213c-0.664, R]=U.995:|. These results suggest that during the oxidation of
molybdenmm in seawater only one species of molybdate is formed and it is rather different than those
achieved during simple addition of sulphuric acid and sodinm molybdate (VI). However, it is not
possible at this step to propose a chemical formula for this species.
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Figure 3. Cyclic voltamwnograms recorded on a gold disk electrode (3 num, 200 mV rJl:l for
isopolyvoxomolybdates created by: (a) oxidation of molybdenum at constant current of 50 mA
in 0.6 mol L™ NaCl solution at several times: (b) simple addition of sulphuric acid and sodinm
molybdate (VI} to 0.6 mol L NaCl sclution to achieve appropriate pH and molybdate
concentrations.
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Table 1. Parameter « z » - the number of protons consumed by one molecule of MoOy™ calculated for
different pH and molybdate concentrations with some proposition of chemiecal formmla for the

created isopolvoxomolybdates.
[MoO4"] Initial pH* Final pH** Parameter «z»  Proposed form of Eq.
(mmol L_I} isopolvoxomolvbdate
1.73 1.93 2.04 1.52 (g=0.021) MegO2s™ (8. 12) 3a
3.45 1.65 1.78 1.69 (0=0.015) H;Moj304° (13, 22) 3b
6.01 1.31 1.42 1.61 (0=0.014) HMo1304™ (13, 21) 3c
10.0 121 132 1.40 (0=0.017) HMo130y " (12, 17) 3d
158 1.08 1.23 1.80 (0=0.007) HMo350112" (36, 63) Je
173 0.87 0.98 1.80 (g=0.010) HMo350112~ (36, 63) 3e
* pH of acidified NaCl selution before addition of melybdate
** pH of acidified NaCl solution after addition of molybdate
7-standard deviation

jima eni®)

E [V} vs AgiAgC]

Figure 4. Cyclic veltammegrams recorded on a gold disk electrode (3 mm) at daﬂ‘erent scan rates for
isopolyoxomolybdates created by: (a) cxidation of molybdenum in 0.6 mol L NaCl solution
during 240 s at constant current of 50 mA (pH 1.45, [Mo] =591 mmel I } (b) simple addition
of sulphum‘: acid and sodmm melybdate (VI) to 0.6 mol L NaCl solution ipH 142, [Mo]=6.83
mimol L7 }
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In spite of many differences between isopolyvoxomelybdates formed durnng melybdemm
oxidation and by simple addition of sodivm molybdate (VI) to sulphuric acid solution, the cyclic
voltammograms show some similarities. In both methods, the reduction current denmsity (o) is
propeortional to the square root of the scan rate (Fig. 4). as it is indicated by equations: jpc=-105.3 vl
455; R"=0.993 (isopolyoxomolybdates created by simple addition of reagents). j=-106.5 v+ 44 5
R=0.992 (isopelyoxomolybdates created by molybdenum oxidation). However, the reverse oxidation
peaks (jpa) are less pronounced (the ratio jpa over jpc is smaller than 1) which is indicative of a very
slow rate of electron transfer. Reduction potential peak (Epc) shifts to higher potentials as scan rate (V)
mncreases as it 15 indicated by equations: Ep=-1.34 1-0.141; R =0 992 (isopolyoxomelybdates created
by simple addition of reagents). Ep=-1.620-0.10; R"=0.0983 (isopolyoxomolybdates created by
molybdenum oxidation). Moreover, the peaks are broader and the peak separation (Epa-Epc) increases
with scan rate (U) as described by equations: (Epg-Ep=0.9020-0.054; R’=0.985
{isopolyoxomolybdates created by simple addition of reagents), (Epa-Epd=1.19u-0.137; R’=0.985
{isopolyoxomolybdates created by molybdenum oxidation). These results indicate a typical quasi-
reversible mass-transfer limited process.

4.2 2. Linear sweep voltammetry

Measurements were performed oo a 3mm rotating disk gold electrode (1000 rpm. 5 mV 5'1}
after each oxidation time of molybdenum in 0.6 mol L NaCl solution and presented on Fig. 5a. For
comparison a linear sweep voltammetry made for isepolyoxomolybdates created by addition of
molybdate and sulphuric acid 1s presented on Fig. 5b where the value of molybdate concentration and
pH were the same as those achieved during oxidation of molybdemum . For clarity only selected curves
are presented.

The comparison of both conditions showed some similarities. After expeniments, the surface of
the gold electrode was covered with a thin dark layer. It has been noticed before by Euznestov et al.
[28] for 1sopeolyoxomolybdates created by simple addition of acid to molybdate (VI) ions. He stated
that the thin layer consists of compounds of Mo of lower valences. The reduced solution becomes blue
after reduction of isopolyoxemolybdates created by simple addition of sulphuric acid and sodmm
molybdate which indicates the presence of mixed valence (VI'V) melybdates. Similar results counld not
be observed for isopolyoxomolybdates created by oxidation of melybdenum since the solution after
this process was already blue.

For both methods, the voltammograms presented on Fig. 5 show two waves. The wave at less
negative potentials which becomes a peak at higher molybdate concentrations is characteristic of an
electrochemical process coupled with adsorption of reduced species or coupled with a homogenons
reaction. Additionally, the limiting current density (jip) for this wave is independent on rotation rate
{0) as it 15 shown on Fig. 6. These resolts nught suggest that the wave indicates a process with
adsorption of the reduced species.
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Figure 5. Linear sweep voltammograms recorded on a rotating gold disk electrode (3 mm, 1000 rpm,
5 mV 5-]:| for isopolyoxemolybdates created by: (a) oxidation of melybdemum at constant
current of 50 mA in 0.6 mol L7 NaCl solution at several times; (b) simple addition of sulphuric
acid and sodiom molybdate (VI) to 0.6 mel L" NaCl solution to achieve appropriate pH and
maolybdate concentrations.

The second wave occurring at more negative potentials is more dependent on the rotation rate.
However, for the greater rotation rates (up to 3000 rpm) the limiting cwrent density (jim) becomes
constant. A deviation of a plot jnm——ftm] 2:| from a straight line intersecting the origin suggests that a
kinetic limitation i3 involved in the electron-transfer reaction [20]. In this case. one can measure the
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limiting current density in the absence of any mass transport effects (ji). There is a well-defined point
where the limiting current density starts to be kinetically limited (Fig. 7).
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Figure 6. Linear sweep voltammeograms recorded on a rotating gold disk electrode (3 mm, 5 mV a'lj at
different rotation rates for isopolyoxomoelybdates created by: (a) oxidation of molybdenum in
0.6 mol ™! NaCl solution during 240 = at comstant current of 30 mA ( pH 1.45, [Mo]=6.91
mmol L) (b) simple addition of sulphuric acid and sodinm molybdate (VI) to 0.6 mel !
NaCl (pH 1.42, [Mo]=6.83 mmol L),
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Figure 7. Limiting cumrent density vs. square goot of the electrode rotation rate for
isopelvoxomolybdates created by: (a) oxidation of molybdenum in 0.6 mol L NaCl solution
during 240 s at constant current of 30 mA (pH 1.45, [Mo] =6.91 mmol L']j; (b) simple addition
of sulphuwic acid and sodivm molybdate (VI) to 06 meol L7 NaCll (pH 1.42,
[Me] =6.83 mmol L),

Thus, the j for isopolyoxemolybdates created by addition of liquid reagents 15 equal to
322 mA em™. whereas for isopolyoxomolybdates created by oxidation of molybdenum is equal to
about -6.32 mA cm™. This allows to calculate the heterogeneouns rate constant (kr) due to equation (4):

kr_ Ji

=t 4
! FAC; @)
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Where F is the Faraday's constant (C mol?). A is the electrode surface (cm’), Cy is the
concentration of reduced species (mol -cm'}j._ kf is the heterogeneons rate constant (cm &'lj__ jk iz the
kinetically limited current density (A cm™).

The calcolated heterogeneous rate constant 15 equal to 4.7 * 10° em s?! (for
isopolvoxomolybdates created by addition of lguid reagents) and 93 * 107 em s? (for
1sopolyoxomolybdates created by oxidation of molybdemm).

When comparing both metheds, some differences indicate the formation of moere complicated
species during molybdenom oxidation, than in the conditions were isopolyoxemolybdates are created
by simple addition of acid to molybdate (VI) solution. For instance the potentials of the waves on
Fig. 5a are shifted to more negative values than those corresponding to Fig. 5b.

12 -

10

J (nA em™)

E (V) vs Ag/AgCl

Figure 8. Linear sweep voltammograms recorded on a rotating gold disk electrode (3 oun, 5 mW s"__
1000 rpm) for isepolyoxomolybdates created by oxidation of melvbdenum in 0.6 mol L NaC1
solution during 240s and 480s at constant current of 50 mA

It was mentioned above that isopelyoxomolybdates contaning Meo(V) and Mo(VI) can be
formed during molybdenum oxidation. A linear sweep voltammetry was performed on a gold electrode
{1000 rpm. 5 mV s'l} after molybdenum oxidation in order to find molybdates at lower valences. The
presence of a wave at more positive potentials than +0.3 V (Fig. 8) clearly indicates the presence of
Mo (V) in the solution Moreover, spectrophotometry in visible was performed after oxidation of
molybdenum and presented on Fig 9. The data showed peaks at wavelengths corresponding to
molybdenum blue spectrum with a maximmm at 800 nm. This kind of spectrum did not appear when
only Mo (VT) is present in the selution
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Figure 9. Absorbance as a function of wavelength for isepelyoxomolybdates created by: (black line)
simple addition of sulphuric acid and sodinm melybdate (VI) to 0.6 mol L NaCl: (blue line)
oxidation of molvbdenum in 0.6 mol L NaCl solution during 480 = at constant current of 50
mA.

4.3, Electrochemical behaviour of heteropolyoxomaolybdates

4.3.1. Cyelic voltammetry

Cwelie voltammetry for hereropolyoxemolybdates was performed on a 3 mm disk geld
electrede (50 mV s'l} after coidation of molybdenum in 0.6 mol L' NaCl solution containing
phosphate or silicate at a concentration of about 100 pmel L} For comparison, a cyclic voltammetry
was made for heteropolyoxomoelybdates created by addition of sodinm melybdate (VI) and sulphuric
acid fo the 0.6 mol L NaCl solution containing phosphate or silicate at a concentration of about
100 pmol I.'l__ where the value of molybdate concentration and pH were the same as those achieved
during oxidation of melybdenum. The resulting voltammograms are presented on Fig. 10 and show
four peaks: two oxidation and two reduction ones. The reduction peaks are at 0.32 V and 0.45 V for
phosphomolybdate complex and at 0.26 V and 0.37 V for silicomolybdate one. The oxidation peaks
are at 040V, 0.53 Vand 032V, 0.43 V, respectively.

Comparison of both conditions shows a great agreement between voltammograms for
heteropolyoxomolybdates created by oxidation of molybdenem and by simple addition of sulphuric
acid and sodinm molybdate (VI) to the sample containing phosphate or silicate. This suggests that the
formed types of heteropolvoxomelybdates are the same Howewver, the veltammograms for
phosphomolybdate species differ from that of the silicomolvbdate complex in several ways. The peaks
are broader and not as well defined. The peaks separation (Eps-Ep) is bigger on phosphomolybdate
voltamograms (30 mV') than for silicomelybdate ones (60 mV). The peak currents densities for the
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phosphomolybdate complex are lower than for the silicomolybdate one. These results clearly indicate
that the electrode reactions are limited by a homogeneous chemical step which prevents rapid electron
transfer for phosphomolybdate complex. It was concluded by Carpenter et al. [15] that the electrode
reactions of both phosphomolyvbdate and silicomoelybdate complexes are preceded by a pH dependent
chemical reaction, probably protonation. This chemical step is faster for the silicomolybdate than for
phosphomolybdate complex (equation §) and thws has a small influence on the registered
voltammograms.

SiMop 04" + H — HSMop:0us™ (6)

The change in pH or molybdate concentration does not influence the potential or shape peal,
but it has a strong influence on peak current density for both silicomolybdate and phosphomolybdate
complexes. Thus optimization of these parameters gives a possibility to find the best conditions for
electrochemical quantitive analysis of silicate and phosphate. This optimization was done before [9-11]
and it was found that the best pH to form the silicomolybdate complex is equal to 1.4, whereas to form
the phosphomolybdate complex it 13 necessary to acidify the selution to pH 1.0. To achieve appropriate
pH. the oxidation time of molybdenum has to be conducted during 240z and 600s, respectively.
Additionally, the formation of silicomelybdate complex takes about 5 min whereas formation of

phosphomolybdate complex 1 min only.

a0 - Oxidation 1
Oxidation 2 F

20 -

10 1

j (A cm)

Reduction 2

E (V) vs Ag/AgCl

Figure 10a. Cyclic veltammograms recorded on a gold disk electrode (3 mm, 30 mV s } for
silicomolybdate complex (100 [mel L'I:l created by: (blue line) ‘JJIIPIE addition of sulphuric
acid and sodinm molybdate (VI) (pH 1.42, [MoOy f'_| =6.83 mmol L™); (red line) oxidation of
molybdennm at constant current of 30 mA during 240z,
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Figure 10b. Cyclic voltammograms recorded on a gold disk electrode (3 mm, 30 mV s'l} for
phosphomolybdate complex (100 pmol I_'l} created by (blue line) simple addition of sulphuric
acid and sedinm meolybdate (VI) (pH 1.0, [L-![qu]—_|=16.'? mmol L'l}; (red line) oxidation of
molybdenmm at constant current of 30 mA during 800s.

Cwelic veltammograms at different scan rates for both complexes are presented on Fig 11
Since the voltammeograms for heteropolyoxomolybdates created by both methods are very similar, only
those created by oxidation of melybdenum in the sample containing phosphate or silicate are
presented. The results show that the peak potential is not dependent on scan rate whereas the peak
cwirent density (jp) 15 proportional to the sgquare root of scan rate {'I.J'm} and the oxidation peaks are as
well pronounced as the reduction ones. These results are clearly indicative of a reversible mass-
transport limited system. For clarity the slopes jy=f(v"") are gathered in Table 2.

Table 2. Peak current density vs. sguare root of the scan rate, jp=1'(u'1"2] for silicomolybdate and
phosphomolybdate complexes created by both methods.

Phosphomolvbdate Silicomolvbdate

complex created by : complex created by :
simple addition of sulphuric acid and sodium molybdate
Omadation 1 jflﬁ.aiu‘m + 590, R=097% j;=32.2u"" + 459 R=) 982
Omadation 2 1“=5|5.3u'“" — 268 BE=0905 i =81.20v"" + 235 B=0.004
Reduction 1 j=-32.6u" - — 2.95, R"=0.998 j=49.3u"" - 4.04 R=0.991
Reduction 2 J=-49.1 vt + 146, B=0097 ,=-93.9v"= + 7.08, B=0.993
oxidation of molybdemum at constant current of 50 mA
Onadation 1 FZ?.S&U"" +6.57, B=0987 =37.6u" " +336, B=0972
Oxidation 2 j=65.3u" " ~2.25 R=0.993 =84 50~ +1.47, R=0993

_R.ed'uc'ﬁun 1 j.i,=-5?.4u'm +282 B=0003 ;=47 3v"" — 496 R=0995

Eeduetion 2 =43 Avwt=— 421, B=0995 ;=94 2v = +5 35, B=0.999
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Figure 11. Cyclic voltammograms recerded on a gold disk electrode (3 mm) at different scan rates for
100 pmol L of silicomolybdate complex (a) and phosphomelybdate (b)) created by oxidation
of molybdenum during 240 s (silicomolvbdate complex) or 600 s (phosphomolybdate complex)
at constant current of 50 mA.

Linear sweep voltammetry for heteropolyoxemeolybdate was performed on a 3 mm rotating
disk gold electrode (5 mV T, 1000 rpm) after oxidation of molybdenum in 0.6 mol L NaCl solution
containing phosphate or silicate at a concentration of about 100 pmel L} For comparison, a linear
sweep voltammetry was made for heteropolyoxemolvbdates created by addition of sodinm molybdate
(VI} and sulphuric acid to the 0.6 mel L7 NaCl solution containing phosphate or silicate at a
concentration of about 100 pmol L'l_. where the value of molybdate concentration and pH were the
same as those achieved duning exidation of melybdenmm. The resnlting voltammograms are presented
on Fig 12 The voltammograms for heteropolymolybdates created by oxidation of molybdenum were
performed firstly from zero-curent potential (Erg) to increasing potentials and then to decreasing
ones. Finally, both curves were plotted on the same figure.
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Linear sweep voltammetry for silico- and phosphomelybdate created by simple addition of acid
and sodivm melybdate (VI) to the sample containing phosphate or silicate was already done by
Carpenter et al. [5]. Similar curves were achieved in this wotk and present two waves. It can be seen
that the first wave shows reduction of complexes in a 2e” process followed by a further 3 step.
According to the results presented above we can propose the following electrode reduction reactions (7
a-d):

PMopy0u + 2¢” + 2H = HyPMo; ' Moy Osg™ (7a)
H:PMox" Moo "Os™ + 3¢ + 3H' — HsPMos " Mo7 0™ (Tb)
SiMo10s™ + 2¢” + 2H™ — HaSiMoz Moo O+ (Tc)
HaSiMoz "Moo 045"+ 3¢+ 3H — HsSiMos ' Mo7 045~ (7d)
10 A
-10g4
-30 A
-
E &0
3- -0
80 A
-110 A
-130 -
E (V) vs Ag/AgCl

Figure 12a. Linear sweep voltamumograms recorded on a rotating gold disk electrode (3 mm, 3 mV s"_.
1000 rpm) for silicomolybdate complex (100 pmel I_'l} created by: (blue line) simple addition
of sulphuric acid and sodivm melybdate (VI) (pH 1.42, [Ma:an]]=fr.83 mimol L'l}:_ (red line)
oxidation of melybdenum at constant current of 50 mA for 240s.

However, linear sweep voltammograms for heteropolyoxomelybdates created by oxidation of
molybdenum differ from those achieved by simple addition of sulphuric acid and sedivm melybdate
(V) to the sample containing phosphate or silicate. Voltammograms for heteropolyoxomoelybdates
formed by oxidation of molybdenum show an oxidation wave which is not present on voltammograms
for hetercpolyoxomolybdates formed by simple addition of sodivm melybdate and sulphuric acid.
Besides, the zero current potential (Exp) reaches a constant value a long time after immersing the
electrode and is shifted toward less positive potentials. These results suggest that during oxidation of
molybdenum mixed valence heteropolvoxomolybdates (V, VI) are formed Moreover, the ratio of
current density of oxidation over current density of reduction waves gives a possibility to calculate the
percentage content of Mo(V) and Mo(VI). The oxidation wave represents the oxidation of MoV to
(VI and the reduction wave the reduction of Mo{VI) to Mo(V). Presuming that the only form of
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heteropolymolybdate species formed in this work is Keggin anion the proposed forms of
silicomolybdate are: Si(Moz"Mong" ij" — 60% and Si['Mo;""Mcngm]J_ — 40% . whereas the main
form of phosphomelybdate is PI:_};‘IG@T‘;MO;'IIOLQ]J-.

G0 -

40 -

JipAem™
[=]

E (V) vs Ag/AgCI

Figure 12b. Linear sweep voltammograms recorded on a rotating gold disk electrode (3 mm_ 3 mV s,
1000 rpm) for phosphomolybdate complex (100 pmol I_'lj created by: (blue line) simple
addition of sulphuric acid and sodivm moelybdate (VI) (pH 1, [MoO47]=17.3 mmol L'lj', (red
line) oxidation of molybdenmm at constant current of 30 mA for 600s.
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o1 —pH 153, [Mo]=5 mmoliL
0.os T T T T , . : : . : :
450 550 650 750 ESO 250 0 =0 i o o oo
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Figure 13. (a) Absorbance as a fonction of wavelength for molybdates created by oxidation of
molybdenum in 0.6 mel L' NaCl solution containing silicate at concentration of 140 pbf at
constant current of 50 mA during different times. (b) Absorbance as a function of wavelength
for molvbdates created by both methods and treated by ascorbic acid.

The existence of mixed valence heteropolymolybdates can be confirmed by spectrophotometry.
The data shows peaks at wavelengths corresponding to molybdennm blue spectrum with a maximmm
at 300 nm (Fig. 13a). This kind of spectrum did not appear if only Mo (V) is present in the solution.
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Moreover, addition of ascorbic acid after the oxidation of molybdennm increases the absorbance value
and the shape of the spectrograms remains typical of those obtained by simple addition of sodinm
molybdate and sulphuric acid to the sample containing phosphate or silicate (Fig. 13b).

Linear sweep voltammograms registered at different rotation rates for both complexes formed
by both methods are presented on Fig 14. The results show that the potential half wave (Ep) 15 not
dependent on rotation rate whereas current density (jlim) is proportional to the square root of rotation
rate {m’l';}. This characteristic indicates a mass-transport confrolled system. For clanty the plots
(jm)=F(0"?) are gathered in Table 3

Silicomolybdate complex Phosphomolybdate complex
10 - 10
Ew é
ol o . .
-4 4 _IE:I_HE oze 2= =5 ass o7y
- =20
e 0 -
a < § =00
e
3 i - e
- — 00 mm
= 3000 pm
~150 1 : — 4000 mm
¥ 60 4
241 0
E (V] va Aplagcl E (V] wE AQIAgC
20 a0
50
ojt s
30 40 4
T 4 20
b ?E —so0mm 1
1 =0 — 1000 mm <« 0O 1
= — 2000 mm 2 fhE 075
3000 mm
-130 4 — 4000 mm -0
50 1
-iEn - A0
E V) ve AgragCl E [V} ve AglagCl

Figure 14. Linear sweep voltammogram recorded on a rotating geld disk electrode (3 mm_ 5 mV 5']:| at
different rotation rates for 100 pmeol L7 of silicomolybdate complex (left insets) and
phosphomalybdate (right insets) created by: (a) simple addition of sulphuric acid and sodium
molybdate (VI) [for silicomolybdate -:c;mplex: pH 1.42, MoO:” = 683 mmol L'l; for
phosphomolybdate complex: pH 1, MoQOy™ = 16.7 mumol L'l]; (k) exidation of molybdennm
during 240 s (silicomolybdate complex) or 600 s (phosphomelybdate complex) at constant

current of 30 mA .
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Table 3. Limiting current density vs. square root of rotation rate. j]jm=f|[m'1"2} for silicomolybdate and

phosphomolybdate complexes created by both methods.

Phosphomolybdate

Silicomolybdate

complex created by :
a) simple addition of sulphuric acid and sodmm molvbdate

complex created by :

Beduction 1

jE=-0.6100" " -7.16, R"=0.999

jE=-3.06007" " -12, R"=0.999

Reduction 2

jE=-0.30 ™" - 2.56, R™=0.999

jE=-1.17 07" - 5.61, R°=0.999

)] oxidation of melybdenmm at constant current of 30 mA

Oxidation =111 @ - +1.52. R"=0.999 =027 @ - -0.85, R°=0.997
Reduction 1 jim=-0.86 0"~ — 6.02. R"=0.999 jim=-2.32 0"~ 18,9, R°=0.997
Reduction 2 - ji=0.67 0™~ — 8.55, R"=0.995

The linear sweep voltanmwmograms for the reduction of the phosphomolybdate species differ
from those of the silicomelvbdate complex. The waves are not as well formed; they are less steep and
they overlap to a greater extent. The Lmiting cumrents densities for the phosphomelybdate complex are
lower than for the silicomolybdate one. They are not propottional to the radii of the microdisks, being
less than the expected ones. These results confirm that the electrode reactions are preceded by a
reaction of protonation; this chemical step is faster for the silicomolybdate than for phosphomolybdate
complex.

5. CONCLUSION

The purpose of this woik was to vnravel which kinds of molybdates are formed during anodic
oxidation of melybdenum in seawater. The molvbdenum oxidation in seawater and in 0.6 mol L' NaC1
solution show similar behaviour as demonstrated by caleulations from Tafel plot slopes where the
determined anodic transfer coefficient and exchange current density were almost identical for both
solutions and equal to about 0.46 and 104, respectively.

Electrochemical behaviour of isopoly- and heteropolvoxomoelybdates was mvestigated. The
complexes were formed by two methods: one based on oxidation of molybdenum in artificial seawater
and the second based on classical addition of sulphuric acid and sodivm molybdate which served as a
reference method. The investigation shows that the isopolyoxomelybdates formed by oxidation of
molybdenum differs from those created by simple addition of reagents. However, it seems that the
heteropolyoxomolybdates created by both methods have similar forms Additionally, the results
supported by spectrophotometry indicate formation of mixed valence meolvbdates (VIVI) duning
molybdenum cxidation in seawater in presence and absence of phosphate or silicate.

The formed isopolyoxcmolybdate complicated electrode reactions. Cyclic
voltammograms clearly indicate a mass-transport controlled guasi-reversible system, but the linear
sweep voltammetry uncovers also the adsorption of reduced species and a kinetically limited reaction.
The electrochemical behaviour of molybdate complexes change if phosphate or silicate is present in
the solution. The eyelic voltammograms represent a typical reversible mass-transport controlled

shows

156



Chapter V: Elucidation of molybdate’s complex chemistry

Int. T Electrochem. Sci., Vel 7, 2012 7347

system with coupled homogeneous reaction, probably protonation, which prevents rapid electron
transfer and influences current magnitnde. The protonation step is slower for phosphomolybdate
complex and it has greater influence on voltammeograms. The cyclic veltammograms for
phosphomolybdate species show peaks which are not as well formed as those for silicomolybdate
complex. The peaks separation (Epa-Epc) is bigger on the phosphomolybdate voltammograms (80 mV)
than for silicomolvbdate cnes (60 mV). Finally, the peak currents densities for the phosphomolybdate
complex are lower than for the silicomolybdate. These results explain how delicate the problem of
phosphate detection by electrochemistry is. The problem intensifies at low phosphate concentrations
{which is the case in the seawater) since complicated electrode reactions coupled with high capacity
cwirent lead to disappearance of the characteristic reduction and oxidation peaks [11] and thus, the
detection of phosphate by cyelic veltammetry is very difficult.
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Chapter V: Elucidation of molybdate’s complex chemistry

SUMMARY OF ARTICLE 1

The purpose of this work was to discover which kinds of isopoly- and
heteropolyoxomolybdates complexes are formed during the electrochemical oxidation of
molybdenum electrode in seawater. These results will help us to develop a first
electrochemical sensor for in situ detection of phosphate and silicate in the ocean having

elucidated the complex chemistry of isopoly- and heteropolyoxomolybdates.

The complexes were formed by two methods. The first one was based on oxidation of
molybdenum in artificial seawater. The second was based on classical addition of sulphuric
acid and sodium molybdate and serve as a reference method. The results supported by
spectrophotometry indicate formation of mixed valence molybdates (V/VI) during
molybdenum oxidation in seawater in presence and absence of phosphate or silicate. The
chemical formula for silicomolybdate and phosphomolybdate complexes was proposed:
H4Si(M02YMo010"'040)-60%, H4Si(Mo3Mog"'Ou0)-40% and HsP(Mog Mog”'O40).

The formed isopolyoxomolybdate represent complicated electrode reactions. Cyclic
voltammograms clearly indicate a mass-transport controlled quasi-reversible system, but the
linear sweep voltammetry uncovers also some absorption and kinetically limited reactions.
The electrochemical behaviour of molybdate complexes changes if phosphate or silicate is
present in the solution. The cyclic voltammograms represent a typical reversible mass
controlled system with coupled homogenous reaction, probably protonation, which prevents
rapid electron transfer and influences current magnitude. The protonation step is slower for
phosphomolybdate than silicomolybdates complex and it has a greater influence of registered

voltammograms.

These results explain how delicate the problem of phosphate detection by
electrochemistry is. Because of the slow rate of the protonation step the voltammograms for
phosphomolybdate species show peaks which are not as well formed as those for the
silicomolybdate complex (Figure V. 1.1). The peaks separation (Epa - Epc) is larger on the
phosphomolybdate voltammograms (80 mV) than for the silicomolybdate ones (60 mV).
Finally, the peak currents for the phosphomolybdate complex are lower than for the

silicomolybdate one.
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Figure V. 1.1. Cyclic voltammetry performed on gold electrode (3mm, 50 mV/s) for
silicomolybdate (blue line) and phosphomolybdate (red line) formed by oxidation of
molybdenum in artificial seawater containing silicate or phosphate
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CHAPTER VI:

ELECTROCHEMICAL METHODS FOR PHOSPHATE
DETECTION IN SEAWATER

The long term objective is to obtain an electrochemical sensor which will be able to
measure phosphate in the concentration range found in the ocean (below 3.5 x#M). This
sensor has to work autonomously meaning without reagents and standard calibration. The
sensor has to be highly selective to avoid interferences from other species found in the ocean,
especially from silicates. The final sensor should be characterized by a short time response
(shorter than a few minutes), low power consumption and long operation time (minimum 3
months). The instrument will remain in the ocean for a long time so pressure, temperature
and salinity have to be considered, because these parameters have an influence on the
electrochemical signals. The appropriate steps must be taken to avoid biofouling and
corrosion problems. The sensor should be adaptable on eulerian or lagrangian platforms for
biogeochemical monitoring of the oceans.

The two publications (Articles 2 and 3) presented below show the current state of the

phosphate sensor development. Future work required for this sensor is discussed as well.
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Initial steps to create an autonomous in situ electrochemical sensor for orthophosphate determination in
seawater are presented. First, the optimal conditions to form the molybdophosphate complex in artificial
seawater medium were determined by addition of sulphuric acid and sodium molybdate to the solution
containing orthophosphate. Secondly, the anodic oxidation of molybdenum to form molybdate ions and
protons was used to create the molybdophosphate complex without addition of any liquid reagents.
The molybdophosphate complex is detectable by amperometry with an average precision of 2.2% for the
concentration range found in the open ocean and the detection limit is 0.12 pM.

Three solutions are proposed to address the silicate interferences issue and one of these methods is
used for the natural samples collected in the coastal waters offshore Peru during the Pelagico 1011-12-
BIC OLAYA cruise in November-December 2010. Results showed a good precision with an average of 2.5%
and a reasonable deviation of the amperometric analysis as compared with colorimetric measurements

(4.9%).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus is an essential nutrient element for organisms in
the marine environment and may be sometimes a limiting fac-
tor for primary production [1]. The phosphorus cycle still remains
one of the important research topics in biogeochemical oceanogra-
phy [2]. Thus, rapid and selective methods for the determination of
orthophosphate, the major form of phosphorus in the open ocean,
constitute an important target. The common analytical method to
measure phosphate in natural waters is spectrophotometry which
is now frequently carried out in an automated continuous flow
system [3,4]. The method requires the addition to the sample of
an acidic molybdate solution to convert phosphate into the Keg-
gin anion, PMo ;045 which is intensely blue after reduction by
ascorbic acid with a maximum of absorption at 810nm. Alter-
nate methods based on electrochemistry have also been proposed.
Amperometric procedures have been reported for the determina-
tion of phosphate as molybdophosphate complex [5,6]. Phosphate
has been also determined by using voltammetric methods with

* Corresponding author at; Laboratoire d'Etudes en Géophysique et Océanogra-
phie Spatiales, UMR 5566, 18 Avenue Edouard Belin, 31401 Toulouse Cedex 9, France,
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E-mail address; justyna jonca@legos.obs-mip.fr (. Joaca).

0039-9140/5 - see front matter © 2011 Elsevier BV, All rights reserved.
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carbon paste electrode [7], gold microdisk electrode [8] and glassy
carbon electrode [9]. The obtained voltammetric signals are based
on the reduction of the molybdophosphate complex and the
detection limit was a few micromoles per liter. Other electro-
chemical phosphate sensors include: liquid-membrane electrodes
with organotin carriers [10], coated-wire electrode [11], heteroge-
neous membrane electrodes [12] and a large number of biosensors
[13-15]. The latter usually require more than one enzyme and a
rigorous control of the activity and stability of the used enzymes.
Electrochemistry offers a wide range of possibilities for achieving
anexcellent phosphate determination in seawater with the follow-
ing figures of merit: long lifetime, high precision, low detection
limit, fast response time, good reproducibility but no autonomous
electrochemical sensor for in situ phosphate determination exists
nowadays.

Our team developed an electrochemical method for silicate
determination in seawater based on anodic oxidation of molybde-
num [16,17]. The aim of the present work is to adopt this method
to phosphate detection in seawater and to create an electrochem-
ical cell where molybdate ions and protons will be produced
in order to create molybdophosphate complex electrochemically
detected either by means of cyclic voltammetry or amperome-
try. The situation is more delicate because of cross interference
in the natural seawater samples which contain both silicate and
phosphate.
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This work is a first step to develop an autonomous in situ sensor
for electrochemical detection of phosphate in seawater. First, the
method with the addition of sodium molybdate and sulphuric acid
solutions to the phosphate artificial samples is described. Then the
electrochemical oxidation of molybdenum to form molybdate and
protons is presented. The silicate interference problem is discussed
and a comparison with classical phosphate detection (colorimetry)
is provided. Finally, an application of our method to natural sea-
water samples collected during an oceanographic cruise off Peru is
presented.

2. Methods
2.1. Reagents and calibration standards

All solutions are prepared in Milli-Q water (Milli-pore Milli-Q
water system) with reagent grade salts.

Artificial sea water for standards calibration, phosphate and sil-
icate samples is prepared at a salinity of 34.4.

Working calibration standards are prepared as described in
the WOCE operation and method manual [4] with potassium
dihydrogen phosphate (KH2PO4, Merck) and sodium silicofluoride
(NazSiFg, Merck).

The reagents used for electrochemical phosphate detection are
sulphuric acid (Hz504, 5 N, Merck) and sodium molybdate solution
(NazMo0Oy4-2H20, Merck).

Phosphate artificial samples determinations by colorimetry are
performed using:

- an acidified ammonium heptamolybdate solution (6 g of ammo-
nium heptamolybdate, 0.15g potassium antimonyl tartrate,
40mL of sulphuric acid, HzS04 0.051M in 1000 mL of Milli-Q
water),

- an ascorbic solution (7.58 g of L-ascorbic acid in 250 mL of Milli-Q
water and 0.5 mL of Aerosol 22).

Phosphate natural samples determinations by colorimetry are
performed using:

- anammonium heptamolybdate solution (15 g of ammonium hep-
tamolybdate in 500 mL of Milli-Q water),

- an acidic solution (140 mL of sulphuric acid, H;504 in 900 mL of
Milli-Q water),

- anascorbic acid solution (27 g of ascorbic acid in 500 mLof Milli-Q
water),

- an antimonyl potassium tartrate solution (0.34g of antimonyl
potassium tartrate in 250 mL of Milli-Q water).

These solutions are mixed together (100 mL ammonium hepta-
molybdate, 250 mL sulphuric acid, 100 mL ascorbic acid and 50 mL
antimonyl potassium tartrate) and the final selution is used for
phosphate determination (10 mL for each 100 mL of the sample).

2.2, Colorimetric method

Colorimetric detection of phosphate artificial samples is done
following Le Corre and Tréguer's method [18] and an Auto-Analyzer
3rd generation (AAIll Bran Luebbe) is used. Colorimetric detection
of phosphate natural samples is developed following the method of
Strickland and Parsons [19] and a spectrophotometer UV-VISIBLE
LAMBDA 45 is used. The baselines are made with artificial seawater.

Reproducibility tests are performed for both spectrophotome-
ters. The average precision obtained for artificial samples is 1.10%,
whereas for natural samples this value is 2.37%.

2.3. Electrochemical method

Electrochemical measurements are carried out with a poten-
tiostat jL-Autolab 1l (Metrohm). The reference electrode is an
Ag/AgCl/KCl 3 M electrode (Metrohm). All the following potentials
are given relative to this electrode. Measurements at a stationary or
rotating disk electrode are recorded in a three electrode cell with
a platinum counter electrode and gold or glassy carbon working
electrode (Metrohm, diameter 3 mm). The working electrode is pol-
ished with lapping film sheet (3 M Aluminum Oxide, 1 pum) before
the measurements.

The molybdenum electrode has a surface of 20mm? (Good-
fellow). Molybdate is produced by molybdenum anoedic oxidation
performed at a constant electrolysis current (50 mA) in a 5mL cell.

The simultaneous production of molybdate and protons is based
on the use of a cell divided in two parts by a Nafion membrane
(N117 Du Pont™ Mafion® PFSA Membranes). The first half of the
cell is filled with 3 mL of the solution and the second half with
17 mL of solution. The first half contains the molybdenum, refer-
ence and sensing electrodes. The counter electrode is placed in
the second half. Molybdate and protons are produced by molybde-
num anodic oxidation performed at a constant electrolysis current
(50 mA) during 5005s.

2.4. Seawater collection

The collection of seawater samples from four east-west tran-
sect lines was made during the Pelagico 1011-12-BIC OLAYA cruise
aboard R/V Jose Olaya Balandra off Peru during austral spring 2010
(November-December), when intense upwelling occurs. Samples
for phosphate analysis by both colorimetric and amperometric
methods were collected during the leg from Puerto Pizzaro (3.67°5)
to Salaverry (8.13°S) from November 10th to Movember 29th, 2010.
Among the 22 CTD profiles performed during this leg, 7 vertical pro-
files were analyzed by both methods for phosphate determination.

Seawater was collected using 12 L Niskin bottles mounted on a
cable equipped with a CTD-0- Sea Bird 25.

Samples were collected, frozen immediately and stored in
250 mL Nalgene plastic flasks then transported to the laboratory
of the Chemical Research Unit of the Instituto del Mar del Peru
(UI0Q-IMARPE) for analysis.

3. Results and discussion
3.1. Voltammetric and amperometric methods

The electrochemical determination of the non electroactive
phosphate is based on the formation of a complex with molybdate.
The complex is formed by the reaction of Na;Mo0Oy4 in an acidic
solution (pH 1.0) to form a Keggin anion according to reaction (1).
Molybdate is in large excess (20 mM) and the pH is adjusted with
sulphuric acid.

P04 + 12M00,4%" + 27HT — H3PMo12040 + 12H20 (1)

Cyclic voltammetry of the formed Keggin anion shows two
reduction peaks at 0.32V and 0.46V and two oxidation peaks at
0.40V and 0.53V. The complexation takes about 60s and cyclic
voltammetry gives 4 correlation curves for concentrations greater
than 5.0 M. Unfortunately the concentrations of phosphate found
in the open ocean are smaller (less than 3.0 M) and in this con-
centration range the voltammograms show only one reduction and
one oxidation peak which are not well marked because of the large
ratio between the capacitive and the faradic currents.

To increase the sensitivity of the detection, an amperometric
method was chosen. The working gold electrode was held at a
constant potential of 029V. Fig. 1 shows an amperometric linear
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Fig. 1. Variation of current for the molybdophosphate complex measured by amper-
ometry at a rotating gold electrode (0.29V, 1000rpm) as a function of time (a) and
phosphate concentration (b}, The calibration curve was achieved by addition of stan-
dard phosphate solution in the concentration range of 0.10-5.21 pM; molybdate
concentration 20mM, pH 1.0

response in an experiment carried out in artificial seawater at pH
1.0 and with a concentration of molybdate of 20 mM. This calibra-
tion curve was obtained by addition of standard phosphate solution
in the concentration range of 0.10-5.21 pM. The detection limit
for this method is 0.05 M. The detection limit was calculated as
a signal measured between the highest and the lowest values of
noise multiplied by three. The method is characterized by a good
repeatability and the precision for each concentration is smaller
than 3% Amperometry is a very simple method, well adapted to the
flow injection analysis, but the main drawback of this method for
achieving an in situ long term sensor is that it requires the addition
of molybdate and protons in the sample before measurements.

To optimize the method, influence of pH, electrode rotation
rate and molybdate concentration were investigated. A pH range
between 1.75 and 0.50 was examined by amperometry and we
obtained the best results with a pH around 1.0. Fig. 2 shows the
variation of current for a phosphate concentration of 1.0 M in
different pH conditions. The influence of the electrode rotation
and molybdate concentration was studied by linear sweep voltam-
metry. Results show that the current increases with the angular
frequency of the electrode rotation and with the concentration of
molybdate. Fig. 3a shows the current versus potential curves for
the molybdophosphate complex in different molybdate concen-
trations performed in artificial seawater containing phosphate at
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Fig. 2. Variation of current measured by amperometry at rotating gold electrode

(0.29V, 1000 rpm) as a function of pH for molybdophosphate complex performed
in artificial seawater containing phosphate in concentration of 1.0 pM.

constant concentration. No significant influence of the concentra-
tion of molybdate on current for the molybdophosphate complex
was detected for concentrations larger than 20 mM.

The linear sweep voltammetry presented in Fig. 3b shows two
reduction waves. In agreement with previous studies [8] the first
reaction involves two electrons and the second three. Thus, the first
reaction is the reduction of molybdate (V1) to molybdate (IV) and
the second reaction is the reduction of molybdate {IV) to molybdate
(1.

The voltammetry for the reduction of the phosphomolybdate
species differs from that ofthe silicomolybdate complex [17 ] in sev-
eral ways. The waves are not as well formed, they are less steep and
they overlap to a greater extent. The limiting currents for the phos-
phomolybdate complex are lower than for the silicomolybdate one
and they are not proportional to the radii of the microdisks, with
the currents being less than expected. This characteristic is typical
for electrode reactions where the electron transfer is preceded by a
homogeneous chemical step which limits the rate of a protonation
step or the rate of an isomerization which prevents rapid reduction
of all the phosphomolybdate species in solution. This problem was
already discussed by Carpenter et al. [8].

3.2. Oxidation of molybdenum

To avoid the addition of sodium molybdate in the sample we
worked toward an electrochemical way to produce this ion in sea-
water medium. Molybdate is formed directly in the acidic medium
by anodic oxidation of molybdenum at constant current of 50 mA
in a 5mL cell, according to reaction (2).

Mo + 4H,0 — Mo04% +8H* +6e~ (2)

Electrochemical oxidation of molybdenum has been performed
in several solutions [20.21] and in sea water [16.17 ]. However, our
knowledge about the different forms of molybdates produced dur-
ing this process is limited. Numerous works on molybdate solutions
were done. The nature of the formed molybdate species depends
strongly on the molybdate concentration and pH [22]. At very low
concentrations (<10~* M) mononuclear species predominate. At
higher concentrations numerous teams have shown the existence
of the polynuclear species [23]. A longer oxidation time of molyb-
denum leads to higher molybdate concentration in the solution
and the percentage of polynuclear species increases with oxidation
time. Besides, the formation of polymolybdates consumes some
protons and more and more complex polymolybdates are created
with growing acidification. Having all this in mind, we assume that
reaction (2) will change with time during the molybdenum oxida-
tion.

3.3. Electrochemical production of molybdate and protons

In order to avoid the addition of both sodium molybdate and
sulphuric acid, a method based on an electrochemical cell divided
in two by a membrane was developed. Separation of the molyb-
denum anode from the cathode by a Nafion diaphragm eliminates
the consumption of the protons on the platinum cathode. Thus, the
protons formed according to reaction (2) accumulate in the anodic
part of the cell. The optimal pH for the molybdophosphate complex
formation was determined to be close to 1.0 (Section 3.1). To obtain
this pH, it is necessary to oxidize the molybdenum electrode dur-
ing 5005 at a stable current of 0.05 A in seawater starting with an
average initial pH of 7.8. Reproducibility tests show a precision of
1.7% for this time of oxidation and the average value of pH is 1.02.
During the oxidation we observed the evolution of molybdate and
pH with time. Fig. 4 shows the evolution of the molybdate peaks in
the reaction cell as a function of the molybdenum oxidation time
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Fig. 3. Linear sweep voltammetry (5 mV/s] at a gold rotating disk electrode (1000 rpm) for molybdophosphate complex at pH 1.0 and different concentrations of molybdate
(0,5, 10, 15, 20, 25 mM), phosphate concentration 100 M. (a) Optimization of molybdate concentration and (b) two steps of reduction of the molybdophosphate complex.

and pH. Molybdate reduction peak occurs at about —0.60 V. More-
over, the position of the peaks is shifted to more negative potentials
for reduction peak and to more positive ones for oxidation peak
as molybdenum oxidation goes along. Based on the influence of
the rates of complex formation, difference in the electrochemi-
cal behavior is due to the formation of more and more complex
polymolybdate species which are difficult to reduce and then to
oxidize.

The molybdophosphate complex formed as described above can
be detected in the electro-reduction process on the gold electrode
at a potential of 0.29V. This method gives a good linear response
for phosphate in the concentration range of 033-3.20pM and
the detection limit is 0.12 uM (I- —0.266C+0.038; R2-0.9973; |
in pA/cm?). However, we also noticed a good linear correlation for
smaller concentrations (0.10-1.0 uM) but with a lower sensitivity

a) 1205, pH 1.58
b) 240 5, pH 1.32 4
€ 3605, pH 115
d) 480 5, pH 104
€ 6005, pH 0.97

E (V) vs Ag/AgCl

Fig. 4. Monitoring of pH and molybdate formation versus time; voltammograms
obtained on stationary carbon glass electrode (200 mV/s) after several electrode
time intervals of molybdenum oxidation in artificial seawater.

(I-—0.216C+0.007; R2 -0.9992; I in pA/cm?). The detection limit
was calculated as a signal measured between the highest and the
lowest values of noise multiplied by three. The reproducibility tests
reported in Table 1 exhibit a good precision in the concentration
range usually found in the open ocean.

34. Silicate interferences

There is an obvious problem of cross interference in the ocean
samples which contain both silicate and phosphate. Thus methods
described above have to be adapted to overcome this challenge. A
few approaches to avoid silicate interferences are proposed using
differences in kinetics of complex formation [24], differences in
electrochemistry of the two complexes and influence of pH on
complex formation [8,25].

We observed by linear sweep voltammetry that the reduction
of the molybdophosphate complex starts at a potential close to
0.55V while the reduction for the molybdosilicate complex starts
at 0.45V. Fig. 5 shows the linear sweep voltammetry for both com-
plexes in the potential range 0.20-0.70V. Two reduction waves
for each species clearly indicate that if we choose one of the
potentials in the range at 0.45-0.55V we would eliminate the
interference from silicate. We found that for a potential of 0.50V
we do not obtain an amperometric signal for silicate while the
signal for phosphate was exhibiting a linear correlation with con-
centration. However, this potential corresponds only to the first
reduction wave and we lose some sensitivity. Besides, for the con-
ditions where molybdate and protons were produced during anodic

Table 1

Reproducibility tests for molybdophosphate amperometric detection cbtained for
different phosphate concentrations in artificial sea water samples. Each sample was
measured 10 times,

Concentration (M) 033 0,83 148 228 322
Standard deviation 0.1 033 042 D9z 119
Precision (%) 23 26 17 23 20
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Fig. 5. Steady state voltammograms {5 mV/'s) for molybdophosphate and molyb-
dosilicate complexes on a gold rotating disk electrode (1000 rpm) in artificial
seawater containing 100 kM of silicate {a) and 100 pM phosphate (b): molybdate
concentration 20mM, pH 1.0

oxidation of molybdenum in seawater containing both silicate and
phosphate species, we observe on the amperogram at a stable
potential of 0.50V not only the reduction of the molybdophosphate
complex but also oxidation of other molybdate species formed dur-
ing oxidation of molybdenum, which makes it impossible to detect
phosphate.

Carpenteretal. [8] and Hodgson and Pletcher [25] indicated that
at pH smaller than 0.50 there was no formation of the molybdosil-
icate complex. For this pH we did not obtain any signal for silicate
in the concentration range found in the open ocean, while the sig-
nal for phosphate was well formed. Fig. 6 shows the amperometric
response for silicate and phosphate under different pH conditions.
We lose some sensitivity because a pH of 0.50 is not the optimized
one. In addition, when molybdenum is oxidized in a sample con-
taining both species, the molybdosilicate complex is formed at the
beginning of this process and further acidification does not destroy
it

Zhang et al. [24] indicated that when working with a ratio of
protons/molybdates close to 70 at pH 1.0 (meaning the molybdate
concentration has to be close to 1.5 mM), the interference from sili-
cate can be avoided. Although the method was used for colorimetric
detection of phosphate in presence of silicate, we confirmed that it
was also adequate using amperometry. According to reaction (2),
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Fig. 6. Amperometric response for molybdosilicate and molybdophosphate com-
plexes on a gold rotating disk electrode (0.29V, 1000 rpm) in artificial seawater. The
signals were achieved by addition of standard phosphate solution in concentration
of 3.0 pM and standard silicate solution in concentration of 150 pM; sodium molyb-
date 20 mM, pH 1.0 (a) and 0.50 (b). Inset presents the full signal for silicate when
pHis 1.0,
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Fig. 7. Amperometric measurements made on a rotating gold electrode (0.29V,
2000rpm) for molybdosilicate and molybdophosphate complexes performed in
artificial seawater. The signals were achieved by addition of standard selutions
of: (a) silicate (5.0-140 pM) and (b) phosphate (0.49-3.30 pM): pH 1.0, ratio pro-
tons/malybdate - 70,

the ratio of protons/molybdate is 8 during the oxidation of molyb-
denum. We achieved an appropriate ratio of 70 by an extra addition
of sulphuric acid. The last method seems to be the most promis-
ing one. Indeed, it does not require any modification of potential
applied to the gold electrode during reduction of the molybdophos-
phate complex. Fortunately, the pH required for this method is 1.0
which happens to be the optimized value of pH we found. It will be
thus easier to find a method for the protons production equivalent
to this pH, than for example to go down to pH 0.50. Finally, with
the molybdate concentration required for this method, the oxida-
tion time is much shorter, 505 in a 3 mL cell, than before (Section
3.3). Since the time of formation of the complex is about 605, the
total reaction time is 110s. Fig. 7 presents a calibration curve made
in the mentioned conditions. It is clear that there is no signal for
silicate, whereas the signal for phosphate exhibits a linear corre-
lation in a concentration range 0.49-3.33 pM and with a detection
limit of 0.22 pM. This latter method was used for the natural sam-
ples collected off Peru during the Pelagico 1011-12 cruise aboard
the R/V OLAYA.

3.5. Comparison for sea water samples

Before applying this method to the natural samples, repro-
ducibility of the method was tested for different phosphate
concentrations representative of the seawater gradient reported
in the Oxygen Minimum Zone off Peru and an intercomparison
with the classical method was made. The reproducibility test per-
formed on artificial sea water samples shows a precision of 2.1%
for the highest phosphate concentration of 3.4 .M, 2.8% and 6.1%
for intermediate concentrations of 2.2 WM and 1.2 M, respectively
and 6.3% for the lowest concentration of 0.5 M. The reproducibil-
ity test was made with ten measurements for each sample. The
intercomparison of the electrochemical method for artificial sea
water samples with the laboratory classical method showed a good
correlation with an average deviation of about 5.1%.

For the natural samples, the reproducibility tests were made
at different CTD stations covering different in situ configurations
{e.g. near the coast/off-shore, lower/higher latitude stations of the
cruise, shallower/deeper depths) with a triplicate measurement
on the same sample at each depth. Table 2 provides the obtained
precision between 1.1 and 3.9% with an average value of 2.5%.

The typical vertical profiles of phosphate concentrations
obtained offshore Peru in the coastal waters demonstrate that the
electrochemical method is in excellent agreement with the colori-
metric analysis conventionally used for seawater analysis (Fig. 8).
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Fig. 8. Comparison of both methods. amperometry (black) and colorimetry (grey) at CTD stations 50 {a}, 102 {b), 59 (c). Station 58 is situated very close to the coast and

stations 50 and 102 more off-shore.

Table 2

Reproducibility tests made for natural phosphate samples (o = standard deviation),
Test made for the samples collected during the Pelagico 1011-12-BIC OLAYA cruise
aboard RV Jose Olaya Balandra.

Station Depth Average o Precision (%)
(m) (M)

1 25 091 018 1.7
11 2 0.88 03 3.0
11 70 1.93 0.25 1.1
11 440 1.77 071 33
50 25 1.83 038 1.7
50 100 1.8 078 35
50 2 1.12 0.42 32
o5 50 1.0 03 1.1

102 2 0.56 0.21 26
102 100 1.68 046 20
174 2 1,19 066 39

The average deviation obtained for all phosphate concentrations is
4.9%.

4. Conclusion

We have shown a thorough documentation necessary to set up
an electrochemical method for phosphate detection in seawater.
With melybdate and sulphuric acid addition to the seawater sample
containing phosphate, we optimize the best conditions to produce
the phosphomolybdate complex. We then created an electrochem-
ical cell where molybdate ions and protons are produced by anodic
oxidation of molybdenum in order to form phosphomolybdate
complex without addition of liquid reagents. The created complex
is detected electrochemically by means of amperometry with a
detection limit of 0.12 jLM.

We presented here a discussion about silicate interferences and
we proposed three methods to solve this problem: detection of
phosphate in presence of silicate by amperometry at a potential of
0.50V, at pH 0.50 or at an appropriate ratio of protons/molybdate
(70). The latter method was used during the “Pelagico 1011-12"
cruise aboard the R/V OLAYA offshore Peru and showed that the
amperometric approach is reliable for the analysis of phosphate
in the water column. Thus, the method is very promising but
presently appropriate ratio of protons/molybdate is achieved by
an extra addition of sulphuric acid. We are currently working on
introducing proton exchange membranes in order to avoid the
acid addition in the cell. Identification of the molybdate species
obtained during anodic oxidation of molybdenum in seawater

is also under investigation. This recognition is being performed
by both electrochemical and spectroscopic methods. This study
is crucial to entirely solve the problem with silicate interfer-
ences and to elucidate the complex chemistry of isopoly- and
heteropoly-molybdates.

It is worth noticing that the investigated method can be used for
analysis of phosphates in other aqueous environments such as lakes
or rivers where silicate concentrations are negligible as compared
to phosphate concentrations so that the analysis can be performed
without interferences.
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An electrochemical method for phosphate determination in seawater was based on the oxidation of
madybdenumin order to form molybdates and protons and subsequently, to create the phosphomolybdic
complex electrochemically detectable by means of amperometry at a rotating gold disk electrode ||
Jofica et al., Talanta 87 (2011} 161]. To avoid silicate interferences, the method required an appropriate
ratio of protons over molybdates equal to 70, Since the ratio of protons over molybdates created during
maodybdenum oxidation is only B, the previous method still needed addition of sulfuric acid and thus was

gmf; not free from addition of liquid reagents. In the present work, this aspect is solved by modification of the
Amp:‘mml.l, electrochemical cell construction. The method is now totally free from addition of any liquid reagents

and gives a possibility to determine phosphate by amperometry in the concentrations range found in
the open ocean with a detection limit of 0,11 pM. Having in mind the energy savings for fisture in sthe
sensor development, amperometry at rotating gold disk electrode was replaced by differential pulse
voltammetry at static one. Phosphate can then be determined with a detection limit of 0,19 pM. Both
methods are characterized by good reproducibility with an average measurements precision of 57%
{amperometry) and 3.8% (differential pulse voltammetry). Results also show a good accuracy with an
average deviation from theoretical values of phosphate concentration of 3.1% for amperometry and 37%

Differential pulse voltammestry
Silicate interference
Reagentless method

for differential pulse voltammetry.

© 2012 Elsevier Lid. All rights reserved.

1. Intreduction

Phosphorus, in the form of phosphate, plays a key role in pho-
tasynthesis (Le., primary productivity) and the availability of this
macronutrient in marine systems can strongly influence the marine
carbon cycle and the sequestration of atmospheric carbon diox-
ide [1]. Thus, the biogeochemical cycle of phosphorus is one of
the main research topics in chemical and biological oceanography,
and measuring accurately the concentration of phosphate is very
important.

Todays in situ monitoring of phosphate is based on a common
method where the reaction of phosphate and molybdate in acidic
medium is used in order to form the phosphomolybdate comples.
This complex is then treated with ascorbic acid in the presence
of antimony to yield the phosphomolybdenum blue as described

* Comesponding awthor at: Laboratoine dEtudes en Geophysique et Oosanogra-
phie Spatiales, 14, av Edouard Belin, 31400 Toulouse, France. Tel - +33 D561332813;
fax=+33 0561253205,

E-muil address: justyna.jonca@legos abs-mipfr {]. Jofical

013468575 - see Front matter © 2012 Elsevier Ltd. All rights reserved.
hetpsfid.dai.ong 10,100 Fjelectacta 201210012

firstly by Murphy and Riley [2]. The reaction is followed by colori-
metricdetection at a wavelength of about 882 nm. ANAIS developed
in our laboratory [3] is one of the in situ phosphate (and other nutri-
ents) analyzers based on this method. These types of analyzers
are characterized by good sensitivity and accuracy, but they are
heavy and large. Additionally, they require addition of reagents and
significant energy. To overcome these problems, progress toward
miniaturization and decrease in energy consumption is crucial.
Within a large number of analytical methods, electrochemistry
provides promising reagentless approach to go further in minia-
turization, decrease in response time and energy requirements.
In aquatic systems, electrochemical methods are used routinely
for monitoring pH by potentiometry, dissolved oxyzen by amper-
ometry [4], trace metals and speciation by voltammetry [5,6]
conductivity and therefore salinity by impedimetry.
Electrochemistry also offers a wide range of possibilities for
achieving an excellent phosphate determination in seawater with
the following Fgures of merit: long lifetime, high precision, low
detection limit, fast response time, good reproducibility but no
autonomous electrochemical sensor for in situ phosphate detec-
tion exists nowadays. However, electrochemistry has been used
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for determination of phosphate in laboratory conditions, The deter-
mination of phosphate has been performed by pulse voltammetry
with a great sensitivity [7], cyclic voltammetry [8,9] and amper-
ometry [10,11]. Recently, a totally new electrochemical method
was developed in our group for determination of silicate [12,13]
and phosphate [14]. The method was based on the anodic oxi-
dation of molybdenum in seawater in order to form silico- or
phosphomolybdate complex electrochemically detectable either
by means of cyclic voltammetry or amperometry. These reactions
took place in an electrochemical cell divided in two by a non-
proton exchange membrane in order to avoid protons reduction
on the platinum cathode. Thus, molybdenum, working and refer-
ence electrodes were in the first compartment of the cell whereas
the platinum electrode was in the second one. This method had
an obvious drawback of cross interference in the ocean samples
which contain both silicate and phosphate, Three solutions were
proposed to address the silicate interferences issue [14], either by
detection of phosphates in presence of silicates by amperometry at
a suitable potential of 0.5V or in a very acidic medium (pH 0.5) or
with an adequate ratic of protons over molybdates equal to 70. The
latter method was used for phosphate detection in the oxygen min-
imum zone (OMZ ) offshore Peru during the Pelagico 1011-12-BIC
OLAYA cruise in November-December 2010, The results showed
an excellent agreement when compared to classical colorimetric
measurements, but the method still required extra addition of acid
to achieve the appropriate ratio of protons over molybdates [14],
In this work we will present the continuation of the develop-
ment of the phosphate sensor along two routes. One is designing a
new electrochemical cell including membrane technology to avoid
any addition of liquid reagents, The second is to decrease energy
requirements by switching to differential pulse voltammetry.

2. Experimental
2.1. Reagents and calibration standards

All solutions are prepared in Milli-Q water (Milli-pore Milli-Q
water system) with reagent grade salts,

Artificial sea water for standards calibration, phosphate and sil-
icate samples is prepared at a salinity of 34.4.

‘Working calibration standards are prepared as described in
the WOCE operation and method manual [15] with potassium
dihydrogen phosphate (KHzPO4, Merck) and sodium silicofluoride
[Nazsi]:;. ME‘J‘Ek}L

Phosphate artificial samples determinations by colorimetry are
performed using reagents:

- An ammonium heptamolybdate solution (15g of ammonium
heptamolybdate in 500 mL of Milli-Q water),

- An acidic solution (140 mL of sulfuric acid, Hz504 in 900mL of
Milli-Q water).

- Anascorbic acid selution (27 g ofascorbic acid in 500 mL of Milli-G
water).

- An antimonyl potassium tartrate solution (034 g of antimonyl
potassium tartrate in 250 mL of Milli-Q water ).

These solutions are mixed together [ 100 mL ammonium hepta-
molybdate, 250mL sulfuric acid, 100 mL ascorbic acid and 50 mL
antimonyl potassium tartrate) and the final solution is used for
phosphate determination (10 mL for each 100 mL of the sample].

22, Colorimetric method

Colorimetric detection of phosphate artificial samples was done
with a UV-vis spectrophotometer (Warian Inc. Cary 50, Australia)

using 10mm 100-05 quariz cuve (Hellma Analytics, Germany).
The absorbance was registered at 882 nm following the method of
strickland and Parsons [ 16]. The baselines were done with artificial
seawater, Reproducibility tests were performed and the precision
of 2.25% was found.

2.3. Electrochemical method

Electrochemical measurements are carried out with a poten-
tiostat p-Autolab 111 {Metrohm). The reference electrode is an
AgAgClIKC] 3M electrode (Metrohm), All the following potentials
are given relative to this electrode. Measurements at a station-
ary or rotating disk electrode are recorded in a three electrode
cell with a platinum counter electrode and gold working electrode
(Metrohm, diameter 3 mm ), The working electrode is polished with
lapping film sheet (3 M aluminum oxide, 1 pwm) and electrochemi-
cally cleaned in 0.5 mol L-! sulfuric acid solution (5 scans, from 0.0
to 1.5V, 200mV 5! ) hefore each measurements.

The molybdenum electrode has a surface of around 100mm?2
(Goodfellow). Malybdate is produced by molybdenum anodic oxi-
dation performed at a constant electrolysis current of 50mA or at
constant potential of 2V,

The simultaneous production of molybdate and protons with
the appropriate ratio is based on the use of a cell divided in three
parts. In the first one {1 mL), 2 primary molybdenum electrode
is oxidized and thanks to a very thin (30 uwm) proton exchange
membrane (FuMaTech, fumapem® F-030) only protons can pass
through to the second compartment and thus acidify the medium
to pH 1. In the second compartment (5 mL), a secondary molybde-
num electrode is oxidized during a short time and thus achieving
a ratio of protons over molybdates of 70. To avoid the reduction
of protons formed during the two previous oxidations of molyb-
denum, the platinum electrode is placed in the third compartment
which is in contact with the former two parts of the cell by a non-
proton exchange membrane with thickness of 180 pm (N117 Du
Pont™ Mafion® PFSA Membranes). During molybdenum oxidation,
the platinum electrode acts as a cathode, whereas during phosphate
determination it acts as a counter electrode, The schematic of the
cell is presented in Fig. 1.

3. Results and discussion
31. In situreagents formation in an electrochemical cell

Phosphate is not an electroactive species but the electrochem-
ical detection is possible in acidic media (at pH 1] in presence of
molybdate salts due to the following reaction (1) where the elec-
troactive phosphomolybdate complex is formed [14].

POy~ + 12MoDy2- + 27H* — H3PMo)304 + 12H20 (1)

In order to eliminate the addition of molybdate and protons, a
method based on anodic oxidation of molybdenum was developed
[12,13]. Due to this process (2], all reagents required for phospho-
molybdate complex creation are formed:

Mo + 4H;0 — MoOg?- + BH* + Ge- (2)

Since the silicomolybdate complex is formed at these condi-
tions, the method described above has an obvious problem of cross
interference in the ocean samples which contain both silicate and
phosphate, A few methods to avoid these interferences are tested
before using differences in electrochemistry of the two complexes,
influence of pH on complex formation and differences in kinetics
of complex formation by choosing an appropriate ratio of protons
over molybdates of 70 14]. The latter one was chosen and improved
in this work.
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Fig. 1, 5t

of the £k ical cell with apph of membrans tech-
nology (AziAgCl O -reference electrode, Ao-gold working electrode, Pr-platinam
counter electrode, Mog-first molybdenam electrods, Mo,-second molybdenam
electrode, 152 part-first compartment of the cell with the proton exchange mem-
brane, 2nd part-second compartment of the ol with the non praton exchange
memibiranes, Ird part-third comparntment of the cell, simulating the open ocean).

Zhang et al. [17] indicated that when working with a ratio of
protons over molybdates close to 70 at pH | (meaning the molyb-
date concentration has to be close to 1.5mM), the interference
from silicate can be avoided. Although the method was used for
colorimetric detection of phosphate in presence of silicate, we con-
firmed that it was also adequate using electrochemistry. According
to reaction (2, the ratio of protons over molybdate is 8 during the
oxidation of molybdenum, At the beginning, we achieved an appro-
priate ratio of 70 by addition of acid [ 14]. In this work, we present
a method where the desired ratic of protons over molybdate is
achieved without addition of any liquid reagents. This method is
based on the application of membrane technology and a special
design of the electrochemical cell described in details in Section
2.3 (Fig, 1), Oxidation of the first molybdenum electrode was per-
formed at a stable potential of 2¥ since such high potential will
ensure fast molybdenum oxidation and effective acidification of
the solution in the second compartment. To achieve a desired pH
of 1 in the second compartment, the first molybdenum electrode
has to be oxidized during about 1000 s, This time is long but thisis
due to a large volume of the cell (5 mL) used in this work. The in situ
sensor which will be developed in the future years will have a vol-
ume of a few hundreds pl and thus the reaction time will be much
shorter, Excellent reproducibility of pH was achieved, when mea-
suring pH in the second compartment after oxidation of the first

Silicate measurement Himefs
a 1040 200 300 k] 500 o

Phosphate

12 T T T T T 1
s o o = 1 & ;o

Phasphate measirement Hime /s

Fig 1. Amperometric made on a (029vV,
2000 rpm) far silicomolybdate (black) and phost
formed in artifical seawater during anodic oxidation of molybdenum. The sig-
nals were achisved by addition of standard solution of sificate (B5-154.5 M) and

phasphate (0,50 1.40 uM), pH 10 ratio protonsfmelybdates 701

molybdenum electrode-the precision calculated from 10 measure-
mentsis 2. 0% with the average pH of 1.02, The second molybdenum
electrode was oxidized in the second compartment at a stable cur-
rent intensity of 50 mA during 80 s to ensure that concentration of
formed molybdatesis 1.5 mM asitis predicted by Faraday's law. The
created phosphomelybdate complex was detected in the second
compartment as described below,

32. Amperometric detection of phesphate in presence of silicate

The phosphomaolybdate complex created as described above can
be detected by electrochemical reduction at rotating gold electrode
by amperometry at a potential of 0,20V, Calibration curves for sil-
icate and phosphate are presented in Fig, 2. It is clear that there is
no amperometric signal for the silicomolybdate complex, whereas
those for phosphomolybdate complex are well defined. The method
gives 3 good linear response for phosphate in the concentration
range found in the open ocean (I =—0.1866C — 00066, R2= 0.0995).
The detection limit calculated as a signal measured between the
highest and the lowest value of noise multiplied by threeis 0,11 M.
The reproducibility tests reported in Table 1 exhibit quite good pre-
cision in the concentration range usually found in the open ocean.
The average precision for the reproducibility test is 5.7%.

Amperometric methed gives excellent possibility to detect
phosphate in seawater but requires utilization of the rotating disk
electrede which consumes energy and will complicate measure-
ments in the future in situ sensor. Amperometry at static disk
electrode shows no signals for phosphate in the concentration
range found in the open ocean,

Classical cyclic voltammetry shows twoe reduction peaks at
032V and 046V and two oxidation peaks at 0.40V and 0,53V
which give 4 correlation curves for concentrations greater than
5 M [18]. Unfortunately the concentrations of phosphate found in

Table 1
Reproducibility test carried aut for 10 measurements of amperomestric or differen-

tial pulse ic signal for adk phesphate concentrations in anifical
SEFWALET.
Phosphate concemtration [ M}
0Es L&D im
Amperometry 55T 57X SET
Differential pulzs valtammetry IET 40% gz
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the open ocean are smaller {less than 3 pM]) and in this concentra-
tions range the voltammograms show only one reduction and one
oxidation peaks which are very weak due to the high capacitive
current as compared to the faradic one. The problem is associated
with complicated electrode reactions where the reduction of com-
plex onthe gold electrode is coupled with an homogenous chemical
step, protonation, which prevent rapid detection of the phospho-
molybdate complex. This problem was discussed before [14,18].
Having all this in mind, we start to work toward the differential
pulse method.

3.3, Phosphate detection using differential pulse voltammetry

The pulse amplitude was varied in the range 10-100mV in
order to find the best conditions for the phosphomolybdate com-
plexdetection. Fig. 3A represents the achieved voltammograms and
Fig. 38 a plot of the differential current density vs. pulse amplitude.
The results show an increase of differential current density value
with an increase of pulse amplitude. In the same time, the peak
width increases with pulse amplitude as well, which is character-
istic for this type of detection method [19]. Besides, the potential
peak (at about 0.25-0.30V) is shifted slightly to more positive val-
ues as pulse amplitude increases, The second peak at more positive
potentials is not well distinguished and thus impossible to mea-
sure, The peak is too close to potentials where formation of gold
chlorides occurs at gold electrode in seawater at greater positive
potentials, For further analysis, a pulse amplitude of 50mV was
chosen.

The phosphomolybdate complex was detected by differential
pulse voltammetry at stationary gold electrode using pulse ampli-
tude optimized above. The signals measured for phosphate in the
concentration range found in the open ocean is presented in Fig, 48
The calibration curve is described by equation §j=0.8082C + D 9614,
R2=0.9897 and the detection limit is 0.19 oM. Great care must be
taken to measure properly the peak height. Here, we measure peak
height as presented in Fig, 4B. The reproducibility tests reported
in Table 1 exhibit a good precision, The average precision for the
reproducibility test is 3 8%, For darity and comparison, the repro-
ducibility test for amperometry and differential pulse voltammetry
were gathered in the same table, The results show that differential
pulse voltammetry offers a better reproducibility,

3.4, Accuracy estimation for electrochemical and colorimetrical
methods

An estimation of the deviation from theoretical values of phos-
phate concentration is provided for the classical colorimetric
method, amperometry and differential pulse voltammetry meth-
ods. The same phosphate standards were used for all metheds

to perform calibration curves and then 3 samples containing
low (0.65puM phosphate, 850pM silicate), medium (1.60 pM
phosphate, 57.1 pM silicate), and high (3.001 pM phosphate,
1409 pM silicate) silicate and phosphate concentrations were

A -3 T T T |
0.5

0.5

13

Sjum em®

15
AT A
19

21 1

-23 4

E vs. (Ag/AgCHV

Fig. 4. (A] Differential pulse volizmmetry measurement made on 3 gold disk
electrode (at pulse amplituds of S0mY) for phosphomolybdate complex: formed
in artificial seawater daring anodic oxidation of molybdenum. The signals were:
achiewed for diff=rent phosphate concemtrations (1L65-3.01 pM); pH 1.0, ratic pro-
toms molybdate= 70, (B) method wsed in this work for determination of peak height.
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Table 2

Comparizon of colorimetric, amperometnc and differential pubse voli@mmeinic measunements for different phosphate concentration. Deviation between each method and

theoretical walue of phosphate concentration is given in brackets.

[Py | pM theocetical 5081 | oM |Pu.= | M by [P0 | M by [Pl | M by differensial
theoretical colorimstry amiperoimestTy palss valtammetry

065 B.59 068 [46X) 063 (3.1%) DLE2 {4.67)

160 571 161 [DEX) 157 (1.9%) 156 (25%)

am 14] 297 (13%) 2HE(43%) 2180 (40%)

tested, A good agreement between all methods confirms no
interference from silicate. Accuracy comparison for all meth-
ods is presented in Table 2. The average deviation from
theoretical values of phosphate concentration is 3.1% for amper-
ometry, 37% for differential pulse voltammetry and 1.3% for
colorimetry,

4. Conclusions

We described a thorough documentation necessary to set up an
electrochemical detection of phosphate. Thanks to a spedal con-
struction of an electrechemical cell and utilization of membrane
technology coupled with molybdenum oxidation, the method is
free from addition of any liquid reagents and free from silicateinter-
ferences. During molybdenum oxidation in 2 sample containing
phosphate, the phosphomaolybdic complex is formed. The complex
isthen detected by amperometry or differential pulse voltammetry
on a gold electrode, The method allows detecting phosphate in the
concentration range found in the open ccean with good detection
limit, reproducibility and accuracy. The method will be tested for
natural seawater samples as soon as it will be possible.

The further steps will be miniaturization and adaptation of
the cell described above to the marine harsh environment (pro-
tection against corrosion, biofouling and high pressure) in order
to achieve the first electrochemical in situ sensor for detection
of phosphate in seawater, This sensor will be characterized by
low energy consumption and quite fast response time due to the
decrease of volume combined with application of large surface of
membrane surfaces, We will be working simultaneously on cal-
ibrationless method as it was done for silicate in our team [20].
Additionally, long term behavior of gold electrode in seawater will
be investigated and potential in situ cleaning procedure will be
found.
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SUMMARY OF ARTICLES 2 and 3

The two publications presented above showed the current state of the electrochemical
phosphate sensor development. The Article 3 describes the continuation of the work described
in Article 2 and thus, this summary corresponds to both publications.

The electrochemical determination of the non electroactive phosphate is based on the
formation of a complex with molybdate. The complex is formed by the reaction with K;MoO,

in an acidic solution to form a Keggin anion (Carpenter et al., 1997).
PO,> + 12 M0O4* + 27 H' © H3P(M01,040) + 12 H,0 (VI. 1.1)

In order to eliminate the addition of molybdate and protons, a reagentless method is
developed. Molybdate salts and protons are produced as the product of molybdenum

oxidation in the reaction cell due to the following reaction (Lacombe et al., 2007, 2008):
Mo + 4 H,0 > MoO,* + 8 H + 6¢” (VI.1.2)

The created phosphomolybdate complex can be detected on a gold working electrode
by means of amperometry with the detection limit of 0.12 uM. The method described above
has an obvious problem of cross interference in the ocean samples which contain both silicate
and phosphate. A few methods to avoid these interferences are tested using differences in
electrochemistry of the two complexes, influence of pH on complex formation and differences
in kinetics of complex formation by choosing an appropriate ratio of protons over molybdates
of 70 (Jonca et al., 2011). The latter one was used during the Pelagico 1011-12 cruise aboard
the R/VV OLAY A offshore Peru.

The collection of seawater samples from four east-west transect lines was made during
the Pelagico 1011-12-BIC OLAYA cruise aboard R/V Jose Olaya Balandra off Peru during
austral spring 2010 (November-December), when intense upwelling occurs. The typical
vertical profiles of phosphate concentrations obtained offshore Peru in the coastal waters
demonstrate that the electrochemical method is in excellent agreement with the colorimetric
analysis conventionally used for seawater analysis. The deviation obtained by comparing the
amperometric and colorimetric analyses is 4.9% (Jonca et al., 2011) (Figure VI. 1). These
results show great potential in the developed method for phosphate detection but it still
required extra addition of acid to achieve an appropriate ratio of protons over molybdates
(70). The solution to this problem is presented in Article 3.
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Fig. VI. 1. Deviation of amperometric analysis as compared to colorimetric measurements

over our analyzed data set

According to reaction (VI. 1.2), the ratio of protons over molybdate is 8 during the
oxidation of molybdenum. At the beginning, we achieved an appropriate ratio of 70 by
addition of acid. Recently, we developed a method where the desired ratio of protons over
molybdate is achieved without addition of any reagents. This method is based on the use of
specific membrane technology and a special design of the electrochemical cell made by GIS
laboratory (Groupe d’Intrumentation Scientifique) (Jonca et al., 2012, in press). The cell
consists of 3 compartments. In the first one (1 mL), a primary molybdenum electrode is
oxidized and thanks to a proton exchange membrane only protons can pass through to the
second compartment and thus acidify the media to pH 1. In the second compartment (5 mL), a
secondary molybdenum electrode is oxidized during a short time to produce 1.5 mM of
molybdates achieving a ratio of protons over molybdates of 70. The third compartment is in
contact with previous parts of the cell by a non-proton exchange membrane where a platinum
cathode is immersed to avoid the reduction of protons formed during the two previous

oxidations of molybdenum (Figure VI. 2).

The complex is detectable in the second compartment by means of amperometry or
differential pulse voltammetry and the detection time is about 15 min. The detection time can

be much shorter by decreasing the volume of the cell. The detection limit is 0.11 uM for
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amperometry and 0.19 uM for differential pulse voltammetry. The reproducibility tests show
average precisions of 5.7% (amperometry) and 3.8% (differential pulse voltammetry).
Results show also quite good deviation with an average of 4.3% (amperometry) and 5.0%
(differential pulse voltammetry) as compared with colorimetric measurements. Future work
will be focused on miniutarisation and marinisation of the electrochemical cell.

Fig. VI. 2. Schematics of the electrochemical cell.
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CHAPTER VII:
ANALYSIS OF WATER MASSES OFFSHORE PERU

The previous chapters described the development of an electrochemical method for
phosphate detection in seawater. The method was validated during an oceanographical cruise
offshore Peru in November 2010 showing excellent agreement when compared with the
classical colorimetric method (Josica et al., 2011). Additionally, for the first time a relative
phosphate minimum was noticed at depths of about 200 m. Some hypotheses about the source
of this minimum are discussed but a definitive answer will require a retrospective detailed

water mass analysis which can not be done within this PhD project.

The Eastern South Pacific is oceanographically a highly diverse region determined by
coastal upwelling off Peru driven by alongshore winds. During this process, water masses
rich in nutrients upwell to the surface forming one of the world most productive marine food
webs. Additionally, the intermediate waters are characterized by low oxygen concentrations.
The deoxygenation process has crucial implications on cycling of the macronutrients nitrate
and phosphate by the occurence of microbial processes which drive the autotrophic system

into a N limited system.
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1. Pelagico 1011-12-BIC OLAYA cruise offshore Peru
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Fig. VII. 1.1. (a) Map of the CTD stations where the samples for phosphate electrochemical
detection were collected, (b) a satellite image of ocean colour from MODIS Aqua

The collection of seawater samples from four east-west transect lines was made during
the Pelagico 1011-12-BIC OLAYA cruise aboard R/V Jose Olaya Balandra off Peru during

austral spring 2010 (November-December), when an intense upwelling was occurring.

Seawater was collected using 12 L Niskin bottles mounted on a cable equipped with a CTD-

O, Sea Bird 25.
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Samples for phosphate analysis by both colorimetric and chronoamperometric
methods were collected during the leg from Puerto Pizzaro (3.67°S) to Salaverry (8.13°S)
from November 10" to November 29", 2010. Among the 22 CTD stations performed during
this leg, 7 vertical profiles were analyzed by both methods for phosphate determination. Other
nutrients were analysed using classical colorimetric method as described by Strickland and
Parsons (1972). Fig. VII. 1.1a presents a map with some CTD stations where samples for
phosphate determination were collected. Fig. VII. 1.1b presents a satellite image of ocean
colour from MODIS-Aqua. This image corresponds to the same period of time that the leg
where electrochemical analysis of phosphate was carried out. The image clearly indicates that
between 3.67°S and 8.13°S both blue and brown waters, as mentioned by Bruland et al.
(2005), were present.

The “brown” waters are associated with extremely high primary production; the
satellite chlorophyll image shows very intense brown color in this region. The “blue” waters
were described firstly by Strickland et al. (1969) and they are characterized by very low
primary production and the concentration of nutrients is extremely high. These regions are
also called HNLC (High Nutrient Low Chlorophyll) due to limitation in iron (Hutchins et al.,
2002). The iron limitation is caused by the low rainfall which occurs only in the Andes (and
not in the coastal range) and limited iron delivery from eolian flux of dust. On the other hand,
the “brown” waters are associated with high iron input via upwelling. The suboxic water
masses in contact with organic rich sediments release iron (in redox conditions) that could be
supplied along the coast with macronutrients during upwelling occurring over these relatively

broad shelf areas of northern and central Peru.

2. Mean circulation in the Oxygen Minimum Zone of the Eastern South Pacific

The Equatorial Current System is composed of quasi zonal currents: The Equatorial
Undercurrent (EUC) and the primary and secondary Southern Subsurface Contercurrents
(pSSCC and sSSCC) which flow eastward in the subsurface; and the South Equatorial Current
(SEC) which flows westward near the surface (Montes et al., 2010). The other major system,
the Peru Current system is composed of currents that are strongly influenced by the presence

of the American landmass: the Peru Coastal Current (PCC) and the Peru Oceanic Current
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(POC) near the surface; the Peru-Chile Countercurrent (PCCC) and the Peru-Chile
Undercurrent (PCUC) in the subsurface. The various currents are presented in Figure VII. 2.1.

.
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Fig. VII. 2.1. Oceanic circulation scheme for the eastern tropical Pacific. (Montes et al.,

2010).
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Coastal currents

The southern branch of the anticyclonic subtropical gyre of the south-eastern Pacific,
named the South Pacific Current, flows towards the American coast between 35°S and 48°S.
It then separates in two branches, the first flows southward (Cape Horn Current), the second

flows northwards and is called the Peru Oceanic Current (POC).

The POC (known also as Chile-Peru Current) transports cold waters from the south to
the equator where it may join the South Equatorial Current (SEC) (Chaigneau and Pizarro,
2005b) and is involved in the equatorial upwelling. This current is very wide (about 500 km)
and can be present between the surface and greater depths (700m). The distance from the

coast can vary between 500 and 1500 km.

The Chile Coastal Current (CCC) and the Peru Coastal Current (PCC) flow northward
bringing cold, highly oxygenated Antarctic waters along the coast of Chile and Peru (Strub et
al., 1998) in the near surface layers (0-100 m) with a 100 km width (Huyer et al., 1991), and
their maximum velocity is located at the level of the thermal front generated by the upwelling
of colder waters at the coast. Maximum upwelling for Peruvian coast takes place during
austral winter when parallel winds are the strongest (Fiedler, 1994). The PCC current joins the

South Equatorial Current (SEC) and upwells in winter.

The POC current together with PCC (and CCC) are often called the Humboldt
Current. The Humboldt Current is one of the most productive marine ecosystems in the world,
as well as the largest upwelling system. The cold, nutrient-rich water brought to the surface by
upwelling drives the system high productivity (Graco et al., 2007). The Humboldts high rates
of primary and secondary productivity support the world’s largest fisheries; approximately
18-20% of the world’s fish catch comes from the Humboldt Current (Willey, 2011). The
species are mostly pelagic: sardines, anchovies and jack mackerel. The high productivity
supports top marine predators such as marine mammals. The Humboldt Current is disturbed
by the so-called El Nifio effect, causing a rise in temperature of coastal waters, catastrophic
rainfall in the Andes and the reduction of the perpetual snow cover, which cause water supply
to the Andean rivers and thus floods and mud slides (Glantz, 2001).

The Peru-Chile Counter Current (PCCC), a southward surface current is observed 100-
300 km from the coast (Strub et al., 1995, 1998) and it transports warm, salty Subtropical

Waters. Processes explaining the dynamics of this counter-current, of direction opposed to the
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density gradient are still poorly known. According to the modeling study (Penven et al.,
2005), the PCCC is forced by a cyclonic wind curling north of 15° S in agreement with the

Sverdrup relationship (Sverdrup, 1947), and then turns westward toward the open ocean.

The Peru-Chile Undercurrent (PCUC) known also as Gunther Current is a well-
defined, poleward, subsurface flow, which extends over the continental shelf and slope off the
west coast of South America. The PCUC can dominate the subsurface waters from 50 to 700
m depths but the core is situated at 100-300 m depth. The PCUC is the one that literally
connects the tropics with the high latitudes (Figure VII. 2.1). The PCUC transports warm,
salty Equatorial Subsurface Water from the eastern tropical Pacific to at least as far south as
48°S (Silva and Neshiba, 1979). This water mass in turn is the main source for the coastal
upwelling off Peru and northern Chile (e.g. Huyer et al., 1987) and it carries low oxygen
waters from equatorial regions into the ESP. Its dynamics is therefore a crucial issue for
understanding the OMZ in the ESP.

Equatorial currents

The South Equatorial Current (SEC) flows westward near the equator and is
predominantly controlled by the trade winds. The current is split into two branches by
Equatorial Undercurrent (EUC) near the Galapagos Islands. The current is fed by cold waters
from the Humboldt Current System (HCS). The SEC is weak on the east due to low winds,
but speeds up at west due to slowdown of the EUC (Reverdin et al., 1994). The SEC also has
two deeper branches directed towards the west, which could be due to a cyclonic spiral fueled
by the SSCC (Southern Subsurface Countercurrent) (Kessler, 2006).

The Cromwell Current (also called Pacific Equatorial Undercurrent or just Equatorial
Undercurrent - EUC) is an eastward-flowing subsurface current that extends the length of the
equator in the Pacific Ocean. The current transports warm tropical waters to the east. The
current is 400 km width and is 100 m under the surface of the ocean. The EUC is relatively
narrow being only 30m deep. The EUC is separated into two branches near the Galapagos
probably due to upwelling induced by the presence of the island (I’Eden and Timmermann,
2004). Additionally, some data suggest that part of the upper EUC upwells into the SEC
(Wyrtki, 1963; Lukas, 1986; Strub, 1998). On the other hand, its lower layers are thought to
be an important source of the water carried by the PCUC (Toggweiler et al., 1991; Fiedler and
Talley, 2006).
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The Southern Subsurface Countercurrent (SSCC) is the subsurface current oriented
eastward present between 5°S and 10°S. The current is often separated into two branches
pSSCC (primary SSCC) and sSSCC (secondary SSCC). It was suggested that both SSCCs
could be complementary sources of PCUC waters (Lukas, 1986; Toggweiler et al., 1991).
Such connections are certainly modified during active phases of El Nifio during which
substantial amounts of equatorial water are being advected along the Peruvian coast as far as
15-20°S (Kessler, 2006; Colas et al., 2008).

3. Description of waters masses offshore Peru

The main water masses characteristics offshore Peru (Strub et al., 1998, Graco et al.,
2007, Ryabenko et al., 2012) are gathered in Table VII. 3.1. The T-S (temperature-salinity)
and S-O, (salinity-oxygen), P-O, (phosphate-oxygen), P-S (phosphate-salinity), P-T
(phosphate-temperature), P-Si (phosphate-silicate), N-P (nitrate-phosphate) and N-Si (nitrate-
silicate) diagrams for 7 CTD stations analysed during the Pelagico cruise are shown in Figure
VII. 3.1 A - H. The profiles of phosphate and oxygen as a function of depth are presented in
Figure VII. 3.2.

The T-S and S-O, diagrams clearly indicate the water masses usually found in this
region. The surface water from coastal CTD station 1 (3°39.94 S, 80°47.67 W) are
characterized by high temperature of about 23 °C and very low salinity of 33.2. Salinity is low
due to an excess of rainfall over evaporation and is characteristic of Tropical Surface Water
(TSW). This water mass is associated with relatively low phosphate concentrations of about
0.6 uM. The silicate concentration was below 1.5 uM, and nitrate below 3 uM. Other coastal
CTD stations 59 (4°49.99 S, 81°10.47 W) and 95 (5°59.96 S, 81°12.18) are different from this
description. They present much colder and more salty characteristics typical of Cold Coastal
Water (CCW). These waters are also associated with lower oxygen content than the Tropical
Surface Water. The nutrient concentrations are also higher than of Tropical Surface Waters.
Additionally, at station 59 the phosphate concentration is much lower than at station 95
(Figure VII. 3.2). This characteristic can be associated with the formation of “brown” and
blue” waters. Other nutrient concentrations confirm this hypothesis: silicate and nitrate
concentrations are much higher at station 95 than 59. Phosphate concentration for CCW ”blue

waters” varies between 1.3-2.7 uM, silicate between 18-26 uM and nitrate between 25.8-32
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uM. For “brown” waters these values were in the range of 1.1-1.9 uM, 8.7-14.9 uM, 12.3-
14.9 uM, respectively.

More offshore Subtropical Surface Waters (STSW) were found for CTD stations 102
(6°43.77 S, 80°20.02 W) and 174 (6°43.77 S, 82°26.54 W). This water mass is formed in the
regions where evaporation greatly exceeds precipitation and thus, they are characterized by
high salinity but the temperature can vary from 18-27°C (Wrytki, 1963). The phosphate
concentration varies between 0.56-1.2 uM, silicate concentration between 1.3-2.5 uM, and
nitrate concentration between 1.3-12.5 uM. Between the Tropical Surface Water and
Subtropical Surface Water there is a water mass which is intermediate in properties and is
called Equatorial Surface Water. This water mass is not a mixture of TSW and STSW but its
properties are determined by seasonal advection of a colder water mass from the Peru Current
and by equatorial upwelling (Wyrtki, 1963). The salinity is higher than for Tropical Surface
Water but lower than Subtropical Surface Water and varies between 34.1-34.4. CTD stations
11 (3°39.83 S, 82°26.87 W) and 50 (4°59.95 S, 82°45.24 W) are located within this water

mass. Phosphate concentrations here vary between 0.7-0.9 uM, silicate between 5-10 uM, and

nitrate between 5.9-7.5 uM.

Since, the CTD stations were located very close to the coast, we did not find
intermediate water masses like Antarctic Intermediate Water (AAIW) and/or Eastern Pacific
Intermediate Water (ESPIW). Both AAIW and ESPIW are intermediate waters which
penetrate into the Eastern South Pacific (ESP) bringing cold, salty waters, rich in oxygen and
nutrients. AAIW is placed at greater depths (700-1200m) and is much colder than ESPIW
(50-400) (Schneider et al., 2003).
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Table VII. 3.1. The main water masses characteristics offshore Peru.

Water mass Depth, m Temperature, °C | Salinity Oxygen, uM | Nitrate, uM | Phosphate, uM | Silicate, uM
TSW (Tropical 0 — 20° 20.4 —26.1" 32.9-34.6" | 97 - 223" 08-16" [03-14" 04-12.7°
Surface Water)

ESW (Equatorial 0-30/40° |20.2-24.8" 34.2-34.9" | 97- 272" 02-18" |06-1.4" 05-12.7°
Surface Water)

STSW (SubTropical 0 — 1007 23.6 —26.8" 355-35.6"|220-244" |14-51" [03-0.8" 01-7.7°
Surface Water)

CCW (Cold Coastal 0 - 50 14.0 - 15.0" 349-35.1%[60-200" |5-10° 1.0-1.8" 10 - 20*
Water)

ESSW (Equatorial 50-550" |12.1-13.9' 348-35.0"|2-74 0.0-345" |[1.1-3.9" 10.7 — 42.8°
SubSurface Water)

ESPIW (Eastern Pacific | 50 — 400° | 11-13° 34.1 - 34.3° | About 200°

Intermediate Water)

AAIW (Antarctic 600 — 1000” | 4.2 -6.0" 345-34.6" | 18-63" 42 - 521 3.1-3.6" 39— 140
Intermediate Water)

SASW (SubAntarctic | 0 — 100° 13 — 15 34.6 —34.8° | 206 —247* [8.0-16° 1.0-1.4° 5.0 — 20°
Surface Water)

'Ryabenko et al. 2012; *Graco et al., 2007; *Schneider et al., 2003, “Grados et al., 2009, °Silva et al., 2009, °Giraud, 2012
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Fig. VII. 3.2. Phosphate and oxygen profiles from 3 coastal (top) and 4 offshore (bottom) Peru stations, Pnin-phosphate minimum.
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4. The source of relative phosphate minimum on the vertical profiles

The analysis of subsurface water masses clearly indicates the presence and dominance
of the Equatorial SubSurface Water (ESSW) characterized by high salinity and very low
oxygen concentrations (Figure VII. 3.2). Phosphate concentrations vary here between 1.5-2.9
uM, silicate between 3.0-30 uM and nitrate between 7.9-25.8 uM. However at depths ranging
from 150-200 m a relative minimum in phosphate concentrations was observed. The
concentration of phosphate at this depth varied between 1.5-2.1 uM. This relative minimum
seems to appear at shallower depths as we move northward (Figure V11 3.2). It seems also that
this relative phosphate minimum is more intense in the north than in the south. The difference
between phosphate concentration at 200 m and 150 m (P2g0-P150) for CTD stations 11, 50,
102, 174 are -0.61, -0.72, -0.48, -0.45 uM, respectively. Both electrochemical and
colorimetrical data showed similar values of this difference with excellent reproducibility of +
0.04 uM and good accuracy of £ 0.07 uM when comparing the electrochemical method to
colorimetric one. Thus, it is clear that the values of relative phosphate minimum are
significant. This original observation needs to be fully documented examining data sets of all
oceanographic cruises in the region. What are the origins of these relative phosphate minima?
Is this phosphate minimum a permanent feature or is it seasonal? Are the underlying
processes mostly of physical or biogeochemical origin or a complex mixture of both sources?
The response to these questions requires a retrospective detailed water mass analysis over the
past several years over central and northern Peru which can not be done within this work.

However some hypotheses are discussed below.

4.1. Alongshore recirculation of subantarctic waters

It was shown by Montes et al. (2010) that subantarctic waters may have a stronger
influence on Peruvian waters than it was previously thought. Montes et al. (2010) using
virtual floats in a 3D physical model, showed an alongshore recirculation of subantarctic
waters which can reach as far north as 3°S (Figure VII. 4.1). These waters are formed at great
depths of about 1200 m. Indeed, a northward flow, with alongshore velocity of about 2 cm s™,
could be identified in the model Eulerian fields just underneath the Peru-Chile Undercurrent
(PCUC) extending down to 1500 m which feeds this injection (Montes at al., 2010). Water
slowly upwells from abyssal depths into the PCUC while it is being carried northward. Once

the virtual floats are within the PCUC at around 3°S, they start flowing poleward. During this
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estimated 3 year time recirculation, waters get warmer (12.0-13.7°C), saltier (~ 34.9), and
more depleted in oxygen (~0.2 mL L™).

The T-S diagram for water masses associated with relative this phosphate minimum
was plotted together with characteristics of water masses found during the Pelagico cruise
(Figure VII. 4.2). The linear extrapolation of obtained points shows that the water masses
associated with a relative phosphate minimum present characterisics of the mixing of three
water masses: ESSW (Equatorial Subsurface Water), STSW (Subtropical Surface Water) and
AAIW (Antarctic Intermediate Water) and thus confirmed the influence of subantarctic
waters on north Peruvian waters. Since the number of data is very limited it is not reasonable

to calculate the contribution of each water mass using an inverse multiparametric method.
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Fig. VII. 4.1. Alongshore recirculation of subantarctic waters offshore Peru (Montes et al.,
2010) as evidenced in a 3D physical model.
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Fig. VII. 4.2. The T-S diagram for water masses associated with the relative phosphate
minimum together with T-S characteristics range for different water masses found offshore

Peru during the Pelagico cruise.

4.2. Complex biogeochemistry offshore Peru

The NO5™ = f(PO,>) diagram presented in Figure VII. 3.1 H for all 7 stations shows
nutrient characteristics for all water masses observed during the Pelagico cruise. The
deviation (average 8.9) from the canonical Redfield N:P ratio indicates that Peruvian waters
are nitrogen limited. Such a low Redfield ratio was previously raported (Figure VII. 4.3-Franz
et al., 2012). These characteristics are classical for waters where denitrification and anammox
processes are taking place. Denitrification has crucial implications on cycling of the
macronutrients nitrogen and phosphorus. The microbial processes anammox (anaerobic
ammonium oxidation) (Kuypers et al., 2005, Hamersley, 2007, Galan et al., 2009),
heterotrophic denitrification (Codispoti and Christensen, 1985) and DNRA (dissimilatory
nitrate reduction to ammonium) (Lam et al., 2009) can occur within OMZs (Lam and
Kuypers, 2011). Anammox and denitrification both represent large sinks of inorganic fixed N

in anoxic and suboxic waters close to the shelf, thereby lowering the N:P stoichiometry and
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driving the autotrophic system ultimately into N limitation. Furthermore, anoxic conditions in
shelf sediments and shelf bottom waters enhance the release of reactive phosphate into the
water column formely associated with iron hydroxides (Ingall and Jahnke, 1994) further

enhancing negative deviation from the Redfield N:P ratio of 16:1.

25 24 22 21 19 18161514138

100

Depth [m]
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200
84°W 83°W 82°W 81°W 80°W 79°W

Figure VII. 4.3. Inorganic N:P stoichiometry in the water column along the complete 10°S
transect during the M77/3 cruise on board of R/V Meteor (Franz et al., 2012).

Under such extreme conditions of nitrogen limitation, however, certain
microorganisms like cyanobacteria utilize the nearly inexhaustible pool of dissolved N; as an
alternative nitrogen source. Consequently, diazotrophic cyanobacteria could be the
beneficiary of expanding OMZs. Nitrogen fixation is an essential process that biologically
transforms atmospheric dinitrogen gas to ammonia, therefore compensating for nitrogen
losses occuring via denitrification and anammox. This process requires a large amount of
other nutrients like phosphate and iron. Consumption of phosphate can locally increase the
ratio N:P and decrease the amount of phosphate excess (P*=inorg. P — inorg. N/16). In fact,
the diagrams of N:P ratio as a function of depth show an increase of the ratio N:P at depths
associated with an phosphate minimum (Figure VI1I. 4.4). Additionally, at depths of about 200
m the excess phosphate value seems to decrease indicating consumption of phosphate by
cyanobacteria during the nitrogen fixation process (Figure VII. 4.5). Processes described
above are still poorly known but according to Fernandez et al. (2011) the N,-fixation can
occur in the water column as deep as 400 m within the OMZ layer.
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the Pelagico November 2010 cruise.
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Figure VII. 4.5. Excess P (P*) according to the Redfield ratio of 16:1 for 4 offshore CTD

stations analyzed during the Pelagico cruise.
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Having a very limited data set from the Pelagico cruise it is very dificult to explain
why this phosphate minimum associated with cyanobacteria activity occurs at about 150-
200m. However, it seems that the presence of phosphate minima at this depth can be
explained by the complex biogeochemistry in addition to the alongshore recirculation of

subantarctic waters as mentioned in Section 4.1.

The injection of oxygenated AAIW into the Peru-Chile Undercurrent (PCUC) can
cause modification of biogeochemical cycles. The presence of oxygen will lead to
remineralisation and nitrification processes by aerobic activity. These processes consume
oxygen and produce NO3', NO,,, NH4" leading system back to hypoxic conditions (Giraud,
2012). The locally increased nitrate concentration can magnify the denitrification and
annamox processes by anaerobic organisms leading to production of gaseous nitrogen (Na,
N.0). Finally, activation of Ny-fixation may occur in such extreme conditions leading to
consumption of phosphate and thus influencing the vertical profiles of phosphate. The
situation can be even more dificult if we consider that more than one process can take place at
the same time. Figure VII. 4.6 presents the diagram 8[PO,%]=f(8[NO3]), where 8[PO4*]=
(P150-P200) and 8[NO3]=(N150-N20o) for water masses associated with this relative phosphate

minimum.

S PO+

station 11
station 50
station 102
station 174

ONO3 —— Redfield

H > B o

Fig. VII. 4.6. Diagram of phosphate and nitrate variations defined by difference in nutrients’

concentrations at 150 and 200m for water masses associated with phosphate minimum.
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Two cases can be noticed: phosphate minimum associated with nitrate minimum and
phosphate minimum associated with nitrate maximum (Giraud, 2012; Paulmier, com. pers.).
The first case is characteristic of the predominance of denitrification/anammox processes
(which consume nitrate over nitrification/remineralization) associated with N,-fixation
(phosphate consumption). This description was found for the 174 CTD station from the
Pelagico cruise where the weakest phosphate minimum was found. The second would be
indicative of predominance of remineralization/nitrification processes (production of nitrate
over denitrification/anammox) associated also with Ny-fixation (phosphate consumption, but

no nitrate consumption). This characteristic is suitable for CTD stations 11, 50, 102.

5. Conclusions and perspectives

The oceanographic region offshore Peru is a very interesting area. This area is the site
of permanent wind-driven coastal upwelling and inhabits a persistent, large and intense
Oxygen Minimum Zone. It contributes to a significant fraction of fixed inorganic nitrogen
loss via denitrification and anammox lowering the Redfield ratio of N:P. It seems that
diazotrophic cyanobacteria could be the main beneficiary of this situation and might have a
potential to replenish the inorganic N-deficit and reconstruct Redfield’s nutrient stoichiometry

via dinitrogen fixation process.

The analysis of water masses shows typical hydrological characteristics offshore Peru.
At the surface Tropical Surface, Cold Coastal, Equatorial Surface, Subtropical Surface
Waters were found. The subsurface waters were dominated by Equatorial Subsurface Water
associated with extremely low oxygen concentrations. The N-P diagram clearly indicates that
these water masses are all under nitrogen limitation. The Redfield ratio of N:P is extremely
low (8.9). It is usually associated with microbial processes of denitrification and anammox.
Additionally, a phosphate minimum was first observed at depth of ~200 m. It is quite dificult
to provide the full scenario of explanations of this observation. However, some hypotheses
were proposed. The water mass’ characteristics observed at depths at the PO,* minima could
be associated with an alongshore recirculation of subantarctic waters. These waters flowing
equatorward until about 3°S are injected into the PCUC, upwell and then flow back poleward,
mixing with other Peruvian waters, and thus getting warmer, saltier and losing oxygen due to
remineralization. Another hypothesis can be associated with the very complex
biogeochemistry in this region. Low ratios of N:P can cause cyanobacteria blooms due to N»

fixation even within Oxygen Minimum Zones. It is thus possible that dinitrogen fixation is
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taking place in subsurface (200m) consuming large amounts of phosphate. The combination
of physical and biogeochemical origins for the observed PO,> minima is probably the most

possible scenario but a definitive answer would require a retrospective detailed water mass
analysis.
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GENERAL CONCLUSIONS

To understand the factors controlling the biological carbon pump in the ocean, now
and in the future due to global warming, we must better understand the functioning of coupled
biogeochemical cycles of phosphorus, nitrogen, silica and iron. The long-term monitoring of
the marine environment requires miniaturized autonomous sensors operating in situ with a
long life time, low detection limit, low power consumption, a fast response, good
reproducibility, resistance to biofouling and pressure. Electrochemistry offers a promising
approache for further steps in miniaturization, and reduced response time and energy

consumption.

This study is focused on phosphate and oxygen, two key compounds of the marine
ecosystem. Improvement of the amperometric STOX sensor for ultra-low oxygen detection in
seawater is presented. This part of the work was done during a three months stage at Aarhus

University with some collaboration with the UNISENSE Company.

The project was, however, focused on phosphate sensor development and this part of

the work was done at LEGOS laboratory with collaboration with LGC laboratory.

During my secondment at Aarhus University, improvement of STOX sensor for ultra-
low oxygen concentrations was obtained. This improvement was achieved by a change in the
sensor construction. Instead of electrodeposition of gold on platinum wire, gold plating on the
silicon membrane was used to create the gold cathode. The method is based on the reduction
of gold chloride by the solution of hydrazine hydrate. The comparison of the improved sensor
and the traditional STOX sensor shows higher sensitivity (2-3 times) and faster response time
(which is now 7 s instead of 16s). The temperature dependence remains the same in both

cases. The average slope of this dependence is 2.36%/°C.
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Recognition of isopoly- and heteropolyoxomolybdates obtained during oxidation of
molybdenum in the sea water was performed. Studies have shown the formation of complexes
at different oxidation states of molybdenum (V, VI) and proposed forms of complexes are:
H4Si(M02YMo010"'040), HaSi(M03YMog"'O40), and HsP(Mos'Mog"'O40). Electrode reactions
for these complexes represent reversible diffusion-controlled systems with coupled
homogeneous reaction, probably protonation, which prevents the rapid electron transfer and
influences the detection of phosphates and silicates. This work helps to discover which kinds
of silico- and phosphomolybdate complex are formed, explains complicated electrode
reactions and consequently helps to understand the difficulty of phosphate detection by
electrochemistry. Thus, these results will help us to develop a first electrochemical sensor for

in situ detection of phosphate (and silicate) in the ocean.

The electrochemical determination of electroinactive phosphate is based on the
formation of a complex with molybdate due to a reaction with K;MoO, in an acid solution
(pH 1). The oxidation of the molybdenum is used to produce molybdate and protons without
addtion of any liquid reagents. Three methods to solve the silicate intereference problem were
developed and one based on an appropriate ratio between protons and molybdates equal to 70
was chosen and improved. Finally, thanks to the special design of the electrochemical cell
with application of membrane technology, we are able to determine the phosphate
concentration in the presence of silicates without addition of any liquid reagents by two
electrochemical methods: differential pulse voltammetry and amperometry. The method was
validated for natual seawater samples collected offshore Peru during the oceanographic cruise
(Pelagico BIC Olaya-aboard R/V Olaya Balandra Jose) in November 2010. The average
deviation obtained by comparing the amperometric and classical colorimetric methods is
5.1%.

Additionally, work on water mass analysis offshore Peru was done using data obtained
from electrochemical measurements of phosphate during the cruise (Pelagico BIC Olaya —
aboard R/V Olaya Balandra Jose). Hydrological characteristics show a signature of Tropical
Surface Water, Equatorial Surface Water, Subtropical Surface Water, Cold Coastal Water,
and Equatorial SubSurface Water-water masses usually found in this region. However, at
depth of about 200 m, an interesting phosphate minimum was noticed. This minimum can be
associated with the alongshore recirculation of subantarctic waters or/and complicated
biogeochemistry with complex microbial processes coexising in this region: denitrification,

nitrification, anammox, nitrogen fixation etc. Nitrogen fixation can be measured at great
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depths and consumes phosphate leading to a higher than expected Redfield N/P ratio. Thus,
the possible explanation of the relative phosphate minimum can be due to N, fixation carried
out by cyanobacteria bloom at a 200 m. However, the definitive answer can be much more
complicated and requires retrospective detailed analysis of water masses and biogeochemistry

offshore Peru.

This thesis work opens different perspectives through development and deployment of

autonomous sensors for the longer term.

Preliminary work performed at Aarhus University has shown a great potential for
STOX sensor evolution. However, time spent on improving the STOX sensor was short (3
months). It would be necessary for a skilled builder to build a few more sensors of this new
type and confirm the improved performances. Then monitoring of the stability of the signal
during longer time (several months) in natural seawater will be necessary. The long-term
stability can be obtained by combining the principle of the STOX electrode with optical
oxygen sensors (Fisher et al., 2012). In addition, to increase the sensor robustness, possible

avenues exist such as shielding a perforated tube or filling the sensor with a gel.

For phosphate sensor development, it will be necessary to continue monitoring of the
signal stability over longer time (a few months) and to establish a protocol for in situ cleaning
of the gold electrode. To do so, one may consider using multiple scans of potential in sea
water until the residual current is low and stable. Next steps will be adressing the
development of the mechanical and electronic parts of the sensor. Indeed, the measurement
must be performed in a closed volume sample accurately the sea water. At the same time, a
calibrationless method should be developed to make the sensor fully autonomous. Otherwise,
we should consider an in situ calibration protocol by standard addition. The sensor will be
characterized by a low power consumption and short response time due to the reduced volume
combined with application of a large membrane surface. The adaptation of one sensor on
autonomous Vvehicles profiling the water column (ARGO, AUV) would be the next step.
Finally fixed moorings can allow the acquisition of long data time series at a fixed point.
Indeed, within the AMOP project (Activities of research dedicated to the Minimum Oxygen
Zone in the eastern Pacific), a shallow (200m) morring will be deployed next January 2013
offshore Callao, Peru, along 12°S at the IMARPE historical station N°5 for a 3 year period. It
is planned that both the improved STOX and phosphate sensors will be adapted on the

mooring line as soon as possible.
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The results obtained during the oceanographic cruise offshore Peru were re-used for
the analysis of water masses to explain the biogeochamical processes in this region. This
work was done in collaboration with Mélanie Giraud and Aurélien Paulimer from our
laboratory during her Master Thesis. Indeed, starting from our original observations of the
phosphate minimum in subsurface such as measured during the November 2010 Pelagico
cruise, Giraud (2012) examined a few other German cruises (Meteor 77 legs 3 and 4) in
austral summer 2009 and 2010 in the region. She showed that a similar signature in phosphate
concentration can be found. It will be of utmost interest to perform a complete
characterization of these phosphate minima using all oceanographic data in the region to fully
deconvolve the physical versus biogeochemical origins of these relative minima.
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CONCLUSION GENERALE (francais)

Pour comprendre les facteurs contrdlant la pompe biologique de carbone dans I'océan,
maintenant et dans le futur, dans un contexte de réchauffement climatique, nous devons mieux
connaitre le fonctionnement couplé des cycles biogéochimiques du phosphore, de 1’azote, de
la silice et du fer. La surveillance a long terme de I’environnement marin requiert des capteurs
autonomes, miniaturisés, opérant in situ avec une longue durée de vie, une limite de détection
basse, une faible consommation d’énergie, un temps de réponse court, une bonne
reproductibilité, ainsi qu’une résistance au biosalissures et a la pression. L'électrochimie offre

des méthodes prometteuses pour atteindre ces objectifs.

Cette étude se concentre sur le phosphate et I'oxygene, deux composés principaux au
sein des écosystems marins. L’amélioration du capteur STOX pour la détermination de faibles
concentrations en oxygéne dans l'eau de mer est présentée. Cette partie du travail a été
réalisée lors d’un stage de trois mois a I'Université d'Aarhus en collaboration avec la Société
UNISENSE.

Mon projet de theése a été, avant tout, axé sur le développement d’un capteur
électrochimique pour la détermination du phosphate dont les travaux ont été effectués au
laboratoire LEGOS en collaboration avec le Laboratoire de Génie Chimique, LGC de

Toulouse.

Lors de mon stage dans la Société UNISENSE, une amélioration du capteur STOX
pour la détermination des faibles concentrations en oxygene a été obtenue. Cette amélioration

a ete effectuée par un changement dans la construction du capteur. Au lieu d'électrodéposer de

211



Conclusion genérale

I'or sur du platine, des particules d’or sont déposées sur du silicium pour créer la cathode d'or.

La méthode est basée sur la réduction du chlorure d'or par une solution d’hydrate d'hydrazine.

La comparaison du capteur STOX traditionnel a la version améliorée montre une sensibilité
plus élevée (2-3 fois) et un temps de réponse plus rapide (7 s au lieu de 16 s). Dans les deux
cas, la dépendance de la température reste la méme. La pente moyenne de cette dépendance
est de 2,36% /° C.

Une reconnaissance des especes isopolymolibdiques et hétéropolymolibdiques
obtenues lors de I’oxydation du molybdéne dans 1’eau de mer a été effectu¢e. Des études ont
montré la formation de complexes a différents états d'oxydation pour le molybdéne (V, VI) et
qui ont pour formule : HsSi(M0,YMo1g"'Ou0), HaSi(Mos'Mog"'Ou), et HsP(Mog'Mog”'O40).
L’électrochimie de ces complexes montre un systeme réversible, contrélé par la diffusion
couplée avec une réaction homogeéne, sans doute une protonation, qui empéche le transfert
rapide d'électrons et influe sur la détection des phosphates et silicates. Ce travail a permis de
découvrir quels types de complexes silico- et phosphomolybdiques sont formés et rend
compte de la complexité des réactions aux électrodes. Il contribue ainsi a comprendre les
difficultés de détection des phosphates par 1’électrochimie. Ces résultats peuvent aider a
mettre au point un premier capteur électrochimique pour la détection in situ des phosphates

(et des silicates) dans I'océan.

La détermination électrochimique du phosphate, espéce non électroactive, est basée
sur la formation d'un complexe avec le molybdate en une solution acide. L'oxydation du
molybdéne est utilisée pour produire les ions molybdate et les protons sans ajouter de réactifs.
Trois méthodes pour résoudre les interférences des silicates ont été étudiées et le choix s’est
porté sur I'utilisation d’un rapport approprié¢ entre les protons et les molybdates egal a 70.
Finalement, gréce a la conception d’une cellule électrochimique et I’utilisation de membranes,
nous sommes capables de déterminer les concentrations en phosphates en présence de
silicates sans ajouter de réactifs, par deux méthodes électrochimiques: ampérométrie et
voltammétrie impulsionnelle différentielle. La méthode a été validée avec les échantillons
d’eau de mer naturelle collectés au large des cotes du Pérou au cours de la campagne
océanographique Pelagico 1011-1012 BIC-Olaya a bord du R/V Jose Balandra Olaya en
Novembre 2010. L’écart moyen obtenu en comparant les analyses ampérométriques et

colorimétriques est de 5,1%.
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En outre, un travail sur I’analyse des masses d'eaux au large du Pérou a été effectué en
utilisant les données obtenues a partir de mesures électrochimiques des phosphates pendant la
campagne en mer (Pelagico BIC Olaya a bord du R/V Jose Olaya Balandra). Les
caractéristiques hydrologiques montrent la signature des Eaux de Surface Tropicale, des Eaux
de Surface Equatoriale, des Eaux de Surface Subtropicale, des Eaux Froides Cotiéres, et des
Eaux de SubSurface Equatoriale ; masses d'eau habituellement trouvées dans cette région.
Cependant, a une profondeur d'environ 200 m, un minimum de phosphate atypique a été
remarqué. Ce minimum peut étre associé a la recirculation des eaux subantarctiques au large
du Pérou et/ou a la biogéochimie complexe, riche de processus microbiens dans cette région :
la dénitrification, la nitrification, I’anammox, la fixation de l'azote atmosphérique etc... La
fixation de l'azote peut étre mesurée a ces profondeurs importantes et consomme des
phosphates induisant en rapport N/P supérieur a la valeur de Redfield. Cependant, la réponse
définitive peut étre beaucoup plus complexe et exige une analyse des masses d'eau plus
détaillée et une surveillance de la biogéochimie au large des cbtes du Pérou.

Ces travaux de these ouvernt différentes perspectives notamment dans le cadre du
développement et du déploiement de capteurs atonomes a plus ou moins long terme sur des
observatoires biogéochimiques.

Le travail préliminaire mené a 1I’Université d’ Aarhus a montré un grand potentiel dans
I’évolution du capteur STOX. Toutefois, le temps passé a I’amélioration des performances du
capteur STOX (3 mois) fut trés court. Il semble nécessaire de construire beaucoup plus de
prototypes de ce type afin de confirmer ces acquis. Puis, il sera nécessaire de continuer le
suivi de la stabilité du signal sur des temps plus longs (plusieurs mois) en eau de mer
naturelle. La stabilité a long terme peur étre obtenue en combinant le principle de 1’électrode
STOX avec les capteurs d’oxygene optiques (Fisher et al., 2012). De plus, pour accroitre la
robustesse du capteur, plusieurs voies existent comme le blindage d’un tube perforé ou
remplissage du capteur par un gel.

En ce qui concerne la détection du phosphate il sera nécessaire de continuer le suivi de
la stabilité du signal en function du temps et de mettre en place un protocole de nettoyage in
situ de I’¢léctrode d’or. Pour cela, il pourra étre envisagé la réalisation de multiples balayages
de potentiel en eau de mer jusqu’a I’obtention d’un courant résiduel faible et stable. Les
prochaines étapes concernent le développement des parties mécanique et électronique du
capteur. En effet la mesure doit étre réalisée dans un volume fermé impliquant
d’echantillonner de facon trés précise ’eau de mer a analyser. Dans le méme temps une

méthode sans calibration devra étre élaborée pour assurer une totale auonomie. Une
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alternative serait d’envisager un protocole de calibration in situ par ajout de standards. Le
capteur sera caractérisé par une faible consommation énergétique et un temps de réponse
court en raison de la diminution du volume combiné a une application de membranes de
grande surface. L’adaptation de notre capteur sur des véhicules autonomes profilant dans la
colonne d’eau (ARGO, AUV) constitue 1’étape suivante. Enfin I’implantation sur des
mouillages fixes permettra I’acquisition de longues séries temporelles de données en un point
fixe. En effet, dans le cadre du project AMOP (Activities of research dedicated to the
Minimum Oxygen Zone in the eastern Pacific), un mouillage peu profond (200m) sera
déployé en Janvier 2013 au large de Callao au Pérou, le long de 12°S a la station historique
N° 5 de 'IMARPE pour une période de 3 ans. Il est prévu que le capteur STOX amélioré et le
capteur phosphate soient adoptés sur cette ligne de mouillage aussitét que possible.

Les résultats océanographiques obtenus pendant la campagne en mer au large du Pérou
ont été re-utilisés pour I’analyse des masses d’eau et pour 1’explication des processus
biogéochimiques dans cette région. Ce travail a été fait en collaboration avec Giraud Mélanie
et Paulimer Aurélien de notre laboratoire pendant un stage de Master 2 Recherche (Giraud,
2012). En effet, partant de nos observations originales sur le minimum de phosphate en
subsurface tel que mesuré durant la camapgne océanographique Pelagico en Nevembre 2010,
Giraud (2012) a étudié d’autres campagnes allemandes (Méteor 77 legs 3 et 4) pendant 1’été
austral 2009 et 2010 dans la région. Elle a identifié une signature similaire sur les profils de
concentrations de phosphate. Il apparait primordial de mener une caractérisation compléte de
ces minima de phosphate en utilisant I’ensemble des données océanographiques de la région
afin de pouvoir déconvoluer les origines physiques versus biogéochimiques de ces minima

relatifs.
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ANNEXE

The purpose of this PhD thesis was to develop an electrochemical sensor for
phosphate detection. However, thanks to a close collaboration within the team a work on
silicate detection in seawater was done as well. As it was mentioned before, in acidic medium
in presence of molybdate the silicomolybdic complex can be formed and detected in a similar
way than for phosphate. Thus, a method for silicate detection was developed based as well on
electrochemical oxidation of molybdenum in an electrochemical cell using membrane
technology (Lacombe et al., 2007, 2008, Lacombe, 2007). The detection of silicate is less
complicated since the electrode reactions are not limited visually by any homogenous
chemical step (Jonca et al., 2012) and the electrochemical cell consists of two parts divided
by one membrane which makes it easier to operate and then miniaturize. Recently, a
calibrationless method was developed in our team based on the use of two electrodes of
different size and applying two Fick’s equations in order to calculate concentration and
diffusion coefficient. The preliminary study shows good results for strong and medium silicate
concentrations (50, 150 #M). Future step will be to work on this method for low silicate
concentrations and to optimize a similar method for calibrationless phosphate detection.
Currently, we are working also on miniaturization and adaptation of the silicate sensor to the
marine environment. The purpose is to have soon both silicate and phosphate sensors
adaptable on ARGO floats.
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Determination of silicate concentralion in seawater witlsouwl addition of qu_uid. reagenls was e ke_-,-
prereguisite for deve keping an autonomaos in Site electochemical silicate sensor (Lacombe et al_, 2007)
|11} The present cluallenge i o address the ssee of calibrationless detemination To achieve such an
abjective, we chose chronoamperometry performed successively on planar microelectnode (ME) amd
ultramicroelectrode (UME) among the various possbilites This analytical method allows estimating
smultanemesly the diffusion coefficient and the concentration of the stsdied species. Resul s oblained
with lerocyamide are in excellent sgreement with valees of the imposed concentration amnd diffsion
ooelfcient found inthe literamure. For the silicate reagentless me thod, successive chronaamperameinc
measurements hive been performed using a pair of gold disk electrodes for both UME amnd ME. Our
calibrationles met vod was tested with diflerent concen trations of silicate in artificial seswater from 55
ter T 0% mal L= The average value obtained for the diffusion coefficient of the silicomolybdic
complex s 22 + 0.4 » W0~ "em® 577, consistent with diffusion coefficient valises of molecules in liguid
media. Good results were abserved wihen comparing known concentration of silicate with expenmen-
tally derived ones. Further work i underway to explore silicate determination within the lower range

of oeoeanic silicate ¢oncentration, down o 01 = 10~ molL-7

= 2012 Elsevier BV All rights reserved.

1. Introduction

Orthosilicic acid 5{0H) or silicate is a key element in the
contmol of the carbon cycle in natural waters (oceans and rivers).
The source of silicate in aquatic media is mainly due to chemical
weathering of silicate minerals. The delivery of silicate by rivers is
influenced by lithology, weathering intensity and diatomn produc-
tion [1,2]. Another process in which silicate plays a key mle is
anthropogenic 00, sequestration through the biological carbon
pump. Indeed diatoms, silica-shelled unicellular algae, require
silicate to build their siliceous algal skeleton [3). The CfSi/M/P
molar composition of diatoms is proposed to be 106/15/16/1 [4]
These values also represent the ratios in which nutrients containing
these elements are incorporated during phytoplankton growth and
are released during phytoplankton decomposition and subsequent
remineralization. As fast sinking particles, diatoms play a major role
in exporting organic carbon to abyszal marine sediments and thusin
sequestering COx [5). S0, any change in silicon concentration in a

* Corresponding author. Tel:+ 335 61 332957, fax: + 135 61 253205
E-mail address: venoniqueganoond] ego sobe -mapfr (V. Ganpan).
! in-first authars.

(951 2078 - s== front mater & 2012 Ekevier BY. All nights reserved.
http: f e o org 10010 16/ talamta 3012 04,011

globally warming ocean can alter the distribution and abundance of
diatom species. Due to regional differences in spatial distribution,
silicate constitutes also an excellent tracer of water masses in the
ocean. Thus long term autonomous monitoring of the silicate
concentration is of utmost importance to both understand changes
in the biological carbon pump and to detect any modification in
spreading and mixing of water masses.

In the literature, several methods including spectrophotome-
try, atomic absorption spectrometry, atomic emission specro-
metry and high-performance liquid chmomatography (HPLC) have
been proposed for the determination of silicate [6). The determi-
nation of silicate ion can also be performed by ion exclusion
chromatogrmaphy, with detection by post-column reaction [7].

In oceanography, determination of silicate is usually per-
formed with an automatic coloimeter analyzer where measure-
ment is hased on the yellow color of a silicomaolybdic acid. This
complex is formed when ammonium molybdate is mixed with a
solution of sulfuric acid and after reduction with ascorbic add
The resulting color may be compared with that of standard
solutions by spectrophotometry [ B].

Long term monitoring in marine environments requires signifi-
cant progress in miniaturization and decrease in energy consump-
ton for the in siu autonomous instrumentation. Electrochemistry
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proves to be a promising methodological avenue for fulfilling these
requirements and achieving excellent figures of merit { fast response
time, robustness, good reproduchbility, etc.) for a siicate sensor.

The method must be simple, based on basic fluidics with no
liquid reagent, no solution for calibration and the possibility of
self calibmtion. It should imvolve sensitdve surfaces easily cleaned,
insensitive to marne corrosion and biofouling. Dissolved nutri-
ents such as silicate and phosphate are non-electroactve com-
pounds. The electroinactivity of these compounds invaolves the
setting up of a chemical reaction to transform them into a
complex, characterized by heterogeneous electron transfer with
metallic surfaces [9-13].

A method without addition of any liguid reagent using
chronoamperometry has been developed based on the simulta-
neous formation of the molybdenum =alt and protons on the
anode of a divided electrochemical cell. Voltammetric detection
of silicate was shown to be feasible within the range of concen-
trations found in the ocean (between 0.3 and 160 < 10~ maol L—1)
in about & min The detection limit was 1 = 0™ % mal L™ " [11.12]
The objective of the work presented here is to propose a
calibrationless method for the in site autonomous determination
of silicate concentrations. The method is based on chronoampero-
metric oxidation of molybdenum followed by a time delay to
allow the silicomaolybdic complex formation and its detection by
two successive chronocamperometric measurements on different
sizes electrodes. The paper is structured as follows, Section 2
presents hasics of diffusion phenomena and mathematical equa-
tons applied on some electrochemical problems. From these
statements a calibratonless method is proposed in Section 3.
To set up the method, fericyanide is used to check acocurately the
rdius of the disk dectrodes, ferrocyanide to validate the cali-
brationless method and first results are presented with silicate in
artificial seawater.

2 Diffusion as mass transport for diredt determinaton of Dy
and C

Analytcal electrochemical methods are in geperal based on
the coupling between mass fransport phenomena (convection
migraton, diffusion) and heterogeneous electron transfer at the
interface between an electronic conductor and species in solutdon
Comvection and migration effects are neglected due to the
absence of stirring and the presence of an electrolyte support
respectively, which allows considering only diffusion, mosty in
semi-infinite conditions [14]. The simplest method is chronoam-
perometry performed at constant potential. The mathematical
appmach consists of resolving the second Fck's law (the initial
and infinite conditions are ficed and the method allows to
determine the interfacial condition). The first step of the caloula-
tion leads to concentration profiles of the electmactive species at
tme r. The interfacial flux is then injected in the definition of the
current intensity. Table 1 (2nd column) summarizes the opera-
tons leading to the relationship between the measured intensity
value and the unknown concentraton O, Only equations
corresponding to planar electrodes are considered here since
this geometry is the simplest to perform for our applicaton
The different equations in Table 1 involve the intensity of the
current [, the diffusion coefficient Dy, the concentration at infinite
(. the concentration at the surface of the electrode Cy (x=0), the
mumber of transferred electrons n, the electmactive surface of the
electrode A, the electroactive radius r,, the normal distance tothe
surface of the planar electrode x, the time £, the electrical charge (
and the Faraday constant F. The Cottrell’s equation shows the
necessity to know n, Do and A, some variables generally deter-
mined with a calibration performed in the same conditions than

Table 1

Main steps for the resolution of semnd Fd's aw in semi-infinite diffusion.
Chronoamperomestry (mnstant potential) at plmar eledmodes is onsdensd Oy
inem®s” I; :.: a.Tld:.'g(r—l;I]nn'rsulm"i;."l Tnm‘t; adxmom;tms; QinCand F
in Cmal- !,

Chronmamperametry at planar elscnode

2nd Fick's law %-ﬂm%
Boundary conditions G (x, 0)=CY
G o, B=C
G (L £)=0 (k=0
Aux
-'J_ E‘I_m{%ﬂr-n ]—nf.ﬂ{%—:l’_n
ConEntration files " i
R ool
Inte=n. 1 ' . o o r
sty Cabirell's sguation: | = L—‘Dﬁf-!-
Charge u_z.r hal= ]

the measurement However it appears essential to have theore-
tical or experimental tools to determine them.

For calibraton, different strategies have been developed dur-
ing decades. A direct determination of concentration has been
proposed by electrical charge measurement but demanding a
rigonrous sample preparation | 19,20]. Original methods for simul-
taneous determination are the use of two methods |[21-23]
measurements on electrodes with different forms [24,25]—planar
ar cylindrical [26], the use of one electrode on different timescales
|27-32].

Before in situ measurements with the sensor, the determina-
tion of the dif fusion coefficient value could be possible depending
on different experimental conditions influendng its value such as
conductivity or temperature. Indeed, if the in site sensor in the
ocean is equipped with condudtivity and temperature probes, the
data could be stored for an eventual comection. This estimation
could be done on the lab bench using various electrochemical
methods as described before. Another methodology for determin-
ing the diffusion coeffident D, value could be the “time of flight”
|15-18]. However in order to have a more precise value and a
simpler method for the determination of the diffusion coefficient,
we propose here to use a direct simultaneous determination of
both concentration and diffusion coefficient.

When solving second Fick's law for different geometries [14],
the corresponding equation is composed of two terms, one of
which is tme dependent and the other i not. These two
components correspond to the transient state governed by the
Cottrell's equation (I =nFAD, G (mDL6''%, Table 1) and to a
steady state achieved at longer times. As the current intensity is
recorded versus time, one can easily plot [ versus £~ for short
tmes, the origin intercept and the slope of the linear regression
curve will then give a linear systemn with two equations. From this
systemn of two equatons, one can select two out of the three
unknowns: Oy, CF and n. Original works done on these determi-
nations were done by Lingane and Loveridge |25] and Brown |26]
who proposed to determine values of n and Dy, Later, Kakihana
et al. [27] used ultramicroelectmnde (hereafter UME) for the
accurate measurement of Do The development of theoretical
solutions allowed Winlove et al. | 28| to pro pose the simultaneous
determination of Oy and ) of meygen in soltions of albumin
In the early 90s, Amatore et al. [22] studied in details different
possibiliies among several calibrationless methods and they
found good results with chroncamperometry at steady state with
an UME. Denuault et al. [29] then confirmed these works. In a
general manner, a calibrationless method can be set in using two
electrochemical methods, the combination of which allows the
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mathematical determination of both Dy and 'E'E.. Other different
possibilities of sizes and geometries of electrodes can be com-
hined for a calibrationless method: a ring UME assodated with
planar, cylindrical or spherical electrode or a planar electrode
associated with a spherical or cylindrical electrode. Maore recently
mnumerical improvements in modeling allow to foresee maore
complex miniaturized systems |31,32], which could be of parti-
cular interest for in si measurements.

Different procedures for electrode constructions can be found
in the literature in forms of rings, disks, spheres and cylinders
made from materials such as gold platinum, silver or carbon
As seen previously, the direct determination of electmactive species
without calibration may require the successive measurement of
curmrent across two elecrodes with different sizes or forms,

In the present study, we propose to associate a planar disk
microelectrode (hereafter ME)] of millimetric size and a planar
disk UME of micrometric size. Both are used in semi-infinite
conditons and the applied potential corresponds to the first
reduction of the silicomolybdic complex [11,12] Different mass
transport regimes can be considered at planar electrodes during
the measurement. For each eectrode (ME and UME)] and at very
short imes, the variation of current respects Cottrell's equation
Species present at a distance inferior to the diffusion layer from
the surface of the electrode are reduced, kading to a relatively
high cument and creating a gradient of concentmtion. At rela-
twely long experimental imes, steady state is reached, governed
by pure diffusional mass transport and a constant cument is
measured Hemispherical diffusion brings species to the surface of
the UME (Fg. 1a) while a linear diffusion, orthogonal to the
surface (Fig. 1b), is ohserved for the ME (Fig. 1b). On the UME,
with a radius ryye, the resolution of the second Fck's law leads to
the following term for the steady state:

Tarnee = AnFDo CETumee (1)

Depending on the size of the electrodes and time scale of the
measurement, true diffusional steady state may be altered to the
benefit of natural comection. This mass tmnsport occurs when
the thickness of the diffusion layer becomes comparable to the
thickness of the convective-free domain [33.34]. In this study we
took care to keep our experimental conditions under a pure
diffusional mass transport

The combination of Cottrell’s equatic-n (Table 1: Iye=
TFA e Do (D By ® yrith Ay = mr3, e Lue time of application
of constant potential and [ye the corresponding cument intensity
ateach time faue) and Eg. (1) leads to the calculation of Da:

o= (J’uu:rf.-;) : @

16y \ Ty innee

Then determination of the concentration Cf is possible using
Eg. (1) or Cottrell’s equation. The theory of this calibmtionless
method was first checked with a well known electrochemical
system, then tested in a second step in artificial seawater.

AMMMMNN

i

Fig- 1. Lines of diffusion field ofthe &l aotroactive species amiving at the surfuce of
a planar electrode (2) and an ultramicroslsctrode (bL

3. Material and methods
3.1. Apparatus and elecirodes

Ampemmetric measurements were camied out at room tem-
perature (298 K] with a voltammetric analyzer comprising a
PGSTAT 12BN Metrohm equipped with an ECD module contmolled
by the GPES 4.9 software. A silver/silver chloride/KQ (3 maol L)
electrode and a platnum wire were used as the reference
electrode and the auxiliary electrode, respectively. All potential
values in this paper are given versus this AglAgCliCl~ reference
electrode pumhased from Metrohm. For the calibmtionless
method a disk ME of 1.5 mm radius (Metrohm ) or 0.5 mm radius
(homemade) is assocated to a disk UME of 125 pm or 250 pm
radii (homemade ). All haomemade electrodes were prepared in the
laboratory from a gold wire supplied by Goodfellow and sealed
into an inert and electric insulating epoxy resin Gold for home-
made electrodes, platinum and maolybdenum wires were supplied
by Goodfellow.

Pre-treatment—before each experiment, the gold dectrode
surfaces were polished with alumina oxide paper 0.3 pm and
rinsed with distilled water. Finally, cyclic voltammograms were
carried out in 0.5maol L~ sulfuric add (Hz%0) at 100mVs—"*
between 0 and 1.55V until reprodudble current-potental curves
were obtained.

32 Reagents and solutions

All solutions were prepared in Milli<} water (Millipore Milli-0
water system) and put into polypropylene containers. Glass
cannot be used as it releases silicate in solution

Artificial seawater was prepared with sodium chloride (NaQ)
supplied by Merck to obtain a salinity of 345 g L™,

The electmactive surface of gold is activated in 0.5 mal L~ "HzS04
solution prepared from a 98% H50. solution from Merck.

Trihydmted potassium ferricyanide (KsFe{CM) 3Hz0) and
trihydrated potassium ferrocy anide (K Fe{CNg - 3H30) were pur-
chased from VWR Prolabo and potassium chloride (KCI) from
Merck. Argon gas was used to avoid ferrocyanide oxidation

33, Analydcal procedures

Elect mactive surface determination—chmnoamperometric mea-
surements were performed in semi-infinite diffusion conditions on
each gold working eectrode. Time electrolysis depends on the
electrode used: a potential of (L2 V was applied for ferricyanide
reduction during 60= and & s for UME and ME, respectively.

Method without liguid reagent—the method used was adapted
from the one described by lacombe et al [11.12], based on the
oxidation of a molybdenum wire to form molybdates and protons.
Experimentally, molybdenum, mference and working electmodes
were placed in a 3mL comparment. To avoid protons reduction,
the counter electmde was isolated from the first compartment by a
Mafion™ membrane (M117 DuPont™ PFSA) Molybdates and pro-
tons were produced with molybderum anodic oxidation at a
constant potental of 08 WV untl a 140 C load was reached

Calibrationless method-—successive chrmonoamperometric mea-
surements were performed versus time in semi-infinite diffusion
conditons using a gold disk UME and a gold disk ME as waorking
elecrodes. For experiments performed with potassinvm fermcyanide,
a potential of 0.5 Vwas applied during 60= on a gold disk UME and
during &= on a gold disk ME. To analyze the silicomolybdic complex,
a potential of 0.34 V was applied during 60 = on a gold disk UME and
during & = on a gold disk ME.

Technicon Autoanalyser lll—the reference colorimetric analy-
=is of silicate was performed according to Tréguer et al’s method
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|35] Laboratory colorimetric measurements were made with an
Auto-Analyzer Technicon [ (AATL Bran Luebbe). The concentra-
ton of the silicate solution, used for the prepamtion of silicate
samples in artificial seawater, was precisely estimated with this
technique.

4. Results and disoossion
d4.1. Electroactive surfoce determination

As the calibmtionless method is very sensitive to the electm-
active surface of each electrode (Cottrell's equation in Table 1
with Ay = 7y, and Eq. (1)), first experiments were camied out to
determine the electroactive radius of the working electmdes and
check whether the proposed electrochemical equations are sui-
table. To achieve this, potassium ferricyanide in potassium
chloride electrolyte was used as its diffusion coefficient which
has been well established {ferfcyanide: Dy=695 x« 105 cm®s~?
at25°C in 0.2 mol L= KCl [36]). Three precise fresh solutions of
ferricyanide potassium 7.5 « 10~ *mol L= were prepared in KCI
0.2 mol L=, Chronoamperometries were achieved on each elec-
trode in semi-infinite conditons (three times for each soluton]
and the corresponding equations were applied for the disk ME
and UME to determine rye and rye. mespectively.

Knowing the diffusion coefficent Ly, the ferricyanide concentra-
tion G and the corresponding intensity L the mdii ree and ryy have
been calculated Table 2 shows the comparison between the radius
obtained experimentally and the geometrical radius & mentioned
by the gold suppliers. The standard deviation obtained for the three
determinations on experimental radii is excellent, equal or less than
06%. For the commercial electrode (rye=1.5 mm), the mean
value of electroactive radius, determined experimentally, is rela-
tively much closer to the geometric value than for the homemade
electrodes with different radii. For the homemade electmdes,
observations with an optical microscope revealed an excellent

Table 2

Determination of the sledroactive radius ry of gald disk UME and gold disk ME
with precise 7.5« 10" mal L~ ! potassium ferricyanide salutions in a 02 mal L~
K1 electrolyte. Chronoamperometric mexurements performed at 02V during
605 for UME and & 5 for ME.

Ceometricl  Test 1 Te=t2 Test 3
radius

T Std dew. 1, Bd dev. 1, Std dew.

m (5 T (&) T (4

Tpr=125pm 118 pm 03 12%um 02 135 um 03
Topr—250um 2MS5um 0% 2Mbum 02 I ]
M= 05 mm 044 mm 04 0A7mm 0% (L8 mm 0%
rnag=15mm 1O mm 0§ 15T mm 04 153 mm L3

Table 3

circular shape but deviations concerning the UME radii are slightly
more important. Indeed, any deviation of a minute angle of the gold
wire from the axis of the electrode body modifies the geometry of
the elecroactive surface towards an elliptic form instead of a perfect
disk. Recent observations done with a Scanning Electronic Micro-
scope have shown that the geometric surface is a well defined disk
which makes Eq. 1 perfectly suitable. However, we ohbserved on
several UME the presence of a slight porosity. Given the quality of
the gold material in our possession, we thus make the hypaot hesis for
the time being that the geometric mdius is cdose enough to the
elecroactive ones to perform the calibmtionless method

4.2 Calibrationles method with potassivm ferrocyanide

It is proposed here to check the validity of the calibmtionless
method with the experimental materials used in the laboratorny
including the homemade UME For the experiments, potassium
ferrocyanide solution has been prepared in a 0.2 mol L~ KCl
electrolyte. The use of this compound presents a double interest
as werification can be done on one hand on the diffusion
coefficient, already estimated in a former study (ferrocyanide:
Do=6.12=10"% cm*s~" at 25 “Ciin 0.2 mol L~ KO [36]). and on
the other hand on the concentration prepared accurately from
potassium ferrocyanide salt

The solution was prepared with argon bubbling to preserve
fermcyanide from coxidation. During the measurement, argon
atmosphere was kept over the solution with a slow flux to avoid
amy strring of the liguid, and to preserve the experimental semi-
infinite diffusion conditions.

Chmonoampermmetry was successively applied on each elec-
trode, and Cottrell’s equation (Table 1) and Egq. (1) mentioned
previously were used to estimate both diffusion coefficdient Dy and
concentration of ferrocyanide . Some tests were done for
different concentrations of ferrocyanide on a couple of electrodes
of radii 250 pm for UME and 1.5 mm for ME. As proposed in
Section 4.1, geometrical radii were used for the calculatons
The results are summarized in Table 3 and compared to the
diffusion coefficient of ferrocyanide found by Bortels et al. [36]
and the known concentration.

As it can be noticed in Table 3, the results are in good
agreement with the diffusion coefficdent value from literature.
The repeatability of the measurement in the same solution is
particularly good to determine a constant diffusion coefficient
value. The concentration of ferrocyanide determined experimen-
tally is also very close to the known value. These results give us
some confidence in applying this calibrationless method for
silicate determination

43. Calibrationles method wath silicate

Previous smdies of the silicomolybdic complex by cydic
voltammetry have shown two successive and reversible reduction

Calibrationless method apphisd for the determination of fermocyanide diffusion cosfficient and s standard deviation (X)) from the data obtained in the literaure [36]
Chronoamperometric measurements performed at 05V in 10 ml of potassium ferrocyanide solutions at different coneentrations in 2 0.2 mal L~" KO eledralyte

Tigax Thax Dy ferrocy nide LEmor (3 known ferrocyani de % experimental ferrocyanide E,-,W_E%i_' Zincren
) { ) (10~ %em® s~ 1) Iy 0~V mal L1y (107" mol L~y {in T} m—
125 15 alg az 245 343 08

12% 15 w13 2 145 ER- —03

125 15 wil4g 03 50 516 =11

115 15 597 15 an 516 -1a

12% 15 [ L] EL ] e v 77 =20

12% 15 h2g 0 a2 7 =259
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waves involving two and three electrons transfer, respectively
[9-12]. In the present study, results obtained come from the first
reduction step of the silicomaolybdic complec. Chronocamperome-
try was used with a potental applied at 0.34 V. Linearity was
noticed between the current intensity and the concentration of
the silicomaolybdic complex for transient and steady states on ME
and UME, respectively. For this reason the diffusion coefficient
value is considered to be independent of the range of concentra-
tons considered

Silicate concentration was determined from the silicomalybdic
complex with a reagentess method Avolume of 3 mL of a silicate
solution was prepared in artificial seawater and introduced in the
measurement cell. In the same compartment, a molybdenum
electrode was placed with the reference and working gold ME
and UME. The counter electrode was separated from the cell by a
Mafion™ membrane to avoid reduction of protons. This technical
solution is also an advantage for the future development of an
in sitw sensor as the formation of gas in the measurement cell is
prohibited The molybdenum electrode was oxidized at 0.8 V until
14.0 C were reached, this charge was experimentally determined
to obtain a pH lower than 1.5. During the oxidation of molybde-
num, a black oxide layer covered the surface of the material, but
this phenomenon did not affect the formation of molybdates and
the achieved pH value Indeed, some reproducihility tests, done
on 10 axidations of molybdenum, allowed reaching a pH value of
1.43 + 0,02 and a reproducible current intensity measured for the
reduction of the silicomolybdic complex (less than 3 standard
deviatons for 5 current intensity measurements of silicate con-
centration of 86 «10~% mol L™7).

In the cell where molybdenum was oxidized, complexation of
silicate with molybdates was carried out during 6 min under
stirring, forming the electroactve Keggin anion H.Si{Mo, 0]
described in details by Lacombe et al [11,12]:

Si(OH)y -+ 12Mo02~+24H —H, Si(Mo 5 0.9)+ 12Ha0

Successive chronoampermmetric measurements of current versus
tme have been performed using a pair of gold disk elecrodes of
125 or 250 pm radii for the UME and 1.0 or 1.5 mm radii for the
ME. #z gpod results were obtained with the calibmtonless method
applied to ferrocyanide, no prior determination of the eledroactive
surface was done before silicate determination and geometrical radii
wiere used for the caloulations. The potential was imposed during 8 =
on the ME and during 60 = on the UME. Cument as function of time
(Fig. 2a) and steady-state current (Fig. 2b) have been used to
calculate first the diffusion coefficient Oy of the silicomolybdic
complex with BEg. (2] and using the different radii wvalues for the
different pairs of electmdes.

a Lis)
00 o 2 4 & H 1]
05 —
104 pIE gl
5] oo 10 20 10 40
i 20 031
= B . -l
25 g sl
3.0 T2 g GE0Tx- 3EOR
i -2.51 R - 09952
3.5 30
A0

Even if the method allows a theoretical detection of silicate, some
characteristics of the voltammogams were verified systematically
to apply the eguations in correct conditions. Experimentally, the
absence of stirring makes possible the hypothesis of semi-infinite
conditions for the diffusion. Concerning data collected from the ME,
the current intensity was systematically plotted versus £~ to verify
the linearity of the correlation for times bebween 0.1 and &=, a=
shown in Fig. 2. This linearity shows that our experimental condi-
tons respect Cottrell’s equation (Table 1) and that the cument is
controlled by diffusion-controlled mass transport. To be sume to
awnid both effects of double layer discharge at shorter times and
limitation due to natural convection at longer times, we kept a range
between 1 and 3s for our caloulatons. For the UME, as time to
achieve steady state current depends on several parameters [37],an
experimental time of 30 s appeared sufficient to achieve steady state
with a constant curmrent intensity for a gold disk UME of 25 pm
radius.

Different concentrations of silicate have been prepared from
55 to 140« 10™% mal L™ in artificial seawater. The results obtained
are reported in Table 4. The average value obtained for the diffusion
coefficient of the silicomaolybdic complexis 2.2 4 04 = 107% gn® s~ 7
which is consistent with diffusion coefficient values of molecules in
liguid media Concerning the concentration, good results were
observed when comparing known concentrations of silicate with
experimentally derived concentrations. It must be noticed that
the lowest deviation to known concentrations concerns the pair
of dectrodes of 12.5 pm and 1.5 mm radii for UME and ME,
respectively. This can be explained by the fact that mass transfer
behavior in these conditons is doser to the corresponding
Caottrell’s equation and Eq. (1) for ME and UME, respectively.
Indeed, on one hand spherical diffusion is more predominant
when the radius of the electrode is smaller and on the other hand
perpendicular diffusion is much present for ME with a large
surface. However, as compared to the excellent results with
potassium ferrocyanide in Section 4.2, those obtained with
silicate are less accurate. The main difference is the range of
concentrations of silicate shifed towards lower concentrations as
compared with potassium ferrocyanide. In these conditions, the
required precision for the electroactive surfaces of both ME and
UME becomes essential and the even slight presence of porosity
might be an issue.

Starting from these results, further work is under progress
with smaller radii for the UME and the use of gold from another
supplier certifying the absence of porosity. As the size ofthe UME
will be reduced, the main difficulty will be to acquire a current
intensity under a few pico-amperes as noise will become pre-
dominant at this measurement scale. To get around this difficulty

b sl
U] 0 40 ] &0

a T T T T
20
40
6001
-0
_IDIJ'llff’-__
-1201
-140
-160

100

[{pA)

Fig. 2 Chronoamperograms performed 2t 034V in 573 = 107" mal L™ silicate in artificial seawater. (2) Reduction time of & 5 an the 1.5 mm radius gold ME Regression
of current intensity vs % plot for reduction of silicmalybdic complex in the rangs 01 -8 5. (b) Reduction time of 60 5 on the 250 pm gold disk UME
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Cahbrationless method apphed for the determination of diffusion mefficient of slicomalybdic complex and coneeniration of sli@te solubons prepared at different
amcentrations in artificial ssawater. Amperometnic messurements performed a 034 in 2 volume of 3 ml. of solution afer owidation of molybdate at 08V to reach

140
T () Tiag (O} Dy silicoma lybdic comiplex &5 knaowm silicate [ ﬂ?erh'rsertdsﬂiﬂ.te Errar—
(0 % em®s 1y o S mal L™y o " mall™"'y i

in L)
280 as 14 82 524 -5
125 15 22 571 66 —08
125 15 24 1073 1073 Lil]
125 0% 149 1|3 152 HE
250 [iL] 23 1|3 135 —25
250 15 25 133 153 6 EE]
125 [it] 26 1303 1350 -34

some UME-armys will be used that will allow the acquisition of a
more acceptable signal and the increase of the signal to noise
rmatio. Building micm-devices with gold electrodes obtained by
Chemical Vapor Deposition (OVD), where surface roughness of the
electrode is highly reduced and its geometry accurately con-
trolled, is the way forward to achieve perfect smooth surfaces.
This process will allow us to obtain mass-produced electrodes
(ME and UME] with miniaturized systems.

With a suitable protocol to electrochemically clean the electrode,
reproducible results with a wider range of silicate concentrations
(0L1-140.0% 10~% mal L= ") are foreseen with our calibrationless
method This is the next step towands ANESIS our Autonomous
Mutrients Electrochemical Sensor in s for silicate detection.
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Abstract

Developing new sensors for improving our understanding of the coupled biogeochemical
cycles constitutes an immense challenge. Electrochemistry provides promising reagentless
methods by going further in miniaturization, decreasing the response time and energy
requirements and thus increasing our observing capacities in the ocean. This study is focused
on phosphate and oxygen, two key compounds of the marine ecosystems. Improvement of the
amperometric STOX sensor for ultra-low oxygen detection in seawater is presented. The
improvement was achieved by changing sensor construction and preliminary studies showed
higher sensitivity and faster response time. A novel electrochemical method for phosphate
detection was developed. The method is based on anodic oxidation of molybdenum in
seawater in order to form the phosphomolybdic complex, electrochemically detectable by
means of amperometry or voltammetry. Thanks to special construction of an electrochemical
cell including specific membrane technology, the method does not require addition of
reagents and is free from silicate interferences. The method was tested during Pelagico 1011-
12-BIC OLAYA cruise offshore Peru in 2010. The Peruvian water masses analysis was also
performed using data collected during this cruise.

Key words: in situ autonomous observatories, open ocean, Oxygen Minimum Zone,
phosphate, oxygen, STOX sensor, electrochemistry, water masses.
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Résumé

Le développement de nouveaux capteurs pour améliorer notre compréhension des
cycles biogéochimiques dans 1’océan représente un immense défi. L’électrochimie offre des
méthodes de détection sans ajout de réactifs, avec un temps de réponse court, une faible
consommation d’energie, la possibilitt de miniaturisation et donc d'augmenter
significativement nos capacités d'observation de 1’océan. Cette étude se concentre sur le
phosphate et I'oxygéne dissous, deux composes principaux au sein des écosystems marins.
Une amélioration du capteur STOX pour la mesure des faibles concentrations d’oxygene a été
obtenue. Celle-ci repose sur un changement dans la construction du capteur et les résultats
préliminaires ont montré une sensibilité plus élevée et un temps de réponse plus rapide. Une
nouvelle méthode électrochimique pour la détection des phosphates a été développée. Le
procédé est basé sur I'oxydation du molybdene dans I'eau de mer pour former le complexe
phosphomolybdique, électrochimiquement détectable sur 1’or par ampérométrie ou
voltammétrie. Grace au développement d’une cellule électrochimique adaptée, utilisant la
technologie membranaire, la méthode ne nécessite pas d'ajout de réactif liquide et s’affranchit
de I’interférence des silicates. La méthode a été testée pendant la campagne en mer Pelagico
1011 & 1012-BIC OLAYA au large du Pérou en 2010. Une analyse des masses d’eaux au
large du Pérou a été réalisée grace aux données recueillies au cours de cette campagne.

Mots clés : observatoires in situ autonomes, océan ouvert, Zone de Minimum d'Oxygéne,
phosphate, oxygeéne, capteur STOX, électrochimie, masses d'eaux.

Domaine de recherche : chimie analytique, océanographie
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