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Progireni sag

PIROIGINREMNGIEK A

Metali u tragovima u estuariiskimodama su vrl o reaktivni [ nj
ulogu u funkcioniranju ovih vodenih ekosustaiae k i met al i u tragovi me
| ak i pri ni skim koncentracijamd i( nprk.siHomn,i

Cu, Zn, Cd) ovisno o njihovoj koncentraciji i prirodi organizaB& n cMaerzz2 n .( 2020)
Unos elemenata u tragovima od strane fitoplanktona ovisi o kemijskoj vrsti u kojoj su
prisutni. U prirodnim vodenim sustavima, frakcije metala u tragovima operativho su
definirane n &empketoreahd Fujishirog20)ii7] iturkd j u | (mG.46ili| est i c
0.2mm) i otopljene met an). Otepliena veste su zbrd) slobod@h i | i
(hidratzir ani h) i ona metal a, koj i Su povezani
organskih kompleksaOt opl j ena fr akci j a naskdoidnmo gfvarnod al j e
otopljenu frakciju pomol u me mbrkBaféaelasetmi nal I
al., 2008 Klun et al., 2019 Lu et al.,, 2019 Lu et al., 2020 Fang and Wang, 2021

Estuarij ski sustavi karakteri zi rkamjskim s u j a
gradijentima te su posljedil|l no adtggoviba ni z a
izmelLu razlilitih otopljenih i |l estilnih v

utjele na biogeokemijske cikluse metala u t

njihovu bioraspologivost i toksilnost.

Specijacijaelemenata t r agovi ma u prirodnim vodama kI j
njihove reaktivnosti, transport a, bi orasp:
organizme(Gledhill and Buck, 20L2Zitoun et al., 2019Hollister et al., 202l Osnovna
svthaspegaci j e je odrelivanje vrsta metala u uz
koj i Su najvagnija vrsta u pracgecsjolmanihiomai or as
metala mogu se procijeni {(vanL&owen g dl.e28Dka®m r a v n
g t okompetitivha izmjena liganadaadsorptivna voltametrija katodnog otapa(gagl.

Competitive ligand exchangeadsorptive cathodic stripping voltammeiryCLE-AdCSV)

(Campos and van den Berg, 19%i get a €t | al korRP@iBnjem ion
elektrode (ISE)(Tait et al., 2016 Marcinek et al., 2021 Jednako tako |
karakterizacija organskih | iganda koji vegl
Anorganska specijacija metalja yetodgedi ma
pomol u poznatih konstanti stabilnosti. Melu

organske tvari i dalje predstavlja vrlo veliki izazov.




Progireni sagetak

Za karakterizaciju organskih ligda Kk o i vegu metal, nadal egl e k
morske sustave j&CLE-AdCSV kompleksometrijska titracijaMetoda se temelji na

kompeticiji i zmelLu prirodni h or geaghAddedh | i gar
ligandi AL) za met al koj i s e -AlLkompleksyjse pdsorbiajna j e k o m ¢
povr gini elektrode (givina kap), a zatim se
skeniranja. Titracija obilno ukljuluje dodat

koncentraci | iraspoh granigat detekdentyl.iSmgler datection windou

SDW). Kako bi se progirio raspon identificir
r az |l kohcentracifa ALtivi gestr ukog r as pleng.Multgdetecionca det «
windowi MDW). Pokazal o strudhki mntailt zacivji @elao | eda
kalibraciju tolnijom i daje najsmisleniju i
jasnim prednostimaDW pristupn i j e | ako pridowkbengt grfejpotn

veli volumen mez proakae,bnao izavrainjad i zu se vi gest

Prvi dio ovog rada posvelen je puspdciaag@ novi h
metala u tragovimakarakterizacijuorganske tvari:

A unapr el eAdGS¥ melddeéEnovi pristup primjenMDW,

A revidirana primjena bakar ion selektivnih elektroda<{S&) u morskoj vodi,

A nova voltanetrijska metodazadr elLi vanj e humi | nih spojeva.

Za pouzdanu procjenu organske sjpe@ i j e met al a u tr aAg@SYi ma kor

metode, preporuka je da se koristiaralizuni f i ci ranog skupa podat al

detekcijskih prozora (MDW). U ovom radu ponu
MDW titracija i uni ficirane MDW anali ze, gt c
primjenu. Pr e d | ogig eazvene siBegrented enul det@dtion window

(SMDW) i 'Continuous multi detection window C M D W) te su uspjegno p
teorijskim skupovima podataka temeljenih na diskrethom modelu te na-Riwan

modelu, kao i na organskom kompleksiranju Cu u realnim uzorcima iz estuarija rijeke Krke.
Dodat no, kri ti] ki S ucjelokapnaoyg @rotokela Koji se edndse nai t | a !

CLE-AdCSV metodu, a koji bi mogli utjecati na procjenu parametara kompleksiranja:
A odr el bdgay aasjaljivasti, e
A obrada voltametrijskih signala,
A ulinak primijenjenog potencijala depozici
A odabirbr oja razlilitih razreda |iganda za po
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A ulinak poletne koncentracije metala, odn

Trenutno prihvaleni pri st u-[SE puzorama&ojienajy edi n s
visokisar g aj k| o randadekwtaim.fPo \Hsaknj akupnoj koncentraciji Cu (> 0.1
mM), dobiven je Nernsvnagi b (~ 29 mV/ dekadi) ,nelJalob 0o mo.

do razine ispod f M. MelLutim, ovVvaj nagi b se
Cu (npr. 7 mV/dekadipr 15 nM ukupnog Cu) gto | ini kor
jednom kalibracijskom krivuljom nepouzdam. Kako bi se rijegio ov

radu je predlogen -hkavVibpacksjiap, Noazvpni smmetg

UV-i z | o theshkap\odi u prisutnosti sintetskog liganda (etilendiaanigN), izolirane

prirodne organske tvari (humil|lna kiselina,
Pokazal o se da je novi pr isslkodrmski)kentemtcia i spr a
ukupnog Cu.

Konal no, predlogena e i nova, jednostavna

spojeva (HS) u morskoj vodi, temeljena na njihovom utjecaju na baznu struju u
diferencijalno pulsnoj adsorptivioj voltametriji katodnogptapanjg DP-AdCSV). Prednost

predl| P&GHShmet ode u us por ed bnietrijskim metoslama jza& | i m
kvantifikaciju HS je u tome gto ne zahti]j e
prirodnom pH vode kao I u girokom rasponu s

Drugp poglavlije rada je posveleno istragiva
primjenu novopredl ogeHlS rmetorddMPWf EBOWa i j eBdi r
sezonalnost (zima/ljeto) otopljene organske tvari (OOT) i organske specijacije Cu u

gradijentu saliiteta estuarija, kao i dinamika raznih elemenata u tragovima (Pb, U, Al, V,

Cr, Mn , Fe, Co, Ni , Cu, Zn, As , Ccd) i OO0T
velilinska raspodjela razlilitih tragova m
gradientu salinitetadz or kovanj e je izvrgeno u dva kontr

kroz period od 4 godine (201i72020.). Provedeno je uzorkovanje vertikalnog profila ispred

postaje Martinska na 6 dubina(MWM6) koj e obuhvalialjma swar ttirk a
sl oj a: povrginski rijelni/ bol ati sl o] (M1 i
( M5 i M6 ) . TakolLer je izvrgeno uzorkovanje
dug estuarija (~ 23 km)nar@5nddulbine epricthenisiope ( p ¢
te uzorkovanje povrgureskdagvel &r & s lpaojbap jo@mpagm
vode (~ 0.2 m dubine).
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Estuarij rijeke Krke je atipilan mikroplimni

tvari i metala u tragoviia od strane rijeke Krke. Netaknuta priroda rijeke, s niskim unosom

OOT skopna, kao i promjenjagkoncentracgCu u estuarijuvezaru z t ur i st i | ku akt
omogulile su prepoznavanje nekoliko pojava i
svojstva0OOTtespecijacijuCu.St udi j a OOT takolLer kriti] ki r a:
na statisti| ku analizu fluorescentnih spojev
organsketvaripie mu se i stil e prepoznatljivost razli/l

procesa u ekscitacijskemisijskim matricama i krivuljama spektralnih nagilxodatno,

intenzivno uzorkovanje SMia dalo je uvid u varijabilnoglemenatal tragovima u SMEu

pod utjecajem ytcokjefiillitndciljianblemo Xmafpord t er e r
u k| j u |canfrifudalinuulirafiltraciju (CUF) kroz filter nominalne molekulske mase 3

kDa, dala uvidu njihovu raspodjeli z me L u 5 v e | unutarrvedé&noghstugca a k c i | @

estuarija.
Glavni rezultati provedenih terenskihs t r ajpdgvsa ng amget i na sl jedel |

A OOT u rijeci Krki je visoko kromofornog sastava s karakteristikama organskih
mol ekul a kopnenog porijekl a, dok OO0OT u

organskoj tvari otvorenog mora.

A U estuariju rijeke Krke zimi prevladava auténti a kopnena OOT zbog d:

uncsar i j ekom, dok | jeti dominira autohtona
ini skog protoka rijeke te posljedilno ni sl
ALjeti, us |l i j e droipvodnjetd smangnog aktemjskogdagjanja

iznad haloklinez bog | akog s opotpomagougo jakomavértekainom
stratifikacijom, dolazi do nakupljanj@topljenog organskog ugljikgDOC) u
povrginskom.slSopuoesbuaei uml eno u donjem
jepoveliminkar obna aktivnost spripeprdt bbb oaobhku
aktivnosti fitoplanktona.

A AnalizaOOTu hi poksilnim vodama ukazepP®@ na tr a

u kromofrru i fluorofornu OOT tijekom bakterijske remineralizacije.

A Studija spegacije Cu identificirala je darazreddiganda s lo&@u1i zmelLu 12. 5 |
143 i loK&y2i zmelu 10. 6 i 11 . 1sulL:Rgazdunbstal t i sug
uglavnomf i t opl ankt on sdolo sn Ldidandi okaraktgrizinani kao

pr et e g n avarhkapmandg parijeklaonenastale unutar vodenog stupca
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Sezonski antropogeni unodfulr us pj egno | erisutnguotganaklimi z i r an
ligandima zbogjihovep ov el ane koncentraci jbe ok ojgk ej e

aktivnosti u ljethom periodu

Izrazita varijabilnost metala u tragovima Fe, Al, Mn, Pb, Cu, ZnibgjCe uo]| ena
USML-u tijekom dana, gto pokazuje nRedost at

nagl agava Vvagno s stratggigadgdrjovanjado  os mi gl j eni h

Rezultati su whkazalaij Bmal s g@Adanani h | es:

varijabilnost metala u tragovima u SML, prvenstvead-e, Al, Mn i Pb.

Postoji indi kacija da je obogalivanje ot
Zn i Al potaknuto kompleksiranjem s organskim ligandi. Naj vel i-a utj ec
na obogalivanje u SML utvrlen je za Fe,
najvele obogalivanjtpokrgi nskuhtmjebtuviafl a

Analiza Cu ligandau SMlu pokazal a | e vlgandaswelnogal i v :
afinitetom prema bakruako je Cu spefacija u SML-u bila kontrolirana obiljem &

ligandasa slabijim afinitetom prema bakru

Razl i ke u aemengta tragaviaa te koncentraciji i sastavu organske
tvariuSML.u t i jekom danaviagnobki skgewnpale be
u krugenju or gans klemenatmaragovimauS$Mau. nj u vezan

Stvarno otopljena frakcija(<BDa) j e dominiral aNv@&] il ins
Zn, Co i Cy dok suFe, Al, PbiMnb i | i prisuesiti pammavedi m
Om.

Rel ativno mal i postotak metala u estuar
raspon od 3 Ilgba de OMmoYeOmyi pi sat. s man ]
koloidnog materijala u estuarij putem rijeke Kikajihovoj agregacijiipos | j edi | n o
uklanjanju iz vodenog stupca Naj vel i afinitet prema kol

Pb,ALFeiCk od koj i h s ui 3k%dtopljena frakdije (frakcijaimanga0
od 0.1 Om).

Rezultati sugeraju da seFe i Al uslijed agregacije nalazekuo | oi di ma vel i m

Om te da agregacij a RopAliFeuesuariupijeke Krkej a di n
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1. Introduction

1 INTRODWUCTION

Trace metals in estuarine wat playsrucialroein hi ghl y
the functioning of these ecosysten®ome trace metals are highly toxic even at low
concentrations (e.g. Hg, Pb, Asyhile others are essential orxio (e.g. Cu, Zn, Cd)
depending on their concentration and the nature of the orga(s&sr cMeaerz2 n). 2020
The uptake of trace elements by phytoplankton depends on the chemical species in which
they are presenin natural aquatic systems, trace metal fractions are operationally defined
based on sizéTempleton and Fujishiro, 201and includeparticulate (>0.45 or 0.21m)

and dissolved met anm). $he tater inckudeg the sOm d theofree 0 . 4 5
(hydrated) metal ionsis wellasthe inorganic and organic complex€&he dissolved fraction

can be further separated ird@olloidal anda truly dissolved fractiorusingmembranes of

nominal weight betweenil10 kDa(Waeles et al., 200&lun et al., 2019Lu et al., 2019

Lu et al., 2020Fang and Wang, 202IEstuares are characterized by strong hydrodynamic

and physicochemical gradients and are consequently responsible for modifications of the
distribution of trace elements betwedifferent dissolved and particulate speci€sganic

ligands area key factor affectinghe biogeochemical cycles of trace metals in estuarine
watersandregulating their bioavailability and toxicity. While biologically derived ligands

are found to largely control metal speciatiaropen ocean conditionsomplexation vth

humic substances (HS) may dominate in coastal regi@ugera et al., 20Q7Abualhaija et

al., 2015. However autochthonous processes can be particularly relevant in esthaties
arelargelycontrolled by changes in river flosduring periods of reduced river discharge,
shallow microtidal estuaries can generate significant amount of autochthonous dissolved
organic matter (DOM) which can dominate the DOM p(oixon et al., 2014 In the

estuarine environment, metal speciation may therefore depend on competition between
terrestrial HS and biogenic ligan@#/hitby et al., 201). Despite its importancéhe DOM

cycling in coastal watenemainspoorly understoodargely due to the high complexity of

DOM sources and processifigyard et al., 201)/ Even less understood are the effects of

convoluted processing of DOM on trace metal speciation.

Speciation of trace elements in natural waters is a key factor in understanding their reactivity,
transport, bioavailability and/or toxic effeadnaquaticorganisns (Gledhill and Buck, 2012
Zitoun et al., 201%Hollister et al., 2021 The main goal of speciation studiestesdetermire

the metal species in the sample, primafilge metal ionswhich arewidely recognized as
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the most important specfer accessing metal bioavailabilitffhe oncentrations of free
metal ions can be estimatby equilibriumbased methodvan Leeuwen et al., 20PSuch

as competitive ligand exchangadsorptive cathodic stripping voltammetry (CRECSV)
(CamposandvandenBerg, 19P4 g et a orwitlhdn ionselettive efectrode (ISE)

(Tait et al., 2016Marcinek et al., 2021 Equally important ighe characterization othe
metatbinding organic ligands anthe determination ofthe complexing capacity of the
sample. The inorganic speciation of elements is knownpaedictable using published
stability constants. However, understandthg interactionsbetweenmetals and natural
organic matter is still a challenging task. Despite decades of research, the assessment of trace
metal complexation by dissolved organic teain natural waters remains a challenging task.
Due to the very complex nature of the interaction between trace metal chemical species and
natural organic ligands, a simplified speciation approach is usually adofited:
determination of ligand classestlw similar affinity for the metal of interesfThe most
commonly used methodolodgr the characterisation of metiainding organic ligands in
marine systems employs the analysis by SV in complexometric titrations. Th
method probes the competitidetweerthe natural DOM and a known added ligand (AL)

for the target metal. During analysis, theA complexes adsorb on the electrode surface
(Hg drop) and are then stripped during a cathodic voltammetric scan. A titration typically
involves theadditions of metalin increasing concentrations at one AL concentratinat
defines the competition strength of the sirdgeéection window (SDW). Naturally, analysts
began titrating individual samples at multiple detection windows to expand the range of
deteced ligands. From such datasets, it was shownfittiay the combined results from
multiple titrations makes calibration more accurate and yields the most meaningful data
interpretation. However, despite these clear advantages, theletatttion windowWMDW)

approachhas thedisadvantagef requiring excessive sample volumes and time for analysis.

The first part of this thesis dedicated to methodological advaswkEmethods used for trace
metal analysis and detection of humic substances in estuasimerament. It includes(i)

the advancement CI-EdCSV methodproposingasimplified MDW approach anacritical
evaluation of entire protocol for estimation of reliable complexing paramgtgrghe
revision of an iorselective electrode capable of etit measurement of free copper ions
enabling its application in seawater at any total copper concentrg@iijpthe development

of a novel voltarmetric method for quantification of surfaeetive humic substances.
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The second part of the thesisledicated to field studies in the Krka River estuary related to
(i) theDOM dynamics and (ii) organic copper speciation in the salinity gra@isntell (iii)
the dynamicsof trace elemestand DOM in the surface microlayer and (ithe size
partitioningof trace metal the salinity gradieniThe estuary has been extensively studied

over thelast 30 years and is generally well characteringdrms ofits hydrology(L e g o v i |

199LLegovi | eBonadietal, 2008sedinentatiof) ur al i | and Pr avo
Cukrov and ;B8ukmov 202} bjologkd@ StugFuks et al., 1991 e govi | et
al., 1991cL egovi | eBakramPetrigioli &t 8.91998C et i ni | ;Stensenl . , 2 (
etal, 2007Gu pr a h a pArapa et al,, 2020dnd tdace metals behavioiMikac et

al., 1989 ElbazPoulichet et al., 199Bilinski etal., 2000Cu c ul i | tmaalo.v,i 20 C
et al., 2006Louis etal., 20090P | av gi | €t nal i | 200%In. et2 @15 ,
Knegevil :®talalkh. e t).2IBehgpothesdts@dwn from previousdies is

that the peculiarities of the Krka River estuary (specific geography, exceptional cleanliness
of the inflowing waters andstrong seasonality within the estuary) make it a natural
laboratory suitable focomprehensivestudies of trace metals, organic matter and their
interactions in vastly different conditions of environmental factors, anthropogenic pressures,
biological activity ad DOM composition between the two contrasting seasons, summer and
winter. The gudiesin the Krka estuarypresented in this workyereaimedto understand

the main processes ofganic matteproduction and removabs wellas toidentify the
possible sorces of coppebinding organic ligands in the estuanydto assesthe potential

risk of elevated concentrations of bioavailable coppkis is of particular importance due

to the expected seasonafariationsin DOM composition and seasonal anthropogenic
pressure by touristic activitipue to the expected low DOM concentration in the Krka River,
discriminationbetweerthe different DOM sources was possible, allowingitivestigation

of the main processes of DOM production and removal in the estuarseeaaling the
distinctive features of terrestrial, marine, freshly produced and biodegraded DOM in
excitationremission matrices and spectral slope curvadditional objectives were to
investigate tracelement(Cu, Zn, Pb, Cd, Ni, Co, Cr, Fe, Mn, Al, As, V) dynamics at the
seaatmosphere phase boundary, consideringptiesiblediel variatiors in trace element
concentratios and organic matter composition in tastuarinesurface microlayerandto
investigate the size distribution of trace mef@s, Cd, Pb, Cu, Ni, Co, Mn, Fe and Al)
between five size fractions (<3 kDa,3kD&. 1 Om,i10 21 O@Gni 51 .OMm @md
> 5 Om) along the.vertical salinity gradien
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2 LITMERATURE: OVERVIEW

2.1 Trace metalsiinimatineenvikonment

Metals are naturally occurring elements in every compartment of the environment. In
seawater, they cover a very wide range of concentrafimms 0.5 M for sodium (Na) to 0.5

fM for iridium (Ir) (Bruland and Lohan, 20Q0.3According to the International Union of Pure

and Applied Chemstry (IUPAC) elements in seawater can be classified in groups based on

their concentration, where the concentration of 1 ppm is the boundary separating
macr ocongrajprd ueand MDcr micodn st iMayermrrt sme(téal s i
beside Na, whiclis most abundant metal in the seder are magnesium (Mg), calcium

(Ca), potassium (K), strontium (Sr) and metalloid boron (B). Other metals in the seawater

are present in concentrations below the 1 ppm boundary with most of them occurring in very

low concentrations, asacee | e me nt s (ukra-tlace§fMl) nM\adon, 201R

2.1.1 Speciationandifractionation

Trace metals in theseavater are distributed among different chemical species and
physicochemical forms. Chemical species are strictly defined structures according to
isotopic composition, oxidation state and/or molecular structure, while the term
physicochemical form coverpeaationally defined (considering their phyaior chemical
properties)group of compounds (e.g., organic or inorganic) or struciisuesh as colloids

and particles(Templeton and Fujishiro, 2017

Speciation is the distribution of an elemantong defined chemical species in the system.

When speciation is not applicabfeactionation should be usgdhich impliesclassification

of an analytgor group of analytgsrom a given sample according to physical (e.g., size,
solubility) or chemica(e.qg., binding, reactivity) properti€sempleton and Fujishiro, 2017

Size fractionation is particularly important because of the wide variety of size forms that

exist in seawater, including nanoparticles, the colloidal phase, and macromolecules.
Dissolved metal §M) is operationally defined as the fraction passing through a 0.45 or 0.2

em por e (Cutter etalf 201)7{Thee development dghe pure ultrafiltration method

all ows further separation into O0trulyd dis
boundary between these tiractions is not rigid; the lowest size limit is 1 nm in diameter

which roughly equates with molecules of 1 kDa nominal molecular wéghtls, 2003.

11
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Considering thatrelevamie t al s are chiefly present in t
the exception of Fe, which is 5090% in the particulate phase) and tpatticulate trace
metal formsare not biologically accessible to organismsowledge of trace metal

speciation relative to its total dissolved concentragamost importan{Zitoun, 2019.

The parent species of trace metals can be simple yndinor tri-valent cations (e.g., zinc

Zn?* or iron, FE*/Fe*), or oxyanions (e.g., for seleniyi@eQ?) and oxications (e.g., for
uranium UO2%*) for metals that exist in higher oxidation states. Parent species in dissolved
fraction can exist as free hydrated ions or form a variety of organi¢) @md inorganic
complexes (MX). In oxic water and at pH > 5, alkali, alkaline earth metals (exceptibary

Be?") and firstfour transition metal{mangan Mn?*, cobalt Co?*, nickel Ni%* and Zrt")

exist primarily as free hydrated iorfBruland ad Lohan, 2008 Trace metals whose
inorganic dissolved speciation is dominated by chloride complexes are cadmium, mercury,
platinum, palladium and silver (E4 Hg?*, P£*, P& and Ad, respectively), while copper,
yttrium and lead (C, Y3, P, respectively) ad all lanthanoids exist primarily as
carbonates. The Feis present mostly as free hydrated ions, whil&" Fas well asBe?*,
aluminum AI®** and gallium G&*) is highly hydrolysed and predominantly in colloidal
form. In oxic waters andtagH > 5, Fé' oxidizes rapidly to the thermodynamically more
stable F&". However, in surface waters, photoreduction of F@ F&* also takes place. As
aresult, F& can account for up to 60% of the total dissolved Fe in illuminated surface waters
(Gledhill and Buck, 201R For Cu, the inorganic species are carbonates (GBD@), then
hydroxides (Cu(OH)and Cu(OH), 32%) and finally free hydrated ions (€14%) (Kiaune

and Singhasemanon, 2Q1WUnlike other transition metals, it can also occur asstabilized

in chloride specie@Nelson and Mantoura, 1984Biochemical and photochemical processes
have an important influence on the redox balance and speciation of Cu, suchithE2% 5

of total Cu in surface waters occurs as'Clilne percentage measured in estuaries was even
higher)(BuergeWeirich and Sulzberger, 2004

For most of the micronutrient/toxic metals, such as Fe, Cu, Co @M&iwon, 201} a large
fraction of the dissolved metal seavateris present as stable organic complexes (e.d., 80
99% of dissolved Fe, Cu and Zaledhill and Buck, 2012V hitby et al., 2018. A literature
overview of the current state of knowledge about natural organic ligands is discussed in more
detail inSection2.2.2

12
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2.1.011 Geoechemicallmaedeling

Understanding the speciation of trace elements at real environmental concentrations and
predicting the changes in speciation relative to their increased concentrations (e.g., due to
anthropogenic pollution) or changes in physicochemical conditions (eaeano
acidification) are the main interests of speciation studies. This lead to the development of
various speciation models such as the NO#&nnan model (Nonldeal Competitive
Adsorption) and various othefa&hmed et al., 201&hat predict the distribution of elements
among species in different environmental conditions. The most common progedi®u
geochemical modeling are Visual MINTEQ (MINeral Thermal EQuilibrium model)
(Gustafsson, 20)3MINEQL+ (Westall and Morel, 1995 WHAM (Windermere Humic
Aqueous Model)Tipping, 19923, CHEAQS (CHemical Equilibria in AQueos Systems)
(Verweij, 2014 and PHREEQC (pHREdoxEQuilibrium Calculations)Charlton et al.,

2016 which differ in the database, modeling options and offered models of interaction of

the metalwith natural eganic matter

Geochemical modeling uses chemical thermodynamics and chemical kinetics to analyse
chemical reactions that affect the environment. It includes physical models such as ocean
circulation (Siedler et al., 2001 biogeochemical modelg§Maier-Reimer, 1998 and
ecological model¢Kishi, 1999, however, limitations in this approach aédent; natural
systems are rarely in equilibrium, and even if they are, they lack relevant data for many
chemical reactions that should be considered. One of the goals of many studies is to improve
these models by including experimental results. Thearttration of inorganic ligands in

the sewater can be easily calculated, with reasonable accuracy since the anionic
composition of seawater is relatively stable and the conditional stability constants of
inorganic complexes are known. Concentrations ddiaiggligands and stability constants of

their complexes with metals are not known and must be indirectly estimated in certain
environmental conditions, which is the subject of numerous st(féédmann et al., 2009

Han and Pan, 2021

2.1.2 Seurces:and sinks/oftrace metals in:marine envirenment

A natural source of trace metals to marine environment is the lithosphere. Input mechanisms
include continental runoffi.e., geological weathering and erosidRichir and Gobert,

2016, volcanic and hydrothermal activifsander and Koschinsky, 201latmospheric

deposition of mineral ust (Mahowald et al., 20)8and sediment resuspensi@@obelc

13
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Gar c?2 a and). ABra egubof theifddsBial and urban growth since the2tid
century, anthropogenic activities are major addition to these natural sources with great (and
increasing) impact on trace metal concentregiom seawaterMajor anthropogenic sources

are mining, transportation, and industrial wastewaters, followed by agriculture, sewage
discharge, municipal wastewaters, landféisd increasing tourisnfRichir and Gobert,

2016.

Unlike organic matter (e.g., a variety of organic pollutants) that can be decomposed into less
harmful compounds by different biological or chemical processes, trace metals are non
degradableOnce in the water column, their cycling is driven by complex linkages of various
biogeochemical processdsidure 2.1) which are superimposed on the general circulation

andwater layemixing within marine systemgrlercier Waeber et al., 2012itoun, 2019.

Seawater-atmosphere

exchange -

NP2
v,y

N\

Inorganiccomplexes
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Organic complexes

ML ()

P
e

Aggregation
Coagulation

Ne A
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@ 2 Dissolution &

/ Colloids
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Figure 2.1 Main biogeochemical processes controlling trace metals cycling within different phases
in the marine environment.

Trace metal removal from the water column occurs through the biological uptake,
precipitation or scavenging (i.e., adsorption onto organic or inorganic particulate material),
but they can be resupplied to the dissolved pool by remineralization of padetimdserial

or desorption processes from particle surfaces (reversible scavenging). The main sink for
trace metals is sedime(Richir and Gobert, 20)6part ofthe particulate material sinks to

the bottom where it is finally buried in the sediment by precipitation or adsorption and

complexation with oxidessulphidesand organic ligands. Sediment can also act as a

14
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secondary source of trace metals; acidificatairgnge of redox potential or breakdown of
organic ligands can lead to remobilization of metals from the sediment back into the

overlying water columiiCukrov, 202).

2.1.8 Processesinestuaries

Processes affecting the trace metal spieciaand fractionation in estuarine environment
play a key role in their transport to the open sea. Given that trace metal speciation and
fractionation are strongly influenced by biophysicochemical conditions of the medium
(water hardness, e.g., [Ehand [Mg?*], pH, salinity, alkalinity, biota, organic content,
competition of major cationgYercier Waeber et al., 20)Lat the transition from riverine to
seawater trace metal mobility is expected to significantly change. The salinity gradient is the
main estuarine characteristic that has an influence on the fate of trace metals. One of the
most important physical phenongethat occurs at a critical salinity ofi3 is a change of

the colloids charge densitin almost all cases this rapidly promotes aggregation of colloids
and associated trace metals, facilitating their elimination ftbenwater column by
sedimentationOrganic content (i.e., concentration and type of organic matter) has great
influence onaggregate formatioand mobility of many trace metals.g., Zn, Pb, Cd, Cu,

Ni and C9 in the estuaries. Due to its strong affinity to trace metatganic ligandsan

control their size partitioning between solution and suspended particles and become the
dominant carrier phase for these metalboth dissolved and particulate ph&Santschi et

al., 1997Ci n d r i;Wang & &l.1281)7Beside organic matter, MandFe-rich colloids

can act as the principal sorptive carrier phase for some @tegeentsn estuarine waters

(e.g., arsenic; As, Pb and Z(§antschi et al., 199 i n d r i ;IWang 2tCall, 201)7
Moreover, bridging of inorganic colloids by organic substances (humic substances and
biopolymers) in estuarine mixing area, represents the major route for aggregate formation
and elimination of trace metals by sedimentaffétella, 2007 Tercier Waeber et al., 201L.2

On the other hand, for some metals distribution can be governed by the release from colloidal
aggregates due to the competitive effects of major cations/a@angormation of stable

Cd chlorecomplexes(Tanguy et al., 20t Oursel etal., 203 i ndr i | ;&aelea | . ,
et al., 201%» While the aggregation is the main process causing the trace metal removal,
release of metals from particles during the sediment resuspension is the main counteractive
process in the freshwatseawater mixing are@obelecGar ¢ 2 a a2008 M&hadog o ,

et al., 201% Additional various biotic processes (e.g., metal biouptake, production of
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biogenic ligands, microbial degradation of organic matter, biological impact on metal
deposition and remobilization from sediments) are of great importance for both organic

contentand trace mtals distribution within the estuafiMachado et al., 20)6

One way to establish the trace matdctivity in the estuary is to plot its concentration

versus salinityas illustrated ifFigure 2.2. If an element follows the theoretical mixing line,

it has an unreactive (conservative) behaviour. This is favoured in estuarine systems with

short timescales of sediment transport and water circulattbhazPoulichet et al., 1996
)e Gonservative beifidu2cbuld, on the other
hand be attributed to simultaneous removal and addition processes, resutkirsgnall net

Hollister et al., 2021Kne ge v i |

changes in bulk concentrations.

c*K

. N
river water N
Jend-member ~

Concentration

seawater
end-member

20 30
Salinity

40

Figure 2.2 lllustration of steady state system with two end mem@afan et al., 1990

However, for the majority of trace metals, rRoonservative behaviour (i.e., deviation from

theoretical dilution) more often occurshowing a net loss or net addition whican be

attributed to above mentiondibgeochemicaprocesses or subsidiary inputge.harbour

activities, urban runoff, sewage or industrial effluents, atmospheric deposition, groundwater

dischargeWaeles et al., 2005&andenhecke et al., 2010i ndr i |

the estuarieseavaterusually ha lower trace metal concentrations than inland freshwater.

)elh moat lof.

2015

Trace metals are thus interpreted to behave conservatively if their concentration is inversely

proportional to salinity(Machado et al., 20)6 However, in some unpolluted riverine

systemsthe opposite is possible, i.e. the concentration in the seawater end member can be

higher than in the river end member, as was obsdnretthe pristine Krka River and its

estuar(Ci ndr i | ;Ptalaln.

etk &l &n

10 101

2020
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2.1.4 Impact of tracermeials ommaring biota

A number of trace metals have a biological role as cofactors or part of cofactors in enzymes
andas structural elements in proteifdorel and Price, 2003 For many aquatic species,
these metals are essential micronutrients requoechaintainmetabolic and respiratory
processes. The main essential metals in the order of their abundance in phytoplankton
species are: Fe ~ Zn > Mn ~ Ni ~ Cu >> Co ~(Cahan and Tagliabue, 201L8Although

this stoichiometric ratio is generally valid giving the reqguneaits of organisms, there is a
considerable variability within phytoplankton cells due to the changes in the availability of
these elements in seawater. Phytoplankton can substitute some metal ions when their
concentration is depleted or adapt to theiuced concentrations. In some cases, however,
growth requirements are completely dependent on a particular metal ion. As an example, Fe
is the primary biolimiting nutrienth ~ 40% of the total ocean surfag®han and Tagliabue,

2018. Limited phytoplankton gswth can also be the result of aleuitation by two (or

more) elements at the samme, as was found for Fe and nitrgBrowning et al., 2017 In

regions where the concentrations of these elemenéxeeptionally lowpnly the supply of

both in combination, results in a biomass growth response.

Some metalsnetalloics) such as Hg, Pb, tin (Sn), chromium (Cr) or Weve no known
biological role and ®me of them can be toxic to marine organisms even at very low
concentrationgTercier Waeber and Tafert, 2008. Until recently, Cd was considered a
nonessential element but it was found that it has an important biological role as a substitute
for Zn in the carbonic anhydrase, enzyme criticalcaron acquisitiofPrice and Morel,
1990 Xu et al., 2008 Notwithstanding, it is highlyoxic when surpassing the toxicity
threshold concentratipand together with Hg, Ni and Pb is classified as Priority Substance
Under the EU Water Framework DirectiyPirective, 2013/39/E)J Same as Cdpther
essential metals can have toxic effects when exceeding the metabalegliple threshold
concentration Cu is another example of essential metgh narrow range of optimal
concentrations. Metabolically available levels of Cu below 0.01 pM \arad to be
limiting for a number of different microorganismssch as ammonium oxidizing archaea,
methane oxidizing archaea, and eukaryotic phytoplankton sp@aess and Pric2006
Glass and Orphan, 2012min et al., 2013 whereas m@bolically available concentration

of only 2 pM Cu is toxidor certain cyanobacterigMann et al., 200Rand 10 pM for most

of the phytoplankton and zooplankton spe¢isnd et al., 1986Sunda et al., 19871990.

As an adjustment to relatively high Cu concentrations in the coastal area, coagtal amec
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generally more tolerant to increased Cu concentration and have wider optimal range than
oceanic(open seawategpecies, which on the other hand more often show Cu limitations.
Given thatCu can replace Fe in several enzymes required for keyargtidcesses, such as
photosynthesis and nitrate reducti@u, requirement in the oceanic species was most likely
developed as a coping strategy for frequent Fe deficiency in the open(Peeaset al.,

2005. With respect to potentially harmful effects of ©Ouall marine organismshe greatest
concern for the health of marine ecosystems presents its anthropogenic input, especially the
use of Cu antifouling agents on ships and marine infretstre (Zitoun, 2019. Coastal

closed aquatic systems are especially vulnerable to these {@puts d r i |  eG€u al . , 2
concentrations in contaminated coastal areas can reach or even exceed water quality
standardgMoffett et al., 1997Buck et al., 200ywhich can have significant implications

for Cu toxicity. According to the current Decree on water quality standards in Ciighltja

no. 96/19, limiting concentration of Cu in seawater is 80 nM, based upon total dissolved

concentration.

2.1.411 Bioavailability concept

Not all metal species are availalite the marine biota, thus knowing the total or total
dissolved concentration of trace metal may not be directly related to its potential biological
effects. For a trace metal to have a biological effect, it needs to be present in a bioavailable
form. Bioawilability is consideredsai k ey concept all owing to qu
changes in the trace metal concentration and speciation with the intensity of the biological
ef fects i n@eradeeVaekeretab, POian arder to cause a biological response
and/or accumulate withinhé organism, metal has to react wghysiologically active
receptor sites on the surface membrane of an organism (menidanam@ carrier or biotic
ligand) (Figure 2.3). This is often followed by internalization via a carrier mediated
pathway, although internalization is not a necessary condition for toxic effects to occur
(Campbell et al., 2002When the biological uptake rate is slower than the diffusion from
the medium tahe vicinity of the microorganisnpliycospherebiological response is related
solely to the freenetal ion concentration and metal bound to receptor sites on the organism.
Under certain conditions howevés.g., under situations of metal limitatiotime diffusion
process may become the rate limiting step. Under such conditiissociation of
sufficiently labile metal complexes can occur, which then contribute to bioavailable
concentration (Tercier Waeber et al., 2012Domingos et al., 20)5 As follows,
bioavailability of trace metals in the marine environment should be expressed on the basis
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of its free or labileconcentration.rl cases of diffusion limitationnorganic metal species

are considered kineticallabile. The labile metalconcentrationl [ M6 ] ) 1 s expr es:¢
sum of free metal ions and metal bound to inorganic ligands. Rate limiting step and thus the
bioavailable fraction varies according to the chemical nature of the metal species, the size

and type of the organism, and the physicochemical nature of thetse¢gsaveykova and

Wilkinson, 2009. As an example, several studies on Cu toxicity for different organisms
(mammals, polychaetes, copepods and phytoplankton) agreed that dissolvedifrdleCu

most toxic specie for living organismS € n cMaerz2 n ,Godr&n(ZD20and literature

therein), whereas for rapidly accumulatingmal s such as Ag or Zn, m
better predictor of metal bioavailabiliffercier Waeber et al., 2012

Exudates

5. Biological response Competition
Ca?*, Mg?*, H* Tl 2. Complexation/

Dissociation

‘Lfﬂux — M e
D Ad;gg:;;;{nu 1.Diffusion

* _’4_/-;%_/ —

Figure 2.3 Schematicepresentation of the key processes at the vicinity of the freshwater microalgae
determining metal bioavailabilityAdopted fromTercier Waeber et al. (2012)

Metals complexed with organic ligands are generally considered kineticallyloeningos

et al., 2015 They are expecte reduce metal bioavailability. Due to the complexation
with organic ligands, concentration of free @uboth open ocean and unpolluted coastal
waters rarely exceeds its toxicity threshold &nd generally below 1 pMGourain, 202D
Accordingly, the central issue in terms of trace metal bioavailability is the extent of
complexation with inert organic complexgstoun et al., 201P The exceptions are organic
complexes that can be transported across the membrane e.g., specific transport ligands such
as siderophores or low molecular weight (LMW) lipophilic metal complexels as citrate,
malate and glycolate (products of photosynthegiSampbell et al., 2002 Some
microorganisms have the ability to release mbtadling organic ligads in order to enhance
their uptake during periods of limitation (e.g.,-$tderophores or CGmethanobactin) or

diminish/counteract harmful effects in case of elevated and potentially toxic concentrations
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(Vraspir and Butler, 20Q®alsh et al., 2015 This regulatory factor, using biogenic organic
ligands, may be a way of evolutional adaptation to unfavourable conditions and the survival
of various organismdt becomes partularly essential in estuaries and coastal waters during
periods of excessive Cu input due to agricultural and industrial discharge or urban runoff,

which can exceed the binding capacity of the natural organic ligandtmin, 2019.

2.2 Dissealvederganicimattern inimarinecenvironment

Natural organic matter (NOM) in the seateris a complex mixture of organic compounds

found in the form of dissolved molecules and suspended patrticles, including living and non

living organic material. These two fractions are defined as dissolved (DOM) and particulate
organic matter (POM) which are operationally separated using a glaslfdrwith a pore

size oftbaw.tdvdr )et meémbrané7filter with a por
(Moranetal,1999 Fi |l tration through 0.2 em pore si
eliminate most of the microbiota from the DOM p¢DEnis et al., 201)7 The DOM fraction

makes up about 90% of the total NOM pool in thensgarand represents one of the major
components of aquatic ecosysteméth an inventory of 662 Pg OM in the oceans

contains the largest pool of bioactive dissolved organic carbon (DOC) on(Hartkell et

al., 2009. It thereforeplays a crucial role in the global carbon cycle and represents a subject

of significant environmental interesthe DOC value is still the most relevant and most
frequently used collective parameter for organic matter content in natural viagens.t o v i |

et al. (2017)and(Ci gl en el ki) shewed that DOC cauld BeOan invaluable tool

serving as a potential indicator of global climate chabBg#M is not only a source of energy

and nutrients that supports life, but also controls the functioning of biogeocheyules ¢

and ecological processes in the water colu@arlsonand Hansell (2015and literature

therein) with a number of environmentally and biologically relevant trace metals intricately
involved in the marine DOM cycl@uller, 2019.

DOM is a complex mixture of diverse compounds present in a wide range of molecular
weights with different solubilities, reactivities, and pedes depending on their structure
(Coble 2007. DOM from different source@llochthonous versus autochthonodi$fers in

the composition of these compounds and is subjected to constant alteratiomicnoleial

and photochemical degradation procesd®@®M produced by primary production is
predominantly LMW (< 1 kDa) and contains all types of biochemical comumduding
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carbohydrates (monosaccharides and polysaccharides), nitrogen compounds (amino acids,
proteins, and polypeptides), lipids (fatty acids), and organic acids (vitamins, glycollate,
tricarboxylic acid, hydroxamatdBiddanda and Benner, 199vith carbohydrates being

the major portionof DOM in phytoplankton extrudate@©gawa and Tanoue, 2003
Carbohydrates are released in the form of exopolymers (EPS). Accounting for up to 80% of
the bulk DOC, they are a quantitatively important fraction of DOMeawate(Verdugo et

al., 2003, especially in the oceans, but also in coastal areas during periods of increased
production and phytopl&ton blooms. Terrigenous DOM (i.e., vascular plant detritus or soil
humus), on the other hand, consists predominantly of humic substancg€&dSypn and
Hansell, 201k Two operational fractions of aquatic HS distinguished by their solubility and
adsorption properties to XAB resin ardi) humic acid (HA), soluble in badmut insoluble

in strong acid solutions an@) fulvic acid (FA), soluble throughout the pH range. Most
humic substances are diverse, relatively small molecules between 100 and 2000 Da, but tend
to form aggregate associations stabilized by hydrophol®caictions and hydrogen bonds,
giving them macromolecular characteristitse e n h e e r a n dBatchelloet &., 200 3
2009. Their structure is charactedd by the presence of numerous aromatic, carboxylic and
phenolic groups that are linked together with alkyl moieties. Although HS are not true
surfactants, they are described as surtatve substances (SAS) based on their effects on
surface tension asresult of their amphiphilic natuf&lavins and Purmalis, 2010Due to

their adsorption on inorganic surfaces, interaction with-lmamic substances and strong
trace metabinding properties, HS play highly important role in the stabilization and
breakage of colloidal aggregat@ercier Waeber et al., 20),2vhich is akey process in
estuarine environment. Colloidal HS can act as a sink for trace metals due to their strong
binding properties or as a source afce metals due to their photodegrada{idarcier
Waeber et a) 2009. Despite decades of research, a significance of colloidal HS in the
transport of trace metals to the ocean, i.e., the conditions under wdnobval by
aggregation occuysand the extent of removal, is still poorly defined and remains an
important challengéLead and Wilkinson, 20Q@Muller, 2018. In addition to terrestrial
inputs, mtential autochthonousosrces of HS include phytoplankton decay, microbial
degradationRomeraCastillo et al., 201)1 and photooxidation of triglycerides and fatty
acids released by biota (i.e., humificatigk)eber et al., 1997 There is evidence that HS

can also be released directly agtively growing phytoplankton and/or baabglankton
(RomeraCastillo et al., 201201 L B n b or g e Zhaoat al., 20)2F0r&xample,

Bittar et al. (2015jound that unaltered metabolic produciMhfaeruginosaxhibit the same
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fluorescence peaks as terrestrial hutike fluorophores Autochthonous and terrigenous

HS differ in composition; terrigenous H&®rmed by decomposition of plant material or
leaching from the soil, have a higher lignin content and a greater number of aromatic
moieties, whereas autochthonous HS are generally less aromatic, have a lower molecular
weight(Koch et al., 2005Colatriano et al., 20)&nd a higher portion of proteins and sugars
(Coble, 200y.

Organic substances of different structure show different resistance to microbiological and
photochemical degration. Marine DOM thus exhibits a spectrum of reactivity, from very
fast degradation of the most bioavailable fraction in the surface ocean to accumulation of
long-lived organic material in the deep ocean. Accordintyigtwo main groups of DOM

can be disnguishedin the ocean, labile and refractory, based on their lifetime which is
defined as fAthe time over whi ch dohtgint@loncentr
v a | (Hanéell, 2013 The labile DOM, despite its rapid production, does not accumulate
within the surface ocean for more than hours to days due to higmdemd rapid microbial
removal. It consists of particles with lower molecular weights (protein amino acids, sugars,
amino sugars, ATP, vitamins, etc.) that are easily assimilated by marine microorganisms or
hydrolysed by extracellular enzymes. Conversegfractory DOM is a very complex
mixture of at least several thousand different components with elemental H/C and O/C ratios
that lie outside the range of common lipids, proteins, and carbohydf@éeison and
Hansell, 201k This composition makes it resistant to biological remineralization and to
chemical oxidationso itcan be stored within the DOM pool for months to millennia, with

an average age of 400000 years. The most refractory DOM fraction was found to have
al4C age greater than 24000 yeféirschtenfeld et al., 2034

Even though external pathways i.ezers(Fichot and Benner, 201Raymond and Spencer,
2015 Retelletti Brogi et al., 2020athe atmospher@iller et al., 2009 Vicente et al., 2012
Galletti et al., 202)) and sedimentsBirdige and Komada (201%)nd literature therein)
represent important sources of allochthonous D@&frigenous and anthropogenic e.g.,
black carbon and polycyclic aromatic hydrocard®AH), DOM concentration in the open
ocean is esseally the result ofn situbiological processes of production and remoVais

is supported by data ait®’C (B e a u p r5Rand li@tare thereiDruffel et al. (1992),

by lignin phenols measurementgHedges et al., 1997 as well by absorbance and
fluorescence spectra of marine DO(@oble, 2007, all indicating a minor terrestrially
derived component of DOM in the oce&@uastal seas are, on the other hand, often $yrong
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influenced by riverine inputs of DONRaymond and Spencer, 20Retelletti Brogi et al.,
20203, with number of estuarine or river plume systems being particularly effective at
transporting terrigenous DOM to the coastal oogdedeiros et al., 2039Medeiros et al.,
2016 Seidel et al., 20%7Muller, 2019. Given thatglobal annual riverine discharge of
terrigenous DOC is ~ 0.25 R@enner, 200R and considering its relative resistance to
microbial degradatiorfHedges et al., 199/fate of terrigenous DOM during its further
transport to the open ocean is still an open quedtiorial input is a source ofdghly stable
fraction of terrigenous DOM which may contributddog-term carbon storage in the deep
oceanMedeiros et al., 20)6lt is also carrier of strong methinding ligands and associated
essential trace metals. Accord to new findings, significance of fluvial discharge in their
global input may be underestimat@duller, 2018. Understanding the land to ocean DOM
transferis therefore an important subject concerning the global carbon basigesll the

trace metal inventory of thecean

The estuaries play a key role in input of terrestrial DOM and associated trace metal load to
the oceans since they are the transition zones between rivemieeand seawater In
addition to removal by flocculation at the critical salinitiyerine DOM can be partially
removed and replaced by the DOM produced by autochthonous proffesktesn et al.,

2017, Gonnelli et al., 201;3Raymond and Spencer, 201%®e and Kin, 2018 Osburn et al.,

2019. Therefore, despite large riverine inputs, terrestrial DOM, can be transformed by
photochemical and/or microbial processes, experiencing substantial alterations over
relatively short time scales before its input to the coastal qéesmala et al., 20145antos

et al., D14 Retelletti Brogi et al., 2035Muller, 201§. Autochthonous processes are
particularly relevant in estuaries largegntrolled by changes in river flowudng periods

of reduced discharg@-ellman et al., 20%1Dixon et al., D14, Santos et al., 20)6As an
exampleDixon et al. (2014jound that in Neuse River estuary lower input of allochthonous
DOM and increased water residenred allowed for thenet productiorof autochthonous
DOM. They also show that shallow microtidal estuaries can generate significant amount of
autochthonous DOM which can dominate the DOM pool during low river fegpite its
importance carbon cycling ircoastal waters is still poorly understood, mostly due to the
high complexity of DOM sources and process{idéard et al., 2017 Even less understood

are the effects of convoluted processing of DOM on trace metal speciation i.e., in which
extent the removal of ligands occurs during the DOM mineralization and whether new
ligands are produced in the process of DOM alterationrasitu production.
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2.2.1 Chromaephoticdissolved ,erganicmaiter

DOM has distinctive optical properties in terms of both absorption of light and fluorescence.
Fraction of DOM capable of absorbing light at the UV and visible wavelengths is called
chromophoric/coloured OM (CDOM), whereas fraction of CDOM that can emit part of the
absorbed light as fluorescence is called fluorescent DOM (FDOMjtribution of CDOM

to total DOM pool is estimated from 20% in open ocean to 70% in coastal regions where
river inputs are domemt(Coble, 200Y. Although it represets a small and not wetlefined
fraction of the entire DOM pool, CDOM plays an important rolearbon cycle, as well in

the cycling of trace elements and gases of importance to biological activity and global
climate, ands of vital interest for aquatiecosystem functioning by influencing the optical
properties of seawat¢€Coble, 2007 Stedmon and Nelson, 201% can contribute nearly

90% to the UV light attenuation in the global ocd&etelletti Brogi et al., 202Qb By
controlling the penetration of photosynthetically active radiation, it affects marine
productivity, but also hagrotecting function against DNA damadgesm UV radiationon
light-sensitivemarine organismg§Coble, 200y. CDOM is highly photoreactive, owing to
high molecular weightextensive conjugation and/seubstituted aromatic nuclghe same
chemical characteristics responsible for its optical propd@iesesi et al., 1939Results of

the light induced transformation of CDOM can (lea photomineralizationleading to
release of C@to the atmospherdii) photobleaching, converting to alow molecular
weight organics thus stimulating the biological activityioy photohumification, reducing

its bioavailability(Stedmon and Nelson, 201Betelletti Brogi et al., 2020bCDOM also
mediates redox reactions of some trace metals, such as Fe which is biologically most relevant

trace metaland influences aisea exchange of climate relevant gg€zsble, 2007.

The absorption spectra for CDOM have a distinctive shape with &rpanential decrease

in absorbance at ineasing wavelength, declining to near zero between 650 and 700 nm and
often with slight shoulder between 260 and 270 nm. This shape arises from either the
superposition of the spectra of multiple independent chromophores or more likely from the
intramoleclar charge transfer interactions between aromatic polymers present in the natural
sample, such as lignin, polyphenols, tannins, and meléb@&ld/ecchioand Blough, 2004

It is well known that absorbance characteristics of the CDOM pool relate to its biochemical
characteristics such as aromaticity and average molecular weigitshaar et al., 2003
Helms et al., 2008oyle et al., 2009Stedmon and Nelson, 20190 extract information

about CDOM properties fronbaorption spectra, a number of parameters are pgatharily
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absorption coefficient at specific wavelength, its ratio to DOC, and spectrallelpes et

al., 2008Li and Hur, 20170 mano v i | )eBxtraetéd paramétérsih@ve proven to be
useful as a proxy to tra¢ke source¢Fichot and Benner, 201Zatala et al., 20)8as well

the spatial and temporal dynamics of DOM in many aquatic ecosystems, including the
mixing between waters with different spectral propeffesiman et al., 203,lYamashita et

al., 2011 Dixon et al., 2014Dainard et al., 2015Santos et al., 2016.ee et al., 2018
Galletti et al., 2019Zhou et al., 2010 Changes in absorption at 31300 nm range have
been associated with modifications in the aromftiction of CDOM (Weishaar et al.,
2003, providing useful information in determining the degree of photobleaching, microbial
degradation and humificatid€laret et al., 2003Gonnelli et al., 201;3Helms et al., 201;3
Dainard et al., 20)5CDOM absorbance has also been used in studies about the interactions
of DOM with metals, disinfectants and organic pollutgiftanaboina and Korshin, 2010

Yan and Korshin, 20%145a0 et al., 20L5van et al., 2016

Emission spectra show one or more discrete peaks, most commonly around 250 and 350 nm,
resulting from a specific fluorophore. Fluorescence contouring i.e., collecting the emission
scans at a wide range of excitation wavelengths (typically frdm@®600 nm) produces an
excitationremission matrices (EEMs) with fluorescence centres attributed to fluorophore
groups within bulk CDOM.ldentifying fluorescence centres in EEMs is call@®ak
peakingd Several fluorescence peaks are commonly identified in aquatic FDOM and they
are often labelledavith letters (A, C, M, B, T) according to naming system developed by
Coble (1996)Due to the difficulties in linkinghe fluorescence regions to exact biochemical
structure of DOMfluorophores generating them ai@egorized in groups namadcording

to fluorescence of standard materiadgy., humiclike and fulviclike (according to
International Humic Substances Society; IHSS standard samples) or {fik@ein
(specifically tryptophan or tyrosinelike) (Hudson et al., 2007 Common fluorescence
components in aquatic DOM with designated letterCbple (2007)are summarized in
Table 2.1, including their fluorescence properties and potential sources. Currently, the
common practice is tmathematicallyresolve EEM datasets intcnderlying components

with a characteristic fluoseence signal usingarallel factor analysis (PARAFAQ)urphy

et al., 2013 which provides estimates of relative concentrations of each component within
sampleslt is generally supposed that similar underlying components can be attributed to
similar DOM sourcesTo sugort the comparisons of PARAFAC components between
studies, an opeaccess spectral database (OpenFldimiy1) has been developéiurphy
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et al., 2014 It is an online repository of published organic fluorescence spectra which can
be searched for quantitative matches with any set of unknown spectra, linking them across

studies and systems to reveal glolhabfescence trends.

Table 2.1 Common aquatic FDOM components.

Coble
Component (2007) Bex, max/@em, max (NM) Source
- Terrestrial or anthropogenic
Humic-like C 300-370/400500 .
agriculture
Humic-like A 237-260/400500 Terrestrial or autochthonou:
Marine humielike M 200312/370420 ~ AMhropogenic; wastewater
and agriculture
Tyrosinelike, 225237/309321
proteinlike B and 270280/305310 Autochthonous
Tryptophanlike, 225237/340381
proteinike T and 270280/340 Autochthonous
Pigmentlike P 400430/660670 Autochthonous
PAH-like ] 220-280/311350 Anthropogenic; oirelated
(Mendoza et al., 20}3 or wildfires

Fluorescence properties of CDOM also provide information on changes within DOM pool
resulting from different processes e.g., mixing of water mases, biological degradation,
biological production, photobleaching or humificati@onnelli et al., 201,3Santos et al.,

2016 Catala et al., 201 &alletti et al., 2019Zhou et al., 201 Retelletti Brogi et al., 2020a

Han et al., 202). Fresh terrestal and deepseawaterhave the highest fluorescence
efficiencies, with decrease in fluorescence values and shift of fluorescence maxima to shorter
wavelengths (blue shift) often observed in seaward direction as a result of photobleaching
(Coble, 200). Marine humielike components display bleghift relative to terrestrial
humiclike components, as is expected from their less aromatic chemical nature and lower
molecular weigh{Coble, 199%. Proteinlike and pigmentike fluorophores showed evident
relationship with elevated biological activity thus are considered evidence for DOM
production(Yamashita and Tanoue, 2Q03oble, 200). These components appear to be
microbially degradable, whereas hurile components appear to peotodegradable, but
resistant to microbial degradatiQriamashita and Tanoue, 2Q(\daie et al., 2012Catala

etal., 2013
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2.2.2 Metal-binding aerganic ligands

Organic ligands are key factor affecting biogeochemical cycles of trace metaBwater
regulating their solubility and bioavailability. Importance of organic ligands in relation to
trace metals, with emphi on their effect on trace metals dynamics in estuaries and trace

metals bioavailability was already exploredSections2.1.3and2.1.4.1 respectively.

Knowledge about sources and chemical identity of orgagends is still poofVraspir and
Butler, 2009 and its acquisition is hindered by very complex chemical composition of
natural organic mattéRepeta, 2016 Their direct structural characterization is challenging
due to analytical and methodological restraif\tsaspir andButler, 2009 Zitoun et al.,
202]). To date, he most employed analytical method in trace metal speciation studies is
voltammetric analysis that allowsartial characterisation of ligand pool via estimates of
ligand concentrations and conditional stability constants of their complexes with studied
metal (Pi get a e;tHamadnd Pan, 2021 Eus, in the absence of structural
characterization, organic ligands in seawater are operatively divided into classes defined by
the mean value of their conditional stability constants (discrete ligand distribution), although
in realty a continuum of organic ligands is more likely present (continuous ligand
distribution) (Bruland et al., 2000 Most speciation studies are focused on Cu and Fe, due
to their biological relevance which is strongly influenced by organictigaAs already
mentioned8071 99% of dissolvedCu and Fe is present in a form of strong complexes with
organic ligandgGledhill and Buck, 20,2V hitby et al., 2018 Complexation with organic
ligands also affects their distribution in the water column by retaining them in the dissolved
phasethus reducing the precipitation and scavenging, the two main ways of Cu and Fe

removal(Mason, 2013

Complexation studies often advocate the existence of two main types of organic ligands
defined as Land L.. A smdler part of strong ligands with l&J values> 12 belongs to the

L. class, whereas the weakerllgand class is defined by |83 values< 12 (Vraspir and
Butler, 2009 Whitby et al., 2018Zitoun et al., 202l Field studies generally suggest an
autochthonous, biological source of ligands (Moffett and Dupont, 20Q7Vraspir and
Butler, 2009 Jacquot and Moffett, 2018Vhitby et al., 201). In open ocean surface waters

L. ligands are typically found in equal or higher concentrations than dissolved Cu
concentrationNWhitby et al., 2018Zitoun et al., 202l In coastal and estuarine waters,
however, the Cu concentration can often exceed thmhcentration due to proxitg of
anthropogenic sourcg8uck and Bruland, 2003Buck et al, 2012 Whitby et al., 2017

27



2. Literature overview

Palan e} Wilincreasirg Geptltoncentration of strong ligands usually decreases,
coupled with [Cueg increase, suggesting that strong organic ligands are of biological origin
rather than derived from refractory organic mafi¢offett and Dupont, 200 AVhitby et al.,

2018. Lz ligands, on the other hand, are usually more abundant in deep waters, so they are
thought to originate from a passive production pathway associated with grazing, organic
matter decay, cell lysis, and bacterial remineralizafwhitby et al., 2018 Zitoun et al.,

2021).

The biological source of Goomplexing organic ligands is further supported by laboratory
experiments with marine cultures. These experiments showed that, under stress caused by
Cu, cyanobacteria (e.gSynechococcygMoffett and Brand, 1996Croot and Johansson,
2000, dinoflagellates (e.g.,Amphidinium carterae (Croot and Johansson, 2000
coccolithophorids (e.ggmiliana huxley) (Leal et al., 1998and 24 other macroalgal species
(Karavoltsos et al., 20)&ctively produce strong Ghoinding ligands with [o§'cuLi values
between 10 and 13.3 to reduce elevatetf Gancentrations or to improve Cu bioavailability
and intake under Glimiting conditions. Under the influence of toxic concentrations of Cu,
cyanobacteri&ynechococcuglease tsong L1 ligands(Moffett and Brand, 19961n natural
waters, their growth would bsignificantly reduced if there was an increase in the
concentration of bioavailable Cu in the absence:digands(Croot and Johansson, 2000
The same was found for the brown akgyecus esiculosusvhich release organic ligands at
concentrations higher than the ambient Cu concentré@dedhill et al., 1999 Organic
ligands released by marine microorganisms are found in estuarine and coastgdBaati¥s

et al., 2015Whitby et al., 201y as well in the open ocedDBupont et al., 204; Sander et
al., 2007. Methanobactimms a coppesacquisition compound released by metharlizing
bacteriag Kim et al., 2004 analogous to Feinding siderophore@/raspir and Butler, 2009
Organic ligands produced as a response to increased Cu concentrations are mainly thiols
(e.g.,glutathione and cysteinend similar redoed sulphurspecies (RSS) (e.g., thiourea)
(Croot and Johansson, 2Q0%hner et al., 2002Laglera and van den Berg, 2Q00® the
resulting complexes, Cu dominates as' QWhitby et al., 201y. Another example of
biogenic Cubinding ligand is domoic acida neurotoxin released byseudenitszchia
australisin response to toxic Cu concentrations and/or limiting Fe concentréfionstt et

al., 2008.

In addtion to biological production, terrestrial ligands, such as humic substances, are
potential sources of strong @inding ligands in seawater, especially in coastal and
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estuarine system@\bualhaija et al., 203,5Vhitby and van den Berg, 20lBa Ll an et al
2027). HS are relatively strong ligands that bind Cu and Fe waigK'l values of D7 13

(Kogut and Voelker, 20Q1Laglera and van den Berg, 2Q0&hitby and van den Berg,
2019. They also bind other metals such as Zn, Co, Ni, anfirAhg and van den Berg,
2009. HS play an important role in tta metal transport to the coastal sea and subsequently
to the open oceafiLaglera and van den Berg, 2Q0uller, 2018 Dulaquais et la, 202Q

Whitby et al., 202 In estuarine waters, terrestrial HS make up the majority ol Fe

binding organic ligandéAbualhaija et al., 205). During estuarine mixing, the Cu speciation
may depend on the competition between terrestrial HS and biogeni¢VR8®y et al.,

2017. Metal complexation with HS takes place primarily by binding tayexyi.e., carboxyl
(-O0C) and phenolic-OH) groups which readily react with cations to form a bidentate
complex. Although HS contain a higher proportion of oxygen functional groups, amino (
NHR, -NH), sulfhydryl ¢SH) and sulphide-§M) groups are also iportant binding sites for

trace metal{Smith et al., 2002 Sulphur and nitrogen functional groufzsm stronger
complexes with Cu than oxygen functional groups, but at high Cu/C ratio, complexation
with oxygen functional groups predominai€sr o u ® e t). H& Effinity foR heba®
depends on its origiKarlsson et al., 20Q6Fujii et al., 2014 One reason may be a
difference in aromaticity that potentially affects the mbiabling. Stalies have shown that

the ability of HS to complex Fe and Cu correlates with aromaticity, most likely due to the
higher density of binding sitg§ujii et al., 2014 Kikuchi et al., 201Y. Research suggests

that metals are preferably bound to functional groups in the immediate vicinity of aromatic
rings (Kikuchi et al., 201). Accordingly, the aromatic composition of HS could be more
important in determining the bioavailability of Cu than the nature of the functional groups.
Finally, since Fe and Cu bind to the same HS functional groups with very similér log
values, competition between these two metals for binding sites on HS occurs, suggesting
that cycles of these two metals are linfgdng and van den Berg, 200%8bualhaija et al.,

2015. The competition of Cu and Fe for binding sites on HS has been confirmed in natural
samples from industrial are@sbualhaija et al., 200)5however, it is necessary to determine
whether it exists in the open ocean as well. Nevertheless, complexation with Cu must be

consideed when determining the influence of HS on the global Fe cycle.
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2.8 Seassurfacemicrolayer

Most biological and chemical processes of importance occur at surfaces or interfaces
between differingphases i.eenvironments. The sea surface microlayer (SML) represents
such an interface. It covers 71% of the wgldartiis surface and controls the exchange
between the atmosphere and the océbiasdy, 1982. The SMLhas been described as
thin (tens t o gdlatinous fayelkesveen time atmospleefte and oceaade

up of organic surfacactive substances that atable at the microlay€wWurl and Holmes,

2008. SAS contain both hydrophobic (e.g., fatty acid chains, aromatic rings
hydrocarbons) and hydrophilic functional groups (e@H, -NH, > C=0 andNH-CH=0)

which favour their strong adsorptionat SMLi g | e n e | k). Theytmediate transfe2 0 2 0
processes between seawater and atmosphere, making the SML an important factor in
biogeochemical cyek e.g., seawatatmosphere gas exchange conwgrthe problem of
climate regulatior{Cunliffe et al., 2013Engel et al., 2018 The enrichment of SAShithe

SML, as well the strong surface tension forces of the interface itself, provide an area of
physical stability where compounds, particulate materials and organisms can concentrate
(Cunliffe et al., 2013Ebling and Landing, 2015 ovarS 8 n ¢c h e z ¢ Enrichihent, 2020
of DOC is regularly observed in SML, providing the source of nutrients for diverse and
abundant microlayer bacteria (bacterioneustGuinliffe et al., 2018 The DOM in the SML
includes vide variety of compounds including lipids, proteinaceous substances,
carbohydrates and transparent exopolymer particles, originating from phytoplankton
exudate material as well the microbial production and decompositicegse$Cunliffe et

al., 2013. In coastal and estuarine areas enrichment of terrestrial humic material in the SML
was also observe® | av gi | ;€uwnliffadtal., 20130 0 7

The SML is a dynamic physicochemical barrier characterized by chemical properties quite
different from the underlying water colungdhang et al., 2003 TheSML is subjected to

rapid environmental changes through geeaixtremes of temperature, salinity and solar
energy than the water colunfhechtenfeld et al., 20313®esboeufs et al., 202INormal
oceanic waves and ripples cause periodic changes in the thickties$SHL, but generally

leave it intac{Hardy, 1982. It was found that the SML is stable enough to exists above the
global average wind speed of 6.6 W) with surfactant enrichments persisting at wind speed
up to Bm st (Wurl et al., 2011Cunliffe et al., 2013Sabbaghzadeh et al., 2Q1Breaking
waves disperse the SML material into the underlaying water, but they are also facilitating

the transfer 06AS to the SML by produced bubbles. Bubble scavenging may be the most
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important mean of transfer of SAS to the SML even from the depth of several (Wéters

et al., 2011 Cunliffe et al., 2018 With the migration of SAS there can also be a flux of
trace metals to the SML, through the formation of compléRdsa v gi | &t rake | ki 20
et al., 2010h Other processes responsible for collecting the materials from the water column
are upwelling, convection and diffusion. Further transport from the SML to the atmosphere
happens through windenerated aerosols, bursting of bubbles or the evaporatiotatifeso
compoundgHardy, 1982. In addition to the bubble scavenging, another highly important
contributor of substances to tB&IL is atmospheric deposition. Trace metals are deposited
from the atmosphere to the-aiea interface through dry deposition and rair{ffdktskhidze

et al., 2019 Desboeufs et al., 202Pene zi | & Studes suggesttitalakrosols,
deposited through wet or dry deposition, often become trapped, leadingptsiderable
enrichmenof trace metalén the SML of estuarine, coastal, and open ocean &teadiffe

et al., 2013 Meskhidze et al., 2019ovarS 8§ n c h e z e Desbadufs et al.2 20210
Penezil 9. tAtmaspheric defo8itlboi can contribute a large proportion of the
particulate matter to the SMEespecially if the particles contain sufficient organic material
for stabilization at the interfacgHardy, 1982 Cuong et al., 20Q8Ebling and Landing,
2015. Due to leachmg from the particulate materials and stabilization at the SML, trace
metal speciation in the SML may be markedly different from that in the underlaying water.
This in turn, directly influences the transport of metals from the SML to the water column
and ould alter trace metal bioavailability or toxicity to marine bi@itaravoltsos et al.,
2015P1 avgi I and;Meskhidoeet &.,i20)9 2 0 1 6

2.4 Analytical approachesttottracenmetal speciation

Main goal of speciation studigsdetermination of metal species in the sample, primafily

free metal ions, widely recognized as the most important spececdassing metal
bioavailability. Equally important i€haracterization ofmetatbinding organic ligandand
determination of complexing capacity of the sample i.e., estimatitreddbility of ligand

pool to complex given metal (remove it from the freepool) at its increased concentration
and in this way t@revent its toxic effects on marine biotdere is currentlyimited number

of simple, direct, and sufficiently sensitive methods for measurements of free metal ion
concentration in seawatdue tovery low concentrations of free metal ions and the presence

of interferences in natural sampl@esavento et al., 2009rhese concentratiorsan be
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estimated using equilibrium based meth@ds Leeuwen et al., 2005uch as competitive
ligand exchangé adsorptive cathodic stripping voltammetry (GRECSV) (Campos and

van den Berg, 1994 i get a ¢,tabsente.of gradights &nd Nernstian equilibrium
stripping (AGNES)(Galceran et al., 2004Rocha et al., 20315Domingos et al., 2006
permeationliquid membrane (PLM)(Parthasarathy and Buffle, 1994nd Donnan
membrane technique (DMTYeng et al., 2005 using iorexchange colum(Fortin et al.,

2010 or selective adsorption onto a chelating resitofved by medium exchandgbl o + | et
al., 2006 and finally, using amon-selectiveelectrode (ISE)Tait et al., 2016Marcinek et

al., 202). Dynamic techniques based on flobased measurements such as anodic stripping
voltammetry (ASV)(P a L an e t) and Hiffugve gtadients in thifilm gels (DGT)

(Ci ndr i [ )eannoenieasyre freénge@l ion concentration because of the dissociation
of labile complexes in the diffusion layg3igg et al., 2006 Lability depends on kinetic and
thermodynamic factors and deter mi nasidis 61 abi | ¢
technique dependeparamete(Sigg etal., 2006PalLan e®. al ., 2021

Due to experimental limitations of direct approach in Heparation, extraction, and
measurement of different complexes, for characterization of organic ligandadirect
approach, based on the titration of the sample with a metal of interest, is usually applied
(Omanovil eRi @gét a & Dhis@pprogch pRodidesthe totaincentration

of ligands in the sample as equivalent of the given metal, called the complexing capacity.
Complexing capacity is the function of the total concentration of individual ligand classes
([L]T) and the corresponding conditional stability constavith the metal of interesK@uii).

It can be estimated using numerous direct or indirect analytical methods. In indirect methods,
the sample first needs to be separated in fractimthrfique dependetabile and inert
species) by passing through a column packed with chelating resin eelgx @80 or MnQ@

ion exchangergBuckley and van den Berg, 198&lberti et al., 2007 Fortin et al., 201))

and then the elementary composition of separated fractions can be assessed using secondary
techniquesuch asatomic absorption spectroscopy (AAS) or atomic emission spectroscopy
(AES) andor inductively coupled plasma mass spectrometry {M3¥) (Buckley and van

den Berg, 1986Pesavento et al., 2008ortin et al., 2010 However, in complexation
studies, direct methods are preferably usgebcifically stripping voltammetric methods,
ASV(Pl av gi | ePtl aavlg.i,| 1a9n8d2 PSatlramme |ek)andGLEAICEYO 2 1
(Omanovil ePRi @gét a eHarlahdcRan, 2021 pofentiometry using ISE

(Tait et al., 201%
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2.4.1 lon-selectiveelectrodes

Potentiometry with iofselective electrodes is particularly suitable for speciation studies, as
it is a direct methodpecifically designed to be sensitive to the free metahitresolutiors.

ISEs present several significant advantages: simple apphe¢aiortability, fast response,
robustness, and low cosCommercially available solidon-selective electrodes were
developed in the 1960s for Cd, Cu, Pb, andAgnt, 199). Nowadaysa large number of
ISEs exists for variasications and anions but the most used is-#SEubased on jalpaite
membrangDe Maico et al., 199) This electrode has a low detection limit enabling not
only [Cureg determination in natural samples, but also [Quj acidified andUV-treated
samples, corrected for the known inorganic side reaction) and the Cu complexing capacity
(CuCC)(Roman and Rivera, 199Xue and Sunda, 199RiveraDuarte and Zirino, 2004
Delgadillo-Hinojosa et al., 2008Ahmed et al., 2013Chen et al., 20%5Tait et al., 2016
S8§ncMeaerzzn). 2020

Under the assumption that the electrode response is caused by the Cu ion concentration at
the electrode surface, controlled by rapid and reversible reactions at the elsottdite
interface (which do not change the composition in the solution), potential of the electrode
can be related to the Cu ion activity @uee cOncentration at constant ionic strengtag(
2.1) (Hulanicki and Lewenstam, 1976ewenstam et al., 198%oyer, 1991 Tait et al.,
2016:

0o O vy Jdi#xo Eq. 2.1
whereE is the measured electrode potentak is the slope anB° the intercept or reference
potential. PlottingE vs. log[Cued should give a Nernstian slope of nominally 29.6

mV/decade change in [G44].

The CulSE application irseawaterstill faces several challenges. First, the alteration of the
electrode surfae upon continuous interaction with sample matrix (electrode corrosion,
electrode fouling by the chloride, hydroxide, organic ligands or other interferences, or
deposition of copper sulphide/silver chloride film on the electrode syracesulting in a

drift of the electrode respong€rombie et al., 197De Marco et al., 199De Marco et al.,
2007). This can beninimized by using a preconditioning step in a sample with similar matrix
(De Marco et al., 199De Marco et al., 2007 Secondly, electrode dissolution (release of
Cu from the electrode surface to the solution) prevent the analysis of solutiohgahat

[Cu]T below~ 20 nM (Eriksen et al., 20Q1Zirino et al., 2002 Solutions to minimize the
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dissolution problem include a flothirough systentEriksen et al., 1999Tait et al., 201p

or the use of a strong hydrodynamic flow via high stirriflgis candecreas the detection
limit of the method down t6.1 nMof [Cu]t (Zirino et al., 1998Eriksen et al., 199Zirino

et al., 2002 Nevertheless, if [Qu at the electrode surface is in excess of the Cu levels
originating from the dissolution of the electrode, very lowsfucan be measured (down

to a reported 18 M) (Avdeef et al., 1983De Marco et al., 20QRachou et al., 2007 ait

et al., 201%. The applicability of CSE in seawater has been tested in a number of studies
which all concluded that if the electrode is calibrated in standaxge: Guffer (e.g., Cu
ethylenediamingEN solution), it can be used for [ measurement in spite ofragh
chloride conten{Belli and Zirino, 1993De Marco et al., 1997Zirino et al., 1998Rivera
Duarte and Zirino, 2004 In this work Section4.2), the applicability of CUSE (based on
jalpaite membrane) for the measurement offgun seawater is rexamined and the new

metacalibration approach is proposeasélready published iMarcinek et al. (202))

2.4.2 Stripping voltammetry

Voltammetric methods involving the poencentration step and subsequent dissolution
(stripping step), are recognized as most promising techniques for trace metal speciation
studies, due to high sensitivity and selectiilan and Pan, 2021They are used for the
analysis of environmentally important trace metals in natural waters since(@70s 0 g et
al,1977P| av gi | )ed\bwadays, they aren®st frequently and widely used methods
for trace metal analysis in oceanograpl@oale and Bruland, 1990 offett and Dupont,

2007 Buck et al., 2012Heller and Croot, 20%5Whitby et al., 2018 and toxicological
studies(Lorenzo et al., 20Q8Brooks et al., 2007Qiu et al., 2007S § n cMaedrzet al.,

2012 Zitoun et al., 201p

In voltammetry, information about the analyte is obtairiexin the currenpotential
response. The signal depends on parameters defining thermodynamic equilibrium and
kinetic parameters such as the presence of surfactants in the sample, the diffusion rate from
solution to electrode, reversibility of the redox gges and lability of the metal complexes

(van Leeuwen et al., 20D7The electrochemical cell is usually composed of three electrodes:

(i) a working electrode applying the chosen potential and facilitating charge transfer to and
from the analyte(ii) an auxiliary electrode attaining the current flow through the cell and

(i) a reference electrode regulating the potential or current of the working electrode. The
redox reaction takes place on the surface of the working electrode. The most populay workin
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electrodes in trace metal studies are hanging mercury drop (HMDE) and mercury thin film
electrodeposited onto a carbon substrate (MTPEsaventet al., 20090 manovi | et
20150 Borrill et al., 2019. As an alternative to Hgased electrodes, different types of solid
electrodes have been applied in stripping analysis, such aqHadhg and Lin, 2009
Domingos et al., 20)6r platinum(Baldo and Daniele, 200&l Mhammedi et al., 2009

and othe(Borrill et al., 2019. Also, an hcreasd popularityhave ariseifor surface modified
carbonbased electroddStozhko et al., 2008Vanekaya, 2001 HMDE consists of a glass
capillary that is connected to a mercury reservoir. Under the applied nitrogen pressure,
mercury flows through the capillary and forms a drop at the opening of the capilMBE

has the advantage that it can be easily restored by simply producing a new drop, also
preventing the electrode fouling. The high overvoltage of hydrogen evolutibiebig drop

is of particular importance, providing wide cathodic/anodic window @etbto other
(metal) electrode@Borrill et al., 2019. Thelow limit of detection required ithetrace metal
analysis is achieved by pulse modulations of applied potential and appropriate sampling time
of the resulting current. Differential pulse (DP) and square wagé/\$nodulations are

most commonly used, lewing the detection limits down to ~ 10 nM without Jpre
concentration and to ~ 1 pM when frencentration step is includ¢8cholz, 201k For

some metalsperformance of the method can be further advanced by electrocatalysis and
improved quantification using second derivative signal transformasoghownin the
determination of platinum traceshere itlowered the detection limit down to 10 fM
(CobelecGar c?2 a ePalaéan, e Raalive tothenleth@d of poancentration
(electrodeposition or adsorption) and subsequent dissolution (strippstey) of
accumulated/deposited metal or mataimplex, there are two stripping methods: anodic
stripping voltammetry (ASV) anédsorptie cathodic stripping voltammetfAdCSV)
(Scholz, 2015Han and Pan, 2021

2421 Anodic stripping voltammetry

In ASV, in the preconcentration step, the working electrode acts as a cathode at a potential
more negative than the haifave potential of thetudiedmetal ion. The labile species of a
given metal (e.g., Cii(aq), CuCQ(aq), CuCl(aq), etc.) are continuously reduced under
constant potential over a period of time (e.g.J @DO s) during which the metal is retained

on the Hgdrop under the formation of an amalgam (e.g., CuHg). Applied potential is 300 to

400 mV more negative than the haléve potential of species wanted®reduced. For the
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stripping step, a potential more positive than the-Walfe potential of given metal should

be applied in order to fexidize the accumulated metal. During the scan, as the applied
potential progressively reaches the hatfve potentibof the metal species, oxidation of the
amalgam occurs, and the metal is removed from the amalgam back into solution. Peak
current occurs when the system reaches the oxidation potential that is characteristic to given
electrochemical speci&cholz, 201% The problem arises in determining the metal specie
that actually contributes to the signal. ASV is considered a dynamic technique meaning that
the measured concentration depends not only on the thermodynamic but also on the kinetic
properties(van Leeuven et al., 200) Kinetic properties are observed in relation to the
effective time during which the complex is available in the diffusion layer. The current is
generated due to free metal ions in the vicinity of the electrode surface, either those that
diffuse from the solution or those that dissociate from the labile complexes in the diffusion
layer. Due to the relatively long electrolytic prencentration, inert metal complexes may
partially dissociate on the electrode surface during this step. Rgdheir retention time

in the diffusion layer and changing the hydrodynamic conditions i.e., reducing the thickness
of the diffusion layer by applying more efficient stirring of the solution, enables better
separation between labile and inert metal g€mano v i | )eHowevdr,in ASVL 9 9 6
the dissociation of labile organic species cannot be avoided nor quasatifted js reflected

in the estimation of the free/bioavailable metal species. Some model toxicological
experimentshowed a very good agreement with the labile Cu estimated by ASV and its
bioavailability/toxicity (Tait et al., 2016S 8 n cMarz2 n). 2020

2422 Adsorptive cathoedic stripping voltammetry

In AdCSV, known artificial ligand is added to the sample, forming an electroactive complex

of known stability constant with metal of interekir examplenioxime for analysis of Co

and Ni(P®r ez Pe{a; Vega and van den B&@ 499Ci ndr i | ¢t al .,
diethylenetriaminepentaacetic acid (DTPA) for (Boussemart et al., 199P a L an et al
2019 or 2-hydroxybenzaldehyde oximedlicylaldoxim& SA) for Cu and Févan den Berg

et al., 1990 Rue an Bruland, 1995Buck et al., 2012Waska et al., 2096 The resulting

complex is adsorbed ahe mercury electrode at the applied deposition potential. In most
cases, the selected adsorption potential is slightly more positive than the reduction potential

of the metaligand complex. Usually, the adsorbed complex does not undergo an oxidation

or reduction reaction during pi@ncentration step. The complex is deposited on the surface
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of the Hgdrop for a certain period (e.g., 850 s) after which it is reduced, and the metal

is stripped back to the solution by changing the potential in theineghrection(Scholz,
2015). The fact thatin AACSV, the reduction of metal complex with added ligéadsorbed

on the working electrodes the cause of the peak current, enables the use of this method in
thesecal | ed O6competitive | i gandspectomanaygie 6 ( CL
The CLEAJCSV method involves titration of the sample with increasing increments of the
metal of interest and is based onatguilibrium distribution between added ligand and the
natural organic ligands present in the samplée CLEAdCSV method for the
determination of copper speciation was developed in 1984 Den Berg, 1984busing
1,2dihydroxybenzene (catechol) as an added ligand. In addition to catechol, 2
hydroxytropone (tropolone) anddroxyquinoline (oxin) were used. Salicylaldoxime was
later proposedCampos and van den Berg, 19&hd nowadays is most widely used added

ligand in copper speciation studies.

2.4238 Interferencesiinithesstripping analysis

The most common interference woltanmetric stripping techniqueis the fouling of the

mercury electrode by organic substan¢®ander and Henze, 1998urst and Bruland,

2005, mainly HS due to thelarge molecular structure aradfinity to mercury(Whitby,

2016. This is known as the surfactant effect. Adsorption on the mercury electrode changes
the capacitive current, and at the same time affects the Faraday processes and obstructs the
stripping stepresulting in lowesensitivity and/or deformation of the resultant voltammetric
peak(Scarano and Bramanti, 1998 | a vtcpi., 1994elouis et al., 2008Pal an et al
2021). For example, in the ASV method, surfactant effect causes a broad and relatively high
peak that overlaps with and is often incorrectly assigned to the oxidation peak of copper
(Omanovi i P Similarly, inthe CLEAIGSV method, the peak reduction current

of the CuHS complex occurs at a close reduction potential of th&&weomplex (~0.3

V). This is particularly pronouncealt low copper concentrations i.e., at the beginning of
complexometric titration, and interferes with the determination of complexing capacity at

low SA concentratiorfWhitby, 201§. Since desorption of surfa@etive substances from

the electrode surface occuaspotentials <1.4 V (Sahlin and Jagner, 199@he secalled
6desorption step6 ( DSirfactaat sffeqgiScavapcoasdeBdamanty, r e d u
1993, i.e., switching to very negative potentials (e-3.5 V) for a short time (e.g.,i13 s)

at the end othe deposition periodyhich isgiving a better electrode response and a-well
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defined peaKLouis et al., 2008Louis et al., 200Q Applying the DS step can remove other
interferences as well; e.g., applying the DS0a2 V for 3 s removes iodide peak usually
occurring ~-0.15 V in the AdCSV scafWhitby and van den Berg, 20l3However, in
samples with high DOM content, such as estuarine samples, some surfactant effects can exist
even with DS. Proposesolutions for analysis of this type of samples(grihe addition of
norrionic surfactant polyoxyethylereoctylphenol (TritorX-100) which competitively

inhibits the adsorption of natural organic substances onthe Hg ele@adé an e? al

or (ii) dilution of the samples witluV-digested sample dgV-digested seawater of equal

salinity to the sample being analyg@dbualhaija et al., 2035V hitby et al., 201Y.

2.4.3 Theory of complexemetri¢ titrations

As mentioned above, most common approach for determinatithre afetal speciation in
natural waters is based on the titration of the sampleimdgtkasing increments of the metal
of interest.The theory behind the complexometric titrations assumesitltrerse organic
ligands in natural waters can be describedibgrdte binding strength model (one or more
ligand classes,il.wherel = 1 is the strongest ligand class amd 2 , rank theasubsequent
weaker ligand classes) and (ii) that they form a 1:1 complex with the nital Z.2)
Omanovil ePi géta @01&la., 2015

- ., 0. Eq. 2.2

whereka andkg are equilibrium association and dissociation constants, respectively and ML

are all complexes of given metal with organic ligand&"afass.

Each discrete ligand class is distinguished by its individual conditional stability constant of
complex with netal of interest. Whildrue thermodynamic constants are defined as a
function of the activities, it is convenient to use conditional stability constants dependent on
the concentration of each spe(is). 2.3) valid for given ionic strength.

Uee

0 - Eq. 2.3
TQ q .

- D,
where L§ represents the natural organic ligands not complexed with the metal.

Mass balance for metal and each ligand class in natural waters is gitzen Byl andEq.

2.5, respectively:
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- - -8 -, Eq. 2.4

’ ’ B T Eq 25

where T denotes tot al iMKijis theosum &f dll commplexasiof | i g a
given metal with inorganic anions: QKCI, F, CO:* and B(OHY).

The ability of each ligand class tmmpete for a metal iethe likelihood a particular
complex will form given the presence of competing ions within a complex mjxgire

described with side reaction coefficient, givenHxy. 2.6 (Gledhill and Gerringa, 2037

| — v 92, Eq. 2.6

The aggregate effect of inorgatigands is given by inorganic side reaction coeffici&hit)
(Pi geta &t al., 2015
- 0

| - = Eq. 2.7

where [Mj is the sum of all metal species besideili., free metal ions and its inorganic

species.

Conditional stability constants can be expressed either agdins} (Kawii) or [M § (KGvs i)

for a given solution composition which should always be clearly denoted since the difference
between them can be up to two orders of magnitude e.g., f@@@uw novi | ot al .,
As shown inEq. 2.7, the conversion factor between #@i andKaus iis given by thdls

2.4811 Competitive ligand exchangemethod

CLE method is based on the equilibrium distribution of increasing concentrations of metal
between added synthetic ligand (AL) and the natural organic ligands present in the sample.
The measurement is performed after equilibrium has been estabkgisethethod that uses
competitive reactions to determine complexing capacity was developed irf{Hi882 et

al., 1982 where the complexing capacity of Cu and Zn in the seawater was determined using
ethylenediamine tetraacetic acid (EDTA) as added ligenadchelating resin extraction was

used for separation of the metaégps.

The addition of the synthetic ligand transforms the mass balaticeragtal in the solution
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as shown ireq. 2.8:
- - - 8 o - b Eq. 2.8

w h e ri[BI(ALY ] is the sum of concentrations of all metal species formed by added ligand,

each defined by its conditional stability constant:

0 Eqg. 2.9

where A L]&epresents the concentrations of the competing ligand not complexed with

metal.

It is important thathe selected AL effectively competes with the ligands in the sample and
its concentration is sufficiently high so the labile species can be neglected. Same as for the
natural ligands, the ability of added ligand to compete for a metal is described witteits

reaction coefficient, given bigq. 2.10:
| 0 al Eq. 2.10

In cases when more than one complex betwéandAL is formed, all should be considered
in calculation ofUuaci; e.g., for the mono and bis GA complexes with conditional

stability constant& & andb®, respectivelyBuck and Bruland, 2005

~

# B! :
e f @03 ! Veed3 ! Eq. 211

There are two stoichiometrically correct possibilities for-$A species: (i) Cu(SA)+
Cu(SAY if Cu is complexed by SAand (i) Cu()* + Cu()2 if it is complexed by". In the
attemptto determine true G8A speciesKkogut (2002)showed that later is corremivingto
dependence of the stability constants on pH i.e., proton competition. However, in this work

standard abbreviations of CuSA and Cu(S#e used.

It is assumed that the unbound concentration of added ligand is equal to its total
concentr at i onrsincedALf >> [MpLHOWever it sholld e noted that for
a low [AL]t this assumptiomo longer holds and decreasihgA L 6 ] shoul d be i nc

calculations along the titration with.M

Throughout this thesjshe side reaction coefficient of the Cu(Sa9mplex was calculated

usingsalinity relationsgdetermined byCampos and van den Berg (1994)
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1 TG pH¢ Mro MY Mr¢d IHQa Qe QO w Eqg. 2.12

T pgyY My mo mixd iQaQ: Q6 w Eqg. 213

2.4.82 Detegtion window

It is important to understand thab single analytical method can provide a detailed
description of all the species involved lsah only detect a certain fraction of the entire pool

of ligandsthat lie within a given characteristic thermodynamic and kinetic win@dawn

and Filella, 2000aWhitby, 2016. The labile fraction i.e., the concentration of metal species

t hat can be measured by given met hoFdr i s co
example,in CLE-AdCSV, detectable specieseahose bound to AL thus dependent on its
competition strength, whereas in dynamic techniques such as ASV or DGT, detectable
species are free ions and labile complexes dependent on the kinetic window i.e., effective
time scale of the technique and thefulifon layer thicknes¢van Leeuwen et al., 20R5
Comparison of DGT and ASV method indicated tA&\V-labile Cu species account for ~

66% of DGFlabile CuspecieCi ndr i | )eMost&$\lapile Go@eldes are also
labile to Chelex 100 resins usedDGT, whereasome DGHabile species are inert to ASV
which has higher discrimination towards accumulation of organic complexes i.e., narrow
kinetic window as a result of shorter effective time of the measurement and much smaller

diffusion layer(van Leeuwen etal., 2008i ndri | et al ., 2020

The detection window of the method determines thegeanf detectable ligand
concentrations and stability constamsrule-of-thumb existswvhich states that detectable
complexes are those withwi within two order of magnitude dhe centre of the detection
window (DW)(van den Berg et al., 1990/ells et al., 201Bexpressed as the aggregate side
reaction coefficient of alvell-definedligands in the sample, given li8g. 214(Pi get a et
al., 2019:

$7 - | | Eq. 2.14

For measurements performed at higher DW, lower concentration of natural ligands is
obtained but with higher conditional stability constant, yielding higk@rrelative to the

lower DW (van den Beg and Donat, 199Bruland et al., 2000 When performing titrations
without AL, Uua. = 0, DW would be equal only to inorganic side reaction coefficient, i.e.,

DW =Uu s As a result of a lower detection window, the obtained stability constants by ASV
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should be lower than those determined by the -BHESV method in the same sample,
whereas the obtained ligand concentrations should be Highreden Bey et al., 1991

Being dependent on the competition strength of AL, the advantage of CLE methods is the
ability to changeDW in several orders of magnitude by simply changing the type or
concentration of AL i.e UuaL. Addition of a larger quantity o&L entails more competition

and vice versgSander et al., 20)5The UuaL is selected to be high enoughinorganic

metal complexesould be neglected. However, it must be kept in mind that too High,
although showing better resolution of the sggenligand class, may miss out on weaker
ligands by completely outcompeting them. For example, applying todCkighwill show

only one ligand class with a sufficiently strong stability constant. On the other hand, at too
low Uva, strong ligands would beiased by the weak ligands. Furthermore, to successfully
resolve the two ligand classes, the difference between their conditional stability constants
needs to be at least the two orders of magnifUdels et al., 201B Following the above
mentionedule-of-thumb, br any given window there will be organic ligands whose binding
capacity is undetectable. To overcome these limitatiGas)pos and van den Berg (1994)
andMoffett (1995)suggested performing complexing titrations at different fAlg., ata
multiple deection window (MDW). However, analysing the individual detection window
titrations separately yields a different ligand concentration, each with a different conditional
stability constantThe study performed yuck and Bruland (200%nplementedhe MDW
approach for the analysis of Cu speciation in the San Francisco Bay using 5 different
concentrations of SA. Separate analysis of 5 titration datasets generated continuum of
complexing parameters values, but despite this, each DW provided consisiggtrfSults,

as previously observed Bruland et al., 2000 To explain this occurrence, the idea of
continuum of ligands instead of assumed discrete number of ligands has been suggested,
causing a range of complex stabilities to be messas a function W (van den Berg et

al., 1990 Bruland et al., 2000Although,Wells et al. (2013andSander et al. (201%8rgued

that the obtained continuum of complexing parameters at vabiduiss an artifact of the

data analysithat results from overparameterization i.e., too many parameters askatal

with too few pointsyather than a correct representation of the organic ligand distnbutio
Same conclusion came out of a critical evaluation of commonly used methods and
calculations in complexometric studigzerringa et al., 20)4Neverheless, variation of the
obtained complexing parameters restricts their comparison to studies employing the same
analytical conditions, highlighting the shortfall of single detection window approach, but
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also of the separate interpretatiordatasets obtaed at variou®W. To address this issue,
Hudson et al. (2003htroduced thepproach in whictMDW titrationsare interpreted as a
unified dataset. In their studguck and Bruland (200%redicted future [Citd at increased

[dCu]r up to 200 NM not exceeding the toxicity threshold for ambient diatom populations of
10 pM. HoweverWells et al. (2013)yeprocessed their results as a unified MDW dataset
showing that the future [Gee] at high dCulr was actually underestimated. The primary
difference between these approaches was in the characterization of weaker ligands, most
important for buffering [Cited against increasing [Cu](Wells et al., 2018 Finally, an
intercomparison study joining 15 laboratorigsi g et a  e)trevealéd.that ud@fiedl 5
analysis of MDW datasets yields best estimation of the true ligand parameters regardless of

the basic mathematical approach taken.

The MDW approach enablesmore comprehensive view of metal speciation by detecting
the full range of organic ligands in a sample. Despite this, few studies have employed MDW
to fully characterize Gbinding (Campos and van den Berg, 1984bffett, 1995 Moffett

et al., 1997Buck and Bruland, 200%undy et al., 201,3Heller and Croot, 20155ander et

al., 2015 Wong et al., 2018Ruacho, 201pand Febinding ligands(Bundy et al., 2014
Mahmood et al., 2095n seawater. Among these studies, simultanecarsessing of MDW
titrationswas applied to explore the effect of natural organic ligands on Cu speciation in San
Francisco BaySander et al., 20)5for the analysis of Cu speciation along GEOTRACES
GP16 transect published as a parRaficho (20193octoral thesis, and for the analysis of

Fe speciation in Mersey River estuary and Liverpool Baghmood et al., 20)5being
among the first studies usingnitied analysis of MDW dataset$he MDW approach is
rarely used due to large sample volume requirement, time intensive nature of analyses, and
complexed treatment of unified MDW dataset (discussed in the next section). It involves at
least 3 titrations, each requiring at least 150 mthefsample (10 mL aliquots for each of
recommended 15 titration poin8 i g e t a01®)@and analysis tinke of approximately 2
hours per titration, making it impractical especially when a high number of samples is
involved in the studysuch asstudies in GEQRACES program(Thompson et al., 2014
Heller and Croot, 2013acquot and Moffett, 201 Boiteau et al., 2016V hitby et al., 2018
Ruacho et al., 2020These issues are addressed in Sedtibri, offering simplified, less

time and sample consuming procedure of performing MDW titration and analysis.
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2.4.83 Complexometric datatreatment
In ASV and CLEAdCSV, current generated during the st step Ip) is related to the
amount of metal accumulated on the electrode surface during antecedent deposition step

according with operational sensitivity parame®r(Pi get a &t al ., 2015
‘O YO- Eq. 2.15

with [M] measbeing the concentration of measured ASM b i | e met a[MAlpeci es
in ASV and CLEAdCSV, respectively.

In complexometric titrationdp i.e., [M]measis relatively low as long [M]< < i[L¥r. When

[M]Ta [the]curvature is obtained. When the complexation capacity of the natural ligands
in the sample is saturated all further added metal is measurdglinokases linearly with

[M]1. From linear portion of the titration curve the sensitivity can be obtginésinal
calibration). Knowing the sensitivity of the method anel concentration of dissolved metal

in the samplean estimate of [M:¢], and thereby [MH, is possiblgWells et al., 2018 The
titration data can then be interpreted using one of several established fitting methods:
Rugil/van den(RB§gr §; vaRde® Bdg) 1992or Scatchard (SC)
(Scatchard, 194R u § i | ) linearigafich Eq. 2.16 andEq. 2.17, respectively) and the
nornlinear Langmuir/Gerringa (L/G) methd®erringa et al., 1995Eq. 2.18).

- - P
— — 75 Eq. 2.16
— 0 2-, 0 D2, Eq. 2.17
b O, O Eq. 2.18
" p 0 O 4 =

While Eg. 2.167 Eg. 2.18 assume the presence of only one ligand cladseisample, by

extending thé&eq. 2.16andEqg. 2.18 R/VDB and L/G can be applied for two or more ligand

models, whereas for SC an explicit analytical solution for more than one ligand model does
notexisfOmanovi [ & Datatransforme?! 0sing R/VBD and L/G transformations

can be modeled using ndinear regressioifMoffett, 1995 Pi get a and )&r ani c a,
well as by splitting the titration curve into quasilinear parts representative of each ligand
class(Van den Berg, 1983aBoth, linear and ncehinear regression, invert the actual
independent ([M]) and dependent variablek, Or [Mmead) of the experiment; Nltred is

defined as independent and dependent variable calculated from bei# fkd [M]r.
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Intercomparison study b i g et a e tperf@rhed on(sitn0ldtes Hata revealed that
linear regression gids larger bias than ndmear isotherm fitting, but the best results are
obtained bydirect modeling i.e., solving truly dependent/independent relationghis,
[M]T using analytical solutiongShuman and Cromer, 1978®udson et al., 20Q3or

numerical approacfGarnier et al., 20Q45ander et al., 201 Wells et al., 2018

Primary causes of inaccurate fits to observational data are incorrect sensitivityodet

for describing complexation equilibria (number of ligand clas$es) g e t 2015 Being | .

a large source of error in determination of complexing parameters, sensitivity estimation is

one of the main concerns in speciation measurements. There aiad seathods available

for determining the sensitivitfHudson et al., 20Q3Internal calibration i.e., calculatirty

from the final titration points, is the most convenient, however it requires all natural ligands

to be fully saturated which is often incomplete despite apparent linear response.
Furthermore, completely titrating weak ligands requiresr [t is often byond the linear

range of the systerfHudson et al., 2008uck and Bruland, 20Q5Since the slope of the

linear part of the titration curve theoretically equals the slope of a titration curve obtained in

a sample without ligandS,could theoretically be determined externally by standard addition

of metal in reference material e.gly-irradiated sample. Althouglg determined inJV-

irradiated samplecould be overestimated since surfactants, particularly HS, which are
degraded byJV-irradiation, can lower the internal sensitivity in GIAECSV (Kogut and

Voelker, 200}, concerning mostly coastal and estuarine samples rich indd&mpensate,

both sensitivities are sometimes used, \thin internal sensitivity serving as a lower bound

and the sensitivity fromtheVv-i r r adi at ed sampl e servii®g as t
is estimated by visual inspection of the model curve fit to titration (Weteng et al., 2018

Turoczy and Sherwood (199proposed recursiva ppr oach f or esSti mat.i
suitable for one ligand model, involving iterativeagtimation of initialS based on error
minimization protocol i.e., untilS [L]T and K&.. from backcalculated titration curve

converge to stable value. This approach was further imprioretthe tweligand caseby

combining it withnon-linear(Wu and Jin, 200Rand linear regressidihaglera et al., 2013

Kogut and Voelker (200l r oposed solution to above probl
titrations i.e., esmatingSusing internal calibration at [AkJthat greatly exceeds all natural

ligands in the sample, assuming that surfactant effect is independent ef [Adfeover,S

is believed to be different for ea@dW in CLE-AdCSV e.g., for CtSA system, further
complicating its estimatiofKogut and Voelker, 20Q1Hudson et al., 2003 This can be
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resolved using correction factors fat any [AL}r relative toS at arbitrary [AL}r (Sna)

expressed aBaL values(Hudson et al., 2003

Y Al Eqg. 2.19
oV g. 2.

In each of these approaches, sensitivity is estimated separately of speciation madeling
additional approach is to incorporéeas an unknown parameter in fitting procedure and
simultaneously estimat@and complexing parameters using direct modeling based on error
minimization protocol between experimental and beakulated titration datéHudson et

al., 2003 Garnier et al., 2004Sander et al., 200D manov i | e tEveathough 2015 a
optimal internal calibration is obtained when coupled with direct modeling, it cannot
guarantee accurate estimatecsahplexing parameteiia CLE-AdCSV if single detection

window is appliedHudson et al. (2003ptroduced analytical solution which allowed for
simultaneous calibration and speciation modeling of MDW titratiors @asified dataset,
implementing unified sensitivity for aW (S”N') based oiRa. determined iJV-irradiated

sample. While this approach was suitable for one and two ligand nSacheleet al. (2011)

developed numerical approach for interpretation of MDW w#f\' by calculating

speciation basedonmassa | ance r esol ut inbaducedfbyGanieretad.r el 6 s t
(2004) which is suitable for model describing up to five ligand classes.

Unified MDW analysis was made more convenient with development of publicly available
stateof-the-art processing tools such as KINETEQHudson, 201% and ProMCC
(PROCSECEMetal Complexing CapacityOmanovi | €tKINETEQL soh&pid 5 a

an Excel dynamically linked lilary that contains routines to perform chemical equilibria

and kinetics operations using Morel ds tabl e
program for complexometric data treatment and for theoretical speciation simulation. Its
great benefit iprompt graphical feedback which allows visual inspection of model fit to
experimental data and therefore teeognition of potential false estimatéisincorporates

both fitting methodologies, conventional nimear fitting methods (R/VDB and L/G) and
complete complexation fitti ngbalanoedeguatibnsb as e d

allowing the treatment of unified MDW dataset.
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3 EXPERIMENTAUPART

3.1 Study site

The KrkaRiver Estuary is situated in the Croatian coast of the AdriatiqBgare 3.1).

Krka canyon, same as most of the Croatian coast, is covered in limestone prone to karstation.
This process forms tufa barriers, which in turn create lakes and waterfalls along the river
flow. The tufa barriers and waterfalls are basic natural phenomenon of the Krka National
Park. National Park occupies the midtiever course of the Krka River and the upper part

of the estuary, just a few kil ombdgnsatier nor t h
the last and the biggest (46 m high) waterfall, Skradinski Buk and stre28tfkm in

length, through Prokljan Lake theSt. Anthony ChanndFigure 3.1). Water column depth

gradually deepens from 2 m below the Skradinski Buk waterfall (station 0) to 43 m in St.
Anthony Channefstations 11 13). Pr okl j an Lake (station 5)
10) are two widest parts that stbout from generally narrow estuary. As a result of its
specific geography and low tidal influence (~ 30 cm at the head and ~ 40 at the mouth of the
estuary(Le go vi | @& the esthary,is pdrradehtly stratified. Surface fresh/brackish

layer (FWL) is separated from the seawater layer (SWL)reghHwateiseawater interface

(FSI) formed at a depth between 1.5and@me go v i JIC,i ng 91 Marcinek . , 20
et al., 202). Extension of the surface layer and exchange time of both freshwater and
seawater depends on the Krka River flow, which rafrges 5m? st in late summer to 400

me stin spring, with mean annual discharge of 52%&fBu gan| i | ).cSeawatdr . , 20
exchange results from the velocity shear formed between FWL and SWAingahe

movement of the upper verge of SWL toward the(bea g o v i ). Seawht@erdehewal

time ranges between 50 and 100 days during the high river flow and up to 250 days, in wider
parts of the estuary, during the low river flqlv e g o v i ). Strorig @®dlpersistent
halocline at the FSI prevents the exchange between the layers and acts as a physical barrier
for the large part of sinking particles. The FSl is thus enriched with trace elements, nutrients

as well with the dissolved and particulateganic matter, including living and dead
microorganisms of freshwater and seawater oriyiri | i | i | eQauwet,1991 1989
Sempere and Cauwet, 19%ilinski et al., 200QLouis et al., 200Q
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Figure 3.1. Map of the Krka River estuary with marked sampling stations. The right panel shows the
shape of the bottom depth with the indication of sampling stations and specific regions.

Due to the absence of significant anthropogeniluence along the lower river flow and

self-purifying ability of the river, the freshwater entering the estuary is exceptionally clean

in terms of trace elements and biogeochemical markers, and comparable to tfemwoskd

pristine riverine systemgBilinski et al., 1991 Scribe et al., 1991 e go v i |

Cukrov et al., 2008C i

featuring the environment of an open §€ai ndr i |

ndri i

et

al .,

g The eobstal seavdltet 5 also unusually clean,

e Marciaek et,al., 20001

5

However, concentrations of several trace metals (Cd, Cu, Zn, Pb, Co, Pt and Cr) are lower

in the riverine endnember than in the open coastal €@a ndr i |

2019 Pal an

ePta Laln.

to the scarce vegetation in tkeka canyon and tufa barriers and lakakng the river flow

that retain much of the already low organic material and sediment(@madvet, 1991

48

,et2 015

e 1), emphasizing thé cke@nliness of the Krka River. Furthermore, due



3. Experimental part

Scribe et al., 199Marcinek et al., 2020 input of terrigenous organic matter in the estuary

is remarkably low. Since there is currently no heavy industrthenarea, there is no
considerable pollution within the estuary. Beside few settlements at the beginning of the
estuary, most of the anthropogenic influence is related to its lower part, regarding mainly the
harbour activiti es vernhegreagestconcery fordhie he@th of ehis i k .
ecosystem is caused by the seasonal anthropogenic pressures related to increased boat traffic
and touristic activities during the sumng€ri ndr i | €t nal i | Zékio® | . , 2 (
2021).

With an annual nutrient input of 3510° mol N, 1.8 10° mol P and 36.4 10° mol Si, the
estuary is a fimited system(Gr get i | ;eStvensan etlg 200%).9A8clmulation of
nutrients is posble in wider parts of the estuary resulting in highest production in these
areas. Visovac Lake, preceding the estuary has an important influence on the estuary, as a
place of freshwater phytoplankton blooms. Entering the estuary, increased salinity causes
mortality of freshwater phytoplankton and most of the cells sink to the bottom before
Prokljan Lake where they are remineralized, supplying the nutrients to marine phytoplankton
below the haloclindL e g o v i | e ;tPetr&cibli. et al., 11999 Asba resultof longer
seawater retention in summer, accumulation of sinking particles from FWL causes higher
bacterial activity and significant increase in nutrient values. At occasions of particularly high
production in Visovac Lake and within the estuary, this ead ko late summer hypoxia, in

the shallow part of the estuafly e g o v i | e Petriaioli et,al., 19969 1 b

3.2 Sampling campaignsand samplescollection

Field campaigns were conducted in two seasonally contrasting periods of the year, the
summer and winter, over the course of four ye204,7 to 2020 Table 3.1) at locations
shown onFigure 3.1. Figure 3.2 presents the water level of the Krka River during this
period.Samples of the vertical colunanthe site in front of Martinska marine statiingiure

3.3; station M inFigure 3.1) were sampled in every campaign with aim to investigate Cu
speciation (sampling dates: July’2a@nd December®] 2017; July 2%, 2018; February 12

and July 2%, 2019) and trace metal siZractionation (sampling dates: July'28018;
February 11 and July 3%, 2019; July 2%#and September $02020 and April 7, 2021).
Samples were collected 6 depths (M1 M6) respecting the salinity profile: M1 and M2 in

the FWL, M3 and M4 at FSI, M5 and M6 in the SWh. addition to vertical column
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sampling, sampling at 16 stations along the whole estuary trafsent $kradinski Buk
waterfall to the costal area, south of the Island Zlarin; statioris1b in Figure 3.1), was
conducted at 2 depths (surface: 5 th and near the bottom) with the aim twestigate

DOM sources and dynamics in the estugegmpling dates: February 1zand July 24,
2019).0n July 24", 2019, additional 6 samples were collected in the Krka River at stations
K11 K6, located 0.9 13.8 km upstream of the estuary, when atpbkankton bloom
occurred in the Visovac Lake (station K4). Biophysicochemical characterisation of estuarine
waters was achieved by measuring the biophysicochemical parameters (salinity,
temperature, oxygen saturation, chloroplg/l{chl-a)) along theestuary transect in five
sampling campaigngampling dates: July ¥8and December' 2017; July 19, 2018;
February 1% and July 24, 2019).Finally, continuous sampling (every two hotn@m early
morning to late in the evenihgf the surface mialayer (SML), underlaying water (ULW

~ 0.2 m depthand bubbled surface microlayer was conducted in front of the Martinska
marine statioffsampling dates: July 34and September 30 2020)
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Figure 3.2. Water level of the Krka River in period between June 2017 and Decembelli282). (

Red lines indicate the dates when sampling i.e., measurement of biophysicochemical parameters
along the whole estuary transect was condyetee@reas green and blue lines indicate the sampling
dates of vertical column in front of Martinska marine statmd sampling of surface microlayer,
respectively.
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Table 3.1. The dates and positions of sampling along the studied period.

Vertical column  Vertical column . . . ..
Estuarine transeét Estuarine transedét

(6 depths) at site (6 deptls) at site . . : SML, ULW and
M i Cu speciation M i trace metal biophysicochemical - study of I.DOM SML-bubbled
. . . parameters dynamics
study size fractionation
22.7.2017 - 18.7.2017. - -
1.12.2017. - 4.12.2017. - -
22.7.2018. 28.7.2018. 19.7.2018. - -
12.2.2019. 11.2.2019. 12.2.2019. 12.2.2019. -
24.7.2019. 31.7.2019. 24.7.2019. 24.7.2019.+K1K6 -
- 24.7.2020. - - 24.7.2020.
- 20.9.2020. - - 20.9.2020.
- 7.4.2021. - - -

Figure 3.3. Martinska marine station (station M).

Samplesof the vertical c ol u maypewerticael wateo dampéec t e d
(Figure 3.4) (link3) or by scuba diver, at 6 depths, selected according to the measured
vertical salinity profilesand the total water column degthin FWL, 2 at FSI and 2 in SWL).

For surface sampling a clean 1 L FEP bottle was mounted at the end of a ~ 3 m aluminium
telescopic pole and the sample was taken from the boat at a depth of aboutFighima (

3.4). The SML was collected using anhiwuse constructed rotatinguin sampler controlled

by a battery powered gear electromoteig(re 3.5) (link4). Collected SML was stripped

from the drum cylinder directly into the sampling bottle using the polytetrafluoroethylene
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(PTFE) wiper mounted onpolycarbonatéPC) support. The SML was additionally sampled

after generating the air bubbles ~ 0.5 m in front of the drum sampler at depth of ~ 0.2 m.
This was achieved by pumping the air through the holey PTFE tube. Formed foam was then
collected by the rotating drum andigéd into the sampling bottle. To avoid any trace metal
contamination, sampling was conducted from rubber boat propelled by an electric engine.
The SML thickness was calculated according toBge 3.1:

|

5 Eg. 3.1

wherenis the number of the rotationg, the volume of the collected sampdethe diameter

of the cylinder (0.395 m) antg the width of the cylinder (0.498 m). About 28 rotations of

the drum were required to collect a ~ 1 L of the sample and accordingly calculated thickness
ofthe SML ism) was 60 N 5 Om.

Figure 3.4. 6 B u t t-tgpe Vettigaldwater sampler (left) and surface sampling using FEP bottle
mounted on aluminium telescopic pole (right).
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Figure 3.5. Sampling of the sea surface microlayer by a drum sampler.

Vertical profiles of biophysicochemical parameters (depth, salinity, temperature, oxygen
saturation, turbidity, chh) were measured every time during sample collection, at every
sampling statiorhy using the EXO2 multiparameter CTD probe (YSI, Xylem). The sensors

of the multiprobe were checked and calibrated before each field campaign. For each sensor
(except temperature and depth) a faci@gyommended twpoint calibration was
performed, within3 m above the sea level. Apparent oxygen utilization (AOU) was
calculated using the Ocean Data View software (ODV, version §3chjitzer, 2002, as

the differencébetween the calculated oxygen at saturation at the same temperature and the
oxygen measuredin situ (Garcia et al., 2018 The vertical distribution of
biophysicochemical parameters along #@stuary transect were interpolated using DIVA
gridding in the ODV software, whereas DOC, CDOM and FDOM parameters are shown as

coloured dots since the number of the data points was not sufficient for good interpolation.

3.2.1 Samplepreparationandsstarage

After the sampling, samples were filtered immediateMpoard orin the laboratory within

4 h after the sampling, using pceeanedcellulosenitrate, syringeanounted, capsule filters
(0. 2 & m ,Mmisaet, Sartorius) or under the nitrogeressure (~ 1 bar) through 0.45
em (47 mm i n dAdinimateentermbrane fitees|(Sadorius)s wsing Sartorius
polycarbonate filter holder (model 1651 Ejdure 3.6).
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Figure 3.6. On board filtering (left) and polycarbonate filtration system for filtration under nitrogen
pressure (right).

For size fractionation purposes, additional
Sartorius) were used, and the truly dissolved fraction was separated by centrifugal
ultrafiltration (4000 rpm, 30 min; Eppendorf centrifuge, model 5804) through a
polyethersulfone (PES) ultrafiltration membrane with a nominal molecular weight of 3 kDa
(Sartorius, Vivaspin 15 Turbo ultrafiltration spin columnRepeated tests showed that
selected membrane and syringe filters are contamination free, since the MQilteater

through the preleaned system showed no contamination with metals of interest, DOC,
CDOM or FDOM. Ultrafiltration system however showed the gain of DOC and absorbance

peak during filtration, even thougPES was proposed as the best membraneriadafiar

DOM filtration (Karanfil et al., 2008 Possible source of DOC and CDOM contamination

is |leaching from polypropylene hol der under
the centrifugation. UWiafiltration was therefore used only for the determination of the metal

concentration in the truly dissolved phase.

Filtered and unfiltered samples intended for the determination of total metal concentration
in given size fraction were acidified by addiiof 0.2% v/v HN@s.p.to a pH < 2ZandUV-
irradiated (250 Whigh pressure Hg lampHdanau, Germany) for at least 24 h in order to
decompose the natural organic matter. Trace noetatentrations measured in unfiltered
samples represent adighchable (quadbtal) metal concentrations and within the text are
referred to as total metabecentrations ([My), while the concentrations measured in filtered
samples are referred to as total dissolved metal concentratibtjs)[In the study of metals

distribution between different size fractions, the filter pore size is specifically indjcate
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whereas everywhere else in the text ti]fr refers to concentration measured in 0.2 or
0.45 Om fraction.

Filtered samples intended for Cu speciation studere preserved with 0.25 mM Nabind

kept at natural pH (pH sItwhs rgconhnerledhottoate 4 A
NaNs for preserving the DOM samples for optical measurem@eselletti Brogi et al.,

2019 thus the samples intended for DOZOM and FDOM analysis were storeddah C

without preservation until analysis which was carried out within 1 month. The filtration
through 0.2 Om pore size filter removes mos
of absorbance and fluorescence showed no change in the spectrammreghlsame as the

DOC concentration. In special cases however, when the DOC concentration in the samples

was measured after more than 1 month, samples were preserved with 2HyG L.

3.8 Reagentsand chemicals

Reagents and chemicals were prepared at roo
(18. 2 Mq, Synthesis A10, Millipore, USA; r
cleaned FEP (Fluorinated ethylene propylene), LDPE (Low density polyethylef&} o
(Polycarbonate) bottles. Hydrochloric acid (30% w/w K@brapuri s.p, Merck) or nitric

acid (69% w/w NaN® ROTIPURAN SupraCarl Roth) were used for the preparation of
reagents and acidification. Neutralization was done using sodium hydroxide wWB0%

NaOH s.p, Mer c k) at appropriate di | wotsimolae. pH v
natural conditions in seawater) by addition of a borate buffer containing 2.5 M boric acid
(H3BOs s.p, SigmaAldrich) and 0.4 M NaOH or 0.9 M ammonium hydroxide ¥2%v/w

NH4OH s.p, Merck), whereas pH > 9 (in solutions for-GRE calibrations) was maintained

by addition of a borate buffer containing 1 MB®Os and 0.6 M NaOH. The final borate

buffer concentration in solutions was 0.01 M. The pH was measured usingle plmction

pH electrode (Mettleffoledo) calibrated against NISWN&tional Institute of Standards and
Technologytraceable pH buffer solutions 4.0, 7.0 and 10.0 (Merck).

Synthetic solutions for model experiments were prepared using sodium nitraiiwom so
chloride (NaNQ@ or NaCl; boths.p, Merck) to control the ionic strength, or organic matter
free seawater (UVSW). UVSW was preparedWy-oxidizing filtered seawater for 24 h
using a homebuilt system (250 W highessure mercury vapor lamp), to decosgnatural
organic matter. It was then purified using Mrgdspensioffvan den Berg, 200t least 12
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h at room temperature before triple filtration throughpre e aned 0. 45 and 0. 2
Expected composition of the purifiddvVSW of salinity 38 is given infable 3.2. This

compositionwas used also for modeling chemical speciation using Visual MINTEQ.

Table 3.2. Composition olUV-digestedbpen coastadeawater.

Component Total dissolved (M)
Brt 9.28¢*
Ca'? 1.13¢?
CIt 6.01¢€!

COs2 2.27¢
Ft 7.48¢€°
H*t 1.15€

HsBOs 4.58¢*
K* 1.12¢?

Mg*? 5.81¢€?
Na't 5.16¢!

SOy 3.10¢?
Srt2 1.00¢*

Metal stock solutions (CiMo, Pb, Zn, Cd, Fe, Ni, Co, In, Mn, Al, Cr, As, V and U) were

prepared by appropriate dilutions of an atomic absorption spectrometry standard solutions

(1 g L%, TraceCERT Fluka) in diluted HN®@ (pH ~ 2).External calibratiorstandardgor

the ICRMS analyss were prepared by dilution of mulement standard (NIST traceable)

in 2% v/iv HNQ s.p For validation of trace metals analysis, a certified reference material
ANear shore seawater Ref efi EASSE(NdUanal BRaeseaxh f or

Council of Canada) was used.

Synthetic ligands used in experiments and measurements were salicylaldoxime (SA; 98%,
ThermoFisher) and ethylenediamine (ENyriss. p.a. 995%, SigmaAldrich) as Cu

binding ligands, and nioximepgrum p.a , 979, Fluka) as Niand Cebinding ligand.

Synthetic ligands stock solutions were prepared at concentrations of 1 and 10 mM and stored

at 4 AC with maximum storage time of 2 month

Stardard samples of humic and fulvic acids were obtained ttwrinternational Humic
Substances Society (IHSEk5) and SigmaAldrich: IHSS Suwanee River fulvic acid
(SRFA; 3S101F), IHSS Suwaee River humic ad (SRHA; 3S101H) and Sigmraldrich
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humic acid (HA; 600 1000 Da, CAS: 14183-6). The iulvic acid stock solution was

prepared by dissolution in MQ water, whereas humic acid stock solutions were prepared by
dissolution in 1 mM NaOH to facilitate timedissolution. Prepared solutions were stored at

4 AC. El emental composition of standard san
carbon [ink6), therefore the DOC in prepared solutions was ~ 50% of their mass
concentrationAdditionally, humic substancésolated from St. Lawrence estuary according

to IHSS protocowere usedHA (SLE-HA), FA (SLE-FA), hydrophobicorganic matter
(SLE-Hphobg and hydrophilicorganic matte(SLE-Hphile). SLE- solutionswere a gift
fromDr.JearPi erre Gagn® from fAmestdeée uRi Messisic, el
du Qu®bec ° Ri mous ki , Dr.Cad@chGamier franaUmigedsigp® t hr o
Toulon (France)Triton-X-100, dextran (produced bylLeuconostoc mesenteroidez000

kDa), scarrageenalitype V, produced byEucheuma spino3andhuman serum albumin

(HSA, essentiallyfatty acid fre@ (all purchasedfrom SigmaAldrich) were used as

addiional modelsurfaceactive substances

3.4 Labware cleaning procedure

All the plasticware (bottlesubes, vialsand syringes) was subjected to a thorough cleaning
procedureorior to usagePlastic bottles used for tests and sampling were mdtieahated
ethylene propylene (FEPpw density polyethylene (LDPE)r polycarbonate (PC), all by
NalgenePlasticware wasoaked in.0% v/iv HNQ (analytical reagent grad&r at leas4
hoursand then rinsed several times with deionized water. It wascteaned with 2% v/v

HNOs s.p, followed by aMQ rinse several times and finally filled with MQ wagsrd stored

inside Ziplock plastic bagsitil use. Bottles were additionally rinsed 3 tinnéth the sample
before its collectionNew bottles were preoaked in conddNOs (analytical reagent grade)

and Iottles that were previously used for samples with high organic content wesegked

in bleach to remove any organic residues, rinsed detieras with deionized water, and

then cleaned following the described procedure. PC bottles were used for CDOM analysis,
and for their cleaning HCI (5% v/analytical reagent gradend 2%s.p) was used instead

of HNOzs to avoid any interference of NOn absorbance and fluorescence measurements.
Glass tubes used for DOC analysis were cleaned with chrosuifaric acid(CrHsOsS,),

rinsed with MQ water, anggrecombusted o r 4 hours at 450 AC. F
filtration under nitrogen pressure were rinsed first by passing through ~ 200 mL of MQ water
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and then at least 60 mL of the sample. Polypropylene syringe (60 mL, CODAN) and syringe
capsule filters were cleaneg passing at least 60 mL of MQ and 50 mL of sample before
the final sample was taken. Filter holder and filter membrane for ultrafiltration were cleaned
by centrifugating (4000 rpm; ~ 20 min) the 0.2% v/v l@.or 0.2% v/v HNQ (analytical
reagent gragdor at least 6 times and then by filtering the MQ water at least 3 times. Details
about all filter types are provided 8ection3.2.1 The water sampler and surface microlayer
(SML) sampling drum made from poly(methyl) methacrylate (PMMA) (describ8ddtion

3.2), werecleaned with 10% HQlanalytical reagent gradegnd with MQ water andnsed

with the ambient seawatprior to each sampling

Sampling and sample handliras well all the laboratory workvere performed using
polyethylene gloves and within a laminar flow cabinet with HEPA 13 systemen

appropriate, to avoid contamination of the solutions and samples.

3.5 Analytical methods instrumentation, modeling and data:analysis

3.5.1 Voltammettic.analysis

Voltammetric measurements were carried out in a tbkeetrode cell (663 VA Stand,
Metrohm) controlled by MetrohmAutolab (Eco Chemie) potentiostat/galvanostat
(eAutol ab Type 111 or PGSTAT128N)Metrohm conj unc
Autolab) intefaced with a GPES (General Purpose Electrochemical System) v.4.9 software
(Eco Chemie) Kigure 3.7). A threeelectrode system consisted (Of a hanging mercury
drop(HMDE; MME, Metrohm) (drop size 2: 0.40 nfif not indicated differently serving

as the working electrode(ii) a Pt wire, serving as the counter electrode, @iy
Ag|AgCl|sat. NaCl electrodenodel 6.0728.120+6.1245.010, Metrohm) containing purified
UVSW as the outer filling solution in the bridgeerving as the reference electrode. A home

made quartz or Teflon perfluoroalkoxy (PFA) electroanalytical cell with a working volume

of 107 50 mL was used. In order to remove reactive dissolved oxygesathgle (10 12

mL) was purged with nitrogen, for at least 3 minutes prigh#dirst measurement and for

157 30 s between separate measurements in the same sample. During the measurement, a
nitrogen blanket was maintained over the sanifiteogen waslso used to provide pressure

to the Hgelectrode.Solution was stirred during the nitrogen purging and during the

deposition step using the Teflon rotating stirrer and 3000 rpm stirring speed.
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3-electrode cell compartment

Working electrode

Nitrogen tube
%eference electrode
Teflon stirrer

/ Counter electrode

Metrohm 663 VA Stand IME 663 interface

(1 autoLas [sugi] 2481 D — T
a .
S -

PGSTAT128N pAutolab Il

Figure 3.7. Metrohm-Autolab instruments and@ectrode celsystemused in this work.

Analyses of trace metal concentrations and Cu speciation were performed using a fully
automated systeniigure 3.8). Samples were added to the electrochemical cell by the in
house constructed autosamplieml{7) and the addition of standards was conducted by an
automated burette system (Cavro XE 1000 or XL 3000 syringe pumps, Tecan, TH8A).
purposedeveloped/oltAA (Voltammetric AutoAnalysey software [[nk8) was used for the
preparation of the project file for the GPES software and the data handling after the
automated analysis.
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Figure 3.8. Automated system used for theasurements of total metal concentratidéog) @nd Cu
speciation analysid6ttom).

3.5.11 Total metal concentration measurements

Total concentrations of Cu, Cd, Pb, Zn, Ni and Co in filtered and unfiltered samples were
determinedoy means of standard additiom£ 4) methodusing stripping voltammetry in
differential pulse mode: anodic stripping voltammetry {B®V) at pH < 2 (seby addition

of 0.2% v/v HNQ s.p) for Zn, Cd, Pb, and Cu, and adsorptive cathodic stripping
voltammetry (DPAdCSV) at pH ~ 9rfhaintained by addition of the borate/ammonia buffer)
for Ni and Co. In DPAACSV measurements, 20 Dimethylglyoxime (DMG) was sed

as a Ni and Cecomplexing ligandinstrumental settings were adoptedfrém ndr i | (2015
and adjusted as givenTrable 3.3. Every measurement was repeated 2 times. The treatment
of the voltammograms was performed automatically using the VoltAA software: for the
noise removal Savitzkgolay smoothing level was st 15, for baseline correction tangent

fit was applied, standard addition line was plotted using peaks of "thdefivative
transformed curreni€obelecGa r ¢ 2 a € and finally, total 2nétdl doncentration was
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calculated from the intercept divided by the sensitivity of the method for the given metal
(slope of the standard addition linen@ysis was validated by repeated measuremants (
7) of theUV-irradiated CASS5 . Determi ned met adard deviatiane nt r at

were within the certified limits.

Table 3.3. Instrumentakettings used in trace metal voltammetric measurements.

CLE-
DP-ASV DP-AdCSV DP-AJCSY
Parameters Cu, Cd, Pb Zn Ni, Co Cu
Deposition potential (V) -0.8 -1.4 -0.7 -0.10r0
Duration (s) 450 60 150 60
Desorption potential (V. -1.3 -1.4 - -0.2
Duration (s) 2 1 0 1
Equilibration time (s) 10 6 5 5
Modulation time (s) 0.05 0.05 0.05 0.05
Interval time (s) 0.1 0.1 0.1 0.1
Potential scan (V.  -0.75t0 0 -1.15t0-0.75 -0.7t0-1.25 -0.1t0-0.6
Step potential (V) 0.002 0.002 0.002 0.002
Modulation ampl (V) 0.04 0.04 0.02 or 0.04 0.02 0r 0.4

3.5.12 Cu speciation:analysis

The Cu organic speciation was analysed in the dissolved fraction, usimPtAdCSV
methodand competitive ligand exchange (CLE) approach with SA as added competing
ligand The samplavas divided into 12 mL aliquots (16 and 23 for single detection window
/continuous multi detection window; SDW/CMDW and segmented multi detection window;
SMDW, respectively) in aciecleaned angre-conditioned 30 mL FEP bottles. The ambient
pH (8.2N  Din dll the aliquots was maintained by addition of the 0.01 M borate/ammonia
buffer. In the first two aliquots, ambient Cu concentration was sustained and fgllowin
aliquots were spiked with increasing Cu additions equally distributed in logarithmic scale,
i.e. similar increments in lodCulr (Garnier et al., 2004 up to the maximum of 80 100

nM of total Cu concentratiorequilibration time is a sensitive point of the CLE procedure.
The time requiredo reach the equilibrium between the metal and ligands present in the
sampledepends on the metal, but also on the composition of the sample, i.e., other ions that

compete for bindingsites on ligandsWhitby and van den Berg (201%und that he
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formation of theCu complees with natural ligandarevery fastsince thepeakof Cu-HS

peakwas present immediately after the addition of Cu. However, the dissociati®u-

complexes after addition of SA ligand relatively slowand aminimum of 8 hours is

required to aleieve equilibrium in competition conditions. For this reason, an extended
equilibrationtime of ~ 17 hours sccalled @vernighbequilibrationis often appliedvhich

ensures that the thermodynamic equilibrium condition is imétis work, after the adtion

of Cu, sample aliquots were left for ~ 2 hours to reach the equilibrium conditions for
assurance measurdésdter the equilibratiorof Cu-natural ligands systen$A was added to

each aliquot to a final concentration betweenio330 M. For tsinglerdatécion ns a
window [SAFof 0.3, 1 or 3 OM was uswadchangedatBhe SMD
segments (8 titration points each)itecreasing [SA]modéas follows: (1) [SA}= 3 OM,
2)[SAFr= 1 OM amg 038 O®MA] In the CMDW approach
decreased continuously at every titration po
distributed in logarithmic scalélo assure the equilibrium between the SA and natural

ligands present in theample, overnight equilibration (~ 17 h) was applied, after which the
DP-AdCSV measuremenvas performedinstrumental settings used in the measurements

are presented ihable 3.3. For each Cu addition, 3 repetitive measurements were performed

and all the data were used for the construction of the complexometric (titration) curves.

As a matter of precaution, prior the first titration, FEP bottles werdittoned for ~ 24

hours using the UVSW with same Cu concentrations as in the planed titrations, to insure
against the wall loss during the Cu and SA equilibration steps. Post equilibration tests
revealed that Cuwvas not adsorbed on FEP bottle wal#ce the residue at highest Cu
addition (~ 80 nM) was less than 1% of the initial Cu. Thus, between the analysis of different
samples, FEP bottles were only rinsed with MQ since the Cu concentration in each bottle
was upheld approximately the same intiithtions. After every titration, sample changer,
electrode and the cell were rinsed first with 2% v/v d@Land then with MQ. A UVSW

test was performed before every titration to check the cleanness of the system.

When high concentration DOM is presémthe sample the requirements of the method that
[SAlT|] E [ +i§ lost. For this reason, the samples with DOC concentrations higher than
200 OM were di ( up e tasedhrendddMgyéra et al. (2013nd
Pigeta et al. (2015)
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3.5.1.2/1 Treatment,of complexometric titrations

Treatment of the voltammograms used for the construction of titration curves (noise
removal, baseline correctioni spline fit and peak determination) was performed
automatically using the ECDSOFT (ElectroChemical Data SOFTware) program, developed
in our laboratory I(nk9). Peak area was chosen as the characteristic sighsd for the
construction of the complexometric curve if not indicated differentipré information
provided in Sectiod.1.2.9.

Titration curves were interpreted using the ProM&@tware(Omano v i | et al .,
which provided an estimation of the €omplexing parameter§Li] and lod<éui) and

ambient Cu speciation ([&G&], [CuLi] and [Cul]). The ambient Cu speciation in the

sample was calculated from the concentrations difulr and estimatedcomplexing
parametersThe sensitivity was determined from the slope of the titration curve obtained in

the organic mattefree, UV-irradiated sample (more information provided in Section
4.1.2.3. Two ligand model was found to appropriately describe the titration curve for all
analysedgsamples. However, the choice of number of ligand classes is thoroughly discussed

in Section4.1.4.1 ProMCC offers multipldinear and nonrlinear fitting approaches: (i)
Direct, (ii) I ndirect, (iii) Rugili/van den
(v) thefitting by solving masso al ance equations named 6Comp
modémanovi | &.Conplexing parariefest single detection windows were
calculated by a nofinear curve fitting using the Langmuir/Gerringa transformation method

in adogarithmic modéwhereas complete complexation fitting model was used for MDW,
SMDW and CMDW unified analysis. This work alsdroduces a new fitting approach of

unified MDW datasets. It is based on transformation of the data teJ®s. alternate total
dissolved concentration dCulr*) and fitting the transformed dataset using a
Langmuir/Gerringa model. The new fittiegpproach is described in more details in Section
4.1.1.1 The conditional stability constants of the Cu(S#decies were calculatéat sample

specfic salinity valuesusing salinity relations determined Kampos and van den Berg
(1994)(Eq. 2.12andEqg. 2.13). The loKNj. values presented throughout this work are

based on [Cti] and are affected by side reactions of the ligands with major cations*and H

thus conditional for experimental salinity and pH of 812e concentration afetectedigand
classes([L1] and [Lo]) is expressed asquivalent of Cu.The inorganic side reaction
coefficient was calculated using Visual MINTEQustafsson, 20)3The concentrations of

major ions were calculated based on the Dittmar salinity method, with the exception of
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calculation of carbonate concentration for which an experimentally derived relationships
(based on inorganic carbon concentration measuremens)rhmer and winter period was
usedCi ndri)l, 2015

3.5.1.2.2 Simulated/dataset creation

In this section, the model parameters used for simulation of Cu complexometric titrations
employing SA as added competitive ligand are presented. Each dataset was composed of 24
different Cuconcentrations (initial concentration of 3 nM, if not indicated differently, and

23 additions up to 80 nM distributed in logarithmic scale). Dataset at single DW used for

MDW analysis were simulatedfor[SAf 0. 3, 1 and 3 OM. +n the ¢
was decreased at 3 segments (8 titration points eadgdreasing [SA]modéas follows:

(1) [SAr= 3 OM, r20. SAPM w@=nd.(33)OM.SAIn the CMDW
the concentration was changed continuously at every titration point from.3% 0OM wi t h
equidistant additions distributed in logarithmic scale. The competition strength i.e., the
conditional stability constants of the Cu(SApecies at salinity 38 (I6gy = 9.54 and logé

= 14.94) were adopted fro@ampos and van den Berg (1998y. 2.12andEq. 2.13).

Several different model titrations were tested with a realistic randise {Garnier et al.,
20060manovi | @added inaway t2 Betteb mimic real titrations (higher at lower
concentrations and lower at higher concentrations), in order to verify analysed approach and
to inspect if and in which extent the introduced noise obstructsclimaplexing parameters

as would be the case in real titrations of natural samples.

Theoretichcomplexometric titrations of discrete models with one (1L), two (2L) and three

(3L) classes of ligands were simulated using ProMCC. Each artificial datasetefined

by a set of O6trued par amejtamogitcd gigeoinTaldei ng t he
3.4.1tis presumed that at least one log unit difference in stability constants is needed in order

to be confident about the presenééwm ligand classes which was respected in simulations

from this work(van den Berg et al., 199W/ells et al., 2013

Table 3.4. Model parameters used for simulation of artificial complexometric titrations.

[L4] (nM) logKéru 1 [L2] (nM) logKéeuL 2 [L 3] (nM) logKGruL 3
1L model 20.0 12.0 - - - -
2L model 5.0 14.0 20.0 12.0 - -
3L model 5.0 14.0 15.0 12.0 30.0 11.0
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The system representing continudigand distribution, more realistically mimicking the
heterogeneous distribution of orgahgands in natural water samples, was simulated using
NICA-Donnan model extensively described (Milne et al., 200}, available in Visual

MINTEQ (Gustafsson, 203 Temper ature was fixed to 25 A
pH to 8.2. DebyeH ¢, c k e | met hod was used forfromthisi vi ty
work, the default values of NICAonnancomplexing parameteis FA-Cu wee used in

the model Table 3.5) assuming 0.5 mg £ DOC with ratio of active DOM to DOC of 1.6

and 100% of active DOM as fulvic acid (FA). The titration dataset obtained using these

parameters agrees well with real experiments.

Table 3.5. NICA-Donnancomplexng parametersf FA-Cu at 0.5 mg {2 DOC used for simulation
of complexometric titrations.

logK Geurax n
FA:-Cu 0.26 0.63
FA2>-Cu 8.26 0.36

3.5.118 Veltammetric guantificatiom off humic substaneces

This work proposes new method for quantification of HS imatural sample, named
PulsedBackground HS (PB-HS) method Argumentation of the proposed method and
optimization of the electrochemical parameters is thoroughly described in the Se8tion
Briefly, the method is based on the elevation of the background current as a funttien of
concentration of surfaeactive substances adsorbedto the electrode. e HS were
guantified as equivalent of SRHA reference matefiaé results othe PB-HA methodwere
compared with the established method for quantification of HS based on its adsorptive
properties in complexes with molybdenum (Mo), propose®@bgntel et al. (1986here
termed MeHS methodl Instrumental settings for both methods gineen inTable 3.6.

The MoHS method operates only at pH 2, whereasRBeHS methodis adequatat any

pH. The PB-HS was therefore measured at natural pH of 8B-HS experiments were
performed in presence 60 or100 nM Cu for simultaneousonitoring of Cu-binding HS

in the samplgWhitby and van den Berg, 201l9n natural samples iodide interference
overlaps with CeHS peak which aa be eliminated using short desorption step after the
deposition stegWhitby and van den Berg, 20)13hus the 2 s potential jump t06.2 V was
included in the PBHS procedureThe background scan performed using 2 s deposition time,
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with otherwise identical parameters, was subtracted from the analytical scans, so that this
difference was ascribed &m increase of the background current due to HS influence.

Mo-HS experiments were performed at pt2, by acidifying the sample with HCI in the
voltametric cell Then, he saturation of H&as assuredith the addition of 100 nN¥o(V1).

This wasfollowed by the deposition of an electroactive MdS complexat the working
electrodeat potential 0f0.2V and its reduction in the striping step, resulting with the peak
at a potential of ~0.5V.

Mo-HS peak height analverage of the differential currentagbotential range betweefl.75
and-0.80 V were measurednd expressed as equivalent of SR{HA ) usingthestandard
addition method

Table 3.6. Instrumental settingsf DP-AdCSV methodusedfor voltammetric measurementd
HAcq

Parameters PB-HS Mo-HS
Deposition potential (V) 0 -0.2
Duration (s) 60 60
Desorption potential (V) -0.2 -
Duration (s) 2 -
Equilibration time (s) 5 5
Modulation time (s) 0.04 0.04
Interval time (s) 0.1 0.1
Potential scan (V) -0.10t0-0.90 -0.05t0-0.80
Step potential (V) 0.002 0.002
Modulation amplitude (V) 0.04 0.04

3.5.2 lon-selectiveelectrode

The free Cu concentration ([&4d]) was determined using an Orion @8E (Model
9429BN) with a jalpaite AgsCuo.sS membrane. Potentials were recorded relative to a double
junctionAg|AgCl|sat. NaCl reference electrode. The pH was simultaneously recorded during
each experiment using a doublegtion pH electrode. Each electrode was connected to a
dedicated potentiometer (Orion research, Expandable ion Analyzer EA 920). The voltage
outputs of both potentiometers were connected to theregdlution data acquisition USB
datalogger ADE20 (Pico Tehnology) which was used to convert analog signal to digital
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form. A homebuilt software was developed for data collection/recording, graphical
presentation, and treatment. If not used for longer period, the jalpaite sensor membrane was
protected with theplastic cover cap provided by the producer. After prolonged period of
continuous use (~ 1 week), storage (> 1 month) or in case of decrease of the electrode
response, the electrode was polished by using the polishing kit supplted pyoducer.
Between neasurements, the @8E was stored in slightly acidified MQ water (pH ~ 5) in

the dark, because it was shown that storage in darkness minimizes the undesirable
photooxidation of the AgsCu.sS membran€De Marco, 1994Zirino et al., 1998 Before

the measurements, it was rinsed with MQ water and conditioned for at least 1 hour in an
identical solution as thene to be measured, until a steady potential value had been obtained.
All measurements were made in 20 mL solutions (in the presence of oxygen) under constant

stirring using a magnetic stirrer (950 rpm).

Solutions for electrode calibration were prepared different media (0.1 and 0.5 M NacCl,
UVSW and 0.5 M NaNg) at various Cu concentratiorf€(]r; 1 mMT 15 nM) in presence

of ethylenediamine (EN). Concentration of EN at d&zijt was chosen to maintain [€d]

below 0.1 pM (log[Ctkd < -13) at thehighest pH value. For the electrode calibrations, the
[Cureq in the solution was varied by adjusting the pH. At the beginning of the acid titration,
pH of the solution was set above 8.5 using borate buffer (0.02 M) and gradual additions of
the dilute HClsolution were used to lower the pH down to ~ 3 (there is no complexation of
Cu by EN at this low pH, only inorganic complexation oc¢x® Marco et al., 1997 The

cell potential was recorded upon stabilization after each acid addition, using a stability
criterion of 0.15 mV mirt. The electrode slopeSse (potential vs log[Cued) were

cal cul ated by |l inear regression and were r ¢

year period.

Copper titrations were performed in: (i) model solutions (0.5 M NaRQ and 0.5 M NaCl

and UVSW) without organic ligandsat pH 3 and 8.5, (ii) model solutions (0.5 M NaCl and
UVSW) with addition of EN or HA as organic &igandsi at pH 8.2 andiii) in a natural
estuarine water sample (collected in front of the Martinska marine station, in July 2019 at
0.5 m depthsalinity = 28). Cu titrations were performed by increasing the Cu concentration
with 117 15 additions equally distributed in loggamic scale. The potential was measured

by CuISE after every Cu addition and convertefiGasee by both the single and the newly
proposed metaalibration approaches. By plotting the dependend€waf.] on increasing

[Cu]y, the titration curves werconstructed.
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Equilibrium speciation calculations ¢Curee Were performed using Visual MINTEQ
(Gustafsson, 2033Cur and EN concentrations were corrected for the dilution factor during
the acid or Cu titrations. This was done automatidayiyisual MINTEQ using a prepared
Excel file. A seawater composition of salinity 3Bable 3.2) was used in Visual MINTEQ
setup in order to calculate the equilibrium speciation in experiments performed in UVSW.
For modeling the Cu interaction with humic acid standard, default setujgl@dan Visual
MINTEQ was used. For modeling the Cu interaction with natural organic matter in natural

estuarine sample, a default model setup comprising 100% fulvic acid was used.

Finally, revised analytical protocol for application of C3E for the detenination of [Cutee]
in chloride containing solutions goposedn this work. For full description the reader is
referred to Sectiod.2.2

3.5.8 High-resolutioninductively coupled plasmamassspectiometry

Magnetic sector field High Resolution Inductively Coupled Plasma Mass Spectrometer (HR

ICP-MS; Element 2, Thermo Scientific) was used for multielemental analysis. Samples were

diluted 10 times wh 2% v/v HNQ s.p.to minimize the matrix effect linked to presence of

sal t. I ndium (1 n) 41t was ased as ran internal standarch The 1 0 O
concentrations of el ements were determined b
UVSW) external calibrations at following concentrations of elements standards: 0, 0.1, 1,

and 1I0'. Obtginedme at al concentrations (N standar
certified limits.For validation of the analysis, CASBwasanalysednultiple times during

the one sequence € 8). Obtainedrace element oncentrati ons (N standal

within the certified limits.

3.5.4 Carbon analysis;and)DONptical propertiesimeasurements

3.5411 Disselvederganic.carbonmmeasuiements

DOC concentration was determined by high temperature catalytic oxidation using a
Shimadzu TOG/CSN carbon analyséBantinelli et al., 2015 Prior to oxidation, samples

were acidified with 2 M HCI and purged for 3 min with pure air to remove inorganic carbon.

I n order to achieve satisfying analytical pr
performed.At the beginning and the end of each analytical day, the system blank was

measured using MQ water and the functioning of the instrument was checked by comparison
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of data with DOC Consensus Reference Material (CRMhsell, 2005 (batch #18/08L8,
measured concentr atni=oM: and4batch7 #1989, Mmedured M,
concemn r at i on: 4 0= &. THe exdernél cafibhtion curve was measured with

potassium hydrogen phthalate as the organic standard.

In analysis of DOM in estuarine surface microlayer, DOC concentrations were determined
in accredited laboratory: Laborayofor physical chemistry of aquatic systenigu L e r

Bogkovil Institute

3.5.42 Absorbanceimeasurements

UV/Vis spectra were measured using a JASGE65U or Specord 200 Plus (Analytik Jena
GmbH) spectrophotometer with 10 cm Suprasil quartz cuvettes. Thevasaperformed
between 230 and 800 nm using a 1000 min! scan rate and 0.5 nm resolution. The
spectrum of MQ water, measured in the same conditions, was used as a blank and subtracted
from each sample. In order to minimize light scattering interferebesgline subtraction

of average absorption between 650 and 700 nm was performed. Absorbance at2&4 nm (

was used as representative of CDOM pool and expressed as the absorption coaffigient (

in Naperian unitsiq. 3.2)
W C® Mo— Eq. 3.2

wherel is the path length expressed in meters. The specific UV absorbance at 254 nm
(SUVA254) wascalculated by dividing the decadic absorption coefficient at 254 nm by DOC
concentration (rhg?) and used as indicator of percentage of CDOM in the total DOM pool
(Stedmon and Nelson, 2019 he spectral slope over a 27295 nm spectral rang&fs

295) was calculated using the exponential mod. ( 3.3) and used as proxy for average
molecular weight (MW), aromaticity and humification degfdelms et al., 2008and as a

proxy of terrigenous DO(Fichot and Benner, 20).2

o o A Eqg. 3.3

whereasis the absorption coefficient at a specific wavelengih, is the spectral slope and
& Is the reference wavelength.

In order to study spectral differences among DOM pools, wavelength distribution of spectral
slopes expressed as a spectral slope curve (SSC) wald.assdle et al., 2000 The SSC

curves were obtained by calculating the spectral slopes for 20 nm intervals across a 200

69



3. Experimental part

500 nm wavelength range. All the above reported calculations were performed using the
newly purposeleveloped software package, ASFit, described indatédmanovi | et al
2019).

3.5.43 Fluorescenceimeasuiements

Fluorescence excitatieemission matrices (EEMs) were recorded using the Kgua
(Horiba Jobin Ivon) or Carry Eclipse (Agilent) spectrofluorometer i 1 cn? quartz
cuvette. EEMs were scanned at the excitation wavelengths rangeiofi26m with 5 nm
increments and emission wavelengths range of 2820 nm with 3 nm increments.
Excitation and emission shtidths were both set at 5 nm. The blanks wereldgtevery 5
samples by measuring the EEM of MQ water. The blank was not subtracted from the samples
since the fluorescence intensities measured in MQ were negligible if compared to the
fluorescence intensity measured in the samples and blank subtracteesed the noise of

the EEMs (especially for EMMS measured by Carry Eclipse). Fluorescence intensity was
normalized to Raman units (R.U.) using the dailgasured Raman peak of MQ watas (
=350 nmasm= 3717 428 nm)(Lawaetz and Stedmon, 2009 reatment of the EEMs was
perfamed using the newly purposieveloped software package, TreatEHiNK(LO0).

3.54.3/1 PARAFAC components

Parallel factor analysis (PARAFAC) was applied to identify the different components in the
FDOM pool by using the decomposition routines for EEMs (drEEM) toolbox (version 0.2.0

for MATLAB (R2016a) (Murphy et al., 201B Validated fluorescent components were

identified bycomparison with similar components reported in the literature and matching
spectra obtained from the OpenFluor datalfkephy et al., 201(Tables AlandA2 in

APPENDIX). Two components were considered a match using the criterion of Tucker
congruence coefficient (TQC O 0. 90 in comparison with moc
dat abase. Whereas TCC O 0.85 corresponds to
exceeded 0.9%neaning that components can be considered €goetnzeSeva and ten

Berge, 200k Excitation and emission spectra of the protédie component was
additionally compared to the excitation and emission spectra of commercial tryptophan from
SigmaAldrich.
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In analysis of DOM in estuarine transect, PARAFAC was first applied to the complete
dataset containing the EEMs recorded in 102 samples from February and July 2019 (Dataset
1). In order to gain additional information about the occurrence of different components
depending on the season, Dataset 1 was split into -2laaets according to tlseason:
Dataset 2 (February 2019: 38 EEMs) and Dataset 3 (July 2019: 64 BHHEMS.in Dataset

3 were also separated according with both season and layer defined by salinity: Dataset 4
(July 2019 FWL salinity < 27) and Dataset 5 (July 2019 SVéalinity > 37).

In analysis of DOM in estuarine surface microlayer, PARAFAC was applied to the complete
dataset containing 50 EEMs recorded in samples of surface microlayerlayiy water
andbubbled surface microlayébML Dataset). For these samples, PARAFAC analysis was
carried out using the ProgMEEF program bas
Redon and S. Mounier, MIO/PROTEE laboratory, University of Toulon, Fratick)1).
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4 RESULTS AND DISCUSSION

4.1 Trace metal orgaric speciation advancementof competitive ligand

exchange- adsorptive cathadicsstipping voltammeiry

Assessment of traemetalorganic interactions in natural waters is very complex and
challenging taskeven with continuous methodological progress during decades of research.
competitive ligand exchangedsorptive cathodic strippingltammetry CLE-AdCSV) is
frequently a method of choice for speciation analysis in marine reseéanciind Pan (2021)

The latest procedural advancement using AdCSV method was thatility of unified

analysis omulti detection windowNIDW) datasets to expand the range of detectable ligand
classes and avoid the bias of separate interpretatieinglte detection window $DW)
datasetsHowever, being time and sample volume consuming, MDW approach has not yet
become a common practice, despite its clear advantblgeson et al., 20Q3Vells et al.,

2013 Pi get a e)t Figaré 4.1 sho®sOthe5deviation ofomplexing parameters
estimated using different SDW (0.3, 1, 3 an
This figure also shows the importance of choosing the correct nhmddescribing the
complexation equilibria (number of ligand classes), highlighted igh Hiscrepancy of
complexing parameteobtained using two ligand (2L) and three ligand (3L) model. Despite

the high difference between obtained parameters using 2L and 3L models, MDW approach
estimated similafCured using both models. Estimation f€ureg is often the focus of
speciation studies, and in these cases this theoretical experiment shows the advantage of the

MDW approach even if the ligand model is misidentified.

In this work a new approach to trace metal organic speciation usingAGCSV for
paraméer estimation at MDWwas explored, offering optionadimplified procedure of
performingMDW titrations and unified MDW analysi®inalysis of MDW datasets was
already made convenient with the advancement of the data analysis procedures and
development of pblicly available software tool¢Hudson et al., 20Q3Hudson, 2014
Omanovi [ @.tAs arésult of this WdrlW analysiswas further nplified and

made suitable for, hopefully, more frequent application. Beside new approaches for MDW
analysis, this work also addresses the problerthobsing the correct ligand model and
appropriate sensitivity estimation which are ginenary causes adrror in determination of

complexing parameters.
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4.1.4 New approachdotrace:metal-arganiespeciation

The methodologies proposed in this work, caliedgmented multi detection windéw
(SMDW) and&ontinuous multi detection wind@fCMDW) are based on performing only
oneslightly extended complexometric titration with changing concentrations of added ligand

(AL) over at least one order of magnitude instead of multiple separate titrations. In SMDW,

[AL] T is changed at 2 4

simultaneous change of concentration of both, titrating metal and AL. Schematic

segment s,

wher eas a

representation of SMDW and CMDW titration approaches is presenkggdure 4.2.

Wi

Following the rule of thumb, for determination of stronger natural ligands higher

concentrations of AL are needed than for weaker complexes. Since the naturalrgeeta

complexes with Hgher competition strength are saturated first, the highest AL

concentrations are required at the beginning of the titration. The concentration of AL was

therefore varied in thedecreasing modeto permit detection of increasingly weak
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complexes. In this ay a unique dataset, composed of titrations at multiple DW, was
obtained and accordingly treated. Proposed SMDW and CMDW approaches were verified
on simulated titration datasets constructed by respecting (i) discrete (1L, 2L and 3L models)
and (ii) continwus ligand distribution (NICAonnan model), with Cu as a target metal.
The SMDW and CMDW approaches were additionally tested on determination of Cu

organic complexation in real estuarine samples.
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Figure 4.2. Schematic representation @) SMDW and(B) CMDW titration approaches.

4.1.011 Data fitting methods

This work also introduces a new fitting approach applied on simulated titrations presented

in next sections: the ndimear fitting after transformation of the data to fQuws. alternate

total dissolved concentratiordQu}r*). [dCulr* is the Cu bound to all natural organic and

inorganic ligands in the sample equilibrated with SA. It can be determined at any titration
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point from euilibrium calculation via the measured Cu3#&ncentration according tq.
4.1 (Moffett et al., 1997 Xue and Sigg, 199%Wells et al., 2018

(7ol #0 #0 w0 #®@! Eq. 4.1

This effective and practical way to fit data could be a possible alternative to existing fitting
metlods. However, for a proper functioning it should account for the slight titration of SA
l.e., [dCu]t* must be calculated using adapted [SAThis fitting approach is especially
useful for processing the MDW titrations. Currently, the only option to treat MDW dataset
is the method of solving ma$slance equations. However, transforming the titration dataset
into [Cu?*] vs. [dCulr* enables theise of conventional fitting methods (R/VDB and L/G)
beside the O6complete complexation fitting
KINETEQL software(Hudson, 201} Additionally, since théCu?*] vs. [dCulr* modeling

is highly responsive to sensitivity parameter, another advantage of this fitting approach is

simple recognition of misalibrated sensitivity.

Also, modifying the Scatchard transformation into [CuL]fGws.[CuL], shown inFigure

4.3F, is a great way for recognizing the appropriate ligand model. The difference between
1L and nL system in a SDW titration can be recognizeddnal inspection of the Scatchard

plot. Scatchardransformed data can appear to bend backwards when more than one ligand
class is present in the sample. However, in the case of SMDW, the usually applied rules for
determination of the number of ligané@sses are less helpful, as the titration curve is divided

in segments and each segment is shorter than classical SDW titrations. Similarly to Scatchard
plot in SDW titration, in SMDW titration, the data presented in modified Scatchard format
will be linearin the case of 1L system and curved in the case of 2L or 3L system as shown
in Figure 4.3F. Therefore, this graphical feedback wilopgide a confidenanswer when

more than one ligand class is present in the sample.

4.1.02 Discrete ligand imodels representation

Segmented multi detection window

Simulated (theoretical) SMDW complexometric titratioha 1L, 2L and 3L ligand models
and the resultingransformation plotare presented iRigure 4.3 (modelling parameters are
alreadyprovided inSection3.5.1.2.2 Table 3.4). Note how the resulting fjpassedexactly

through the datapointsince the accuracy of the fitting discrete models 100% The low
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end of the titration curvevas characterized by highitial intensities, due to higher SA
concentration competing for the metagure 4.3A. At second and third segment with lower
SA concentration, signal intensitgroppal despite higher metal concentration. As a
recommended guidelinéPi g et a e)f each Ildataset $héuld e presented using
conventional data transformationsangmuir/Gerringa R u ¢ deh Bevgaamd Scatchard
(Figure 4.3B, C andD, respectively).

These plots are very useful in determining the number of ligand classes. Based on the
expected shape of these transformations, the fittindel is selected. The Scatchard and
Rugil/van den Berg reformations provide a |
then Langmuir/Gerringa transformation. They are, therefore, recommenddwbbsigy a

fitting model. However, they are more usable for SDW titrations, while for SMDW or
CMDW, the transformed titration datasets presenteeignre 4.3F are moreappropriate.

For the [Cd*] vs. [dCu]r" transformed datasets, the 1L model was represented by straight

line in Scatchard plot, while 2L and 3L ligand models showed curved stagase(4.3F).

The selectionb t he 6correcto6é model, when more t har
based on the fitting error, and for real titrations it depends on the quality of the titration
curve. The selection of appropriate number of ligand classes for fitting is sd#parat
discussed in Sectiohl1.4.1

Continuous multi detection window

As a special case of the MDW approach, the possibility of performing titrations in
6cont i mdewomiuAd @dditions i.e., by changing the AL concentration continuously

along with the metal additions was also explorEdyre 4.2B). [SA]r was varied in
decreasing mode, within the concentration |
parameters for simulating the CMDW titrations were the same as for SMDW (already
provided in Sectior8.5.1.2.2 Table 3.4).

Figure 4.4 presents an example of simulated 1L, 2L and 3L ligand models and the resulting

fit on appropriate ligand model. Relative to SMDW, there were no visible segments in the
titration curve Figure 4.4A). TheLangmuir/Gerringa Ru i | / van den Ber g
transformations for all 3 models showed continuous change of the shape. As well as in
SMDW titration, visual examination of the conventionally transformed CMDW titration

data Figure 4.4B-D) would be different than classical representations of single DW

titrations. However, it is interesting to highlight the bshaped Scatchard transformation

79



4. Results and discussion

for 1L model, which was very distinct from the 2L and 3L ligand models, and as such it
should be easily recognizable in real titrations. Furthermore, the Scatchard transformati
of [Cu?*] vs. [dCu]r" transformed dataset will provide a confident answer when more than

one ligand class is present in the samplguyre 4.4F).
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Figure 4.3. 6-plot representation of simulated SMDW complexometric titration of a 1L (black
circles), 2L (red triangles) and 3L (green sgsd system and the resulting fit on appropriate ligand
model (black, red and green lines representing 1L, 2L and 3L models): A) titration curve, B) L/G, C)
R/VDB, D) SC, E)[Cu?"] vs. [dCu}r* and F) [CuL}/[C&"] vs. [CuL].
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Figure 4.4. 6-plot representation of simulated CMDW complexometric titration of a 1L (black
circles), 2L (red triangles) and 3L (green squares) system and the resulting fit on appropriate ligand
model (black, red ahgreen lines representing 1L, 2L and 3L models): A) titration curve, B) L/G, C)
R/VDB, D) SC, E) Cé&' vs. Cu* and F) [CuL]/[C&#*] vs. [CuL].

As in the case of SMDW, the difference in shapes of transformed datasets was not large and
thusdistinguishing between 2 or more ligand classes was not decisive using any of the 3
transformations. As such, the selection of the appropriate model should be based on the
fitting error. Furthermore, in real titrations, obtained current intensities shoeld
transformed to measured concentration of formed GeSmplex. For theoretical titrations

the sensitivity is known (it is 1), whereas for real titrations the sensitivity may vary
depending on the used SA concentrations. Assignment of the correctvégnssti

specifically discussed in Sectidnl.2
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4.1.1.3 NICA-Donnan model

Segmented multi detection window

Simulated (theoretical) SMDW complexometric titration using NiOé&nnan model
(continuous ligand distribution) without added noise: the titration curve and conventional
transformations, are presentedrigure 4.5 (modelling parameters are already provided in
Section3.5.1.2.2. Same as in simulated SMDW titratiarsing discrete ligand distribution
(Figure 4.3A), NICA-Donnan titration curvewvas characterized by drop of the signal
intensity at second and third segment with lower SA concentratigaré 4.5A). For more
reliable results, the titration curve was constructed in a way that segments overlap i.e., at
first 3 titration points the samelQulr was added as at the last 3 titration poirftthe
previous segment. The next 3 plots predemigmuir/Gerringa Ru gi | / van den
Scatchard transformations of a simulated dat&sgufe 4.5B, C andD, respetively). The
nontlinear fitting after transformation of the SMDW NIGBonnan dataset to [E{] vs.

[dCul* is shown inFigure 4.6. Unlike discrete modeling in which expectedmplexing
parameterswvere known, complexing parameters of continuous ligand distribution are
unknown, thus the only way to inspect the accuractheffitting models was the fitting

error. From plots ifrigure 4.5t is evident that 1L modeVas inadequate for describing this
dataset. Although the data were muchtdredescribed by 2L model, the perfect fit was
obtained using 3L model (lowestot mean squared errdfMSE). Therefore, the results
suggest that the NIGBonnan system at given conditions (Sectddnl1.2.9 can be best

described by 3 ligand classes.

Continuous multi detection window

Simulated (theoretical) CMDW complexometric titration usingCANiDonnan model
(continuous ligand distribution) without added noise is presentedyure 4.7 (modelling
parameters are already provided in Sec8dnl.2.2. The titration curve is shown in four
different plots, which include conventionehngmuir/Gerringa Ru §i | / van den
Scatchard transformationsigure 4.7B, C andD, respectively). The nelinear fitting after
transformation of the CMDW NICAonnan dataset to [l vs. [dCult* is shown in

Figure 4.8. Same as in simulated SMDW titratidAdure 4.5 andFigure 4.6), application

of the 1L modekesulted in clear deviation from the titration points atingl the titration

curve, clearly indicatinghe inadequacy of this model. When analysing the dataset for 2
ligand classes, both the visual inspection andRIM&E showed better fit, however the best

visual fit and the lowest RMSE was again obtained usingn8del.
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Figure 4.5. 4-plot representation of simulated SMDW complexometric titration using NDGAnan
model (white circles) and the resulting fit on Hrdylines), 2L (red lines) and 3L model (blue lines):
A) titration curve, B) L/G, C) R/VDB and D) SC transformations.
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Figure 4.6. Simulated SMDW complexometric titration using NI€®nnan model transformed to
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(blue line).
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Donnan model (white circles) and the resulting fit on gteylines), 2L (red lines) and 3L model

(blue lines): A) titration curve, B) L/G, C) RDB and D) SC transformations.

100
O theoret. points
—— 3L model
—— 2L model
10 4 — 1L model
s
e
£ 1]
jun
O,
0.1
CMDW
NICA-Donnan model
0.5 mg L™ DOC, 100 % FA
0.01 T T T T T T
0 5 10 15 20 25 30 35

[dCu];* (nM)

Figure 4.8. Simulated CMDW complexometric titration using NI€®onnan model transformed to
[Cu?'] vs. [dCu]* (white circles) and the resulting fit on 1gréyline), 2L (red line) and 3L model

(blue line).
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4.1.14 Comparison of CMDW, SMDW and MDW approach on NICA-Donnan madel

In order to estimate the efficiency of CMDW and SMDW approaches in replacing the
classical MDW approachthese three approaches were comparedthen results of
complexing parameters and [feg} of artificial NICA-Donnan model estimated. Thable

4.1 presents the results obtained after the fitting of the data on 2L and 3L model, whereas
the 1L model was dismissed due to the high discrepancy from the modeled titration points,
as shown in S#ion4.1.1.3

In the past, ligand titration data have commonly been fitted for only 1L model, which is often
a case even in the recent studies. Frecently, the 2L model is also common for describing
the natural organic ligands in natural samples, whereas the 3L model is hardly ever used.
Even though the 2L modehowed a relatively good fit of the simulated NKD&nnan
dataset, the 3L model was marétable and almost perfectly described the simulated natural
system. Beside the best visual figure 4.5 to Figure 4.8) it showed the lowest RMSE
values in all three approach@sple 4.1). The detection of the 3 ligand classes is reasonable
with the application of any of the MDW approaches with SA concentrations chosen to cover
all the ligandclasses in the sample. However, fitting of more than 2L model arises the
problems associated with the oymrameterization of the system, leading to a large
parameter uncertainty or the statisticallysound resultéWells et al., 2018 Wells et al
(2013)instructed that, to avoid this problem, the number of data points per titration must be
at least double the number of parameters fitted, which is 12 for 3L model (14 if the sensitivity
is incorporatedhs an unknown parameter in the fittipgppeedurg, whereas adding more
points reduces the parameter uncertainty. Using the 24 i.e., 16 titration points in SMDW i.e.,
CMDW proved to be sufficient to reliably detect 3 ligand classes with the results comparable
to classical MDW approach for which 16ipts in 3 separate titrations are needkeab(e

4.1), making them more practical and convenient.

Note that despite the 3L model bettirscribed the model titration curve, the calculated
concentrations of [Gueg were almost the same for 2L and 3L fitting models. Thus, the use
of 2L fitting model has to be considered also as fully appropriate, especially for real titrations
where the exgrimental noise (neideal titrations) may have considerable influence on the

calculated complexometric parameters.
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Table 4.1. Comparison of estimatecomplexing parametersf simulated titrations using NK&
Donnan model (0.5 mgg? DOC, 100% FA) performed by SMDW, CMDW and classical MDW
titration approaches.
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4.1.2 Sensitivityestimatiorthallenges.and soelutions

Before testing the SMDW and CMDW approaches on real samples, the sensitivity problem
should be addressed. Sensitivity estimation is crucial and most perplexing step in speciation
measurements. It was shown that incorrect sengitigitimation is one of the primary causes

of inaccurate fits to observational data and thus inaccurate complexing parameters estimation
(Pi get a ¢ FigueeK.9show?tbeldépendence of estimated complexing parameters
and [Cuee 0N applied sensitivity, using simulated SMDW NI€¥onnan titration. The
misestimation of sensitivity up to 40% caused ug#&o, 49% and even 200% deviation of

[L4], [L2] and [Lg], respectively and misestimation of K@ uL1, logK&ue and lod s up

to 0.16, 0.32 and 0.57 log units, respectiveiggre 4.9A-F).

Introducing the noise in the simulation to mimic the real experimental data caused even
higher deviation especially of 18@ui, showing that in real complexometric titrations of
naturalsamples the effect of inaccurate sensitivity would be much higher (the range between
red lines in plots)As witnessed in this test, inadequate sensitigityarticularly prevalent

for weaker ligands which have wider margin of erf\éhitby, 2016; a smallerror in the
evaluation of L ligands will cause a significant error in the evaluation odhd even more

in case of kligands. A primary goal of speciation studies is often not to interpret complexing
ligands but rather to use complexing parameteraltutate [Cued as a function ofdCulr

(Voelker and Kogut, 20Q1Since [L] is inversely proportional t&&-uLi, overestimation of
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[Li] is compensated with underestimationK@tui and vice versa, resulting with relatively
low miscalculation of [Cike], even with the introduced noisgigure 4.9G).
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Figure 4.9. Influence of misestimation of sensitivity on estimated complexing parametdf}, (A
[Cured (G) and RMSE values (H), demonstrated on artificial SMDW titration simulated using-NICA
Donnan model with (red lines) and without (white circles) added noisamigers estimated using
true sensitivity $= 1) are indicated with red dots.
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This experiment was modeled in a way {ltairee] bufferingwas under control ofdligands

i.e., initial [dCulr < [L1]. However, at increasingdCulr the miscalculation of [Gidg
becomes significant wherdQu}r reaches the complexing capacity of the sample (blue
triangles inFigure 4.10, pCu:-log[Cueg). In this case, if sensitivity is underestimated, there
iIs a risk of estimating the [Gey to be below the toxicity threshold when its real

concentration is far above it.
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Figure 4.10. Influence of misestimation of sensitivity on estimatedsigexpressed as the ratio of
pCu at any sensitivity anplCu at true sensitivity, at various [Guflemonstrated on artificial SMDW
titration simulated using NIC/Aonnan model. Red dashed line highlightsg@e at true sensitivity.

There areseveral methods available for determining the sensitivity in real safihldson

etal, 20080manovi | e Wong ktal, 20P86e$chibed in the Sectich4.3.3
internal calibration$°') i.e., calculatingsfrom the final titration points, external calibration
(S”Y) i.e., calculatingS in the UV-irradiated sample, overload titratio8°Y), internal
calibration by inspectiong®"), recursive (iterative) approacsi{®) and direct modeling
(SM). Recursive approach and sensitivity adjustment employing direct modeling use error

minimization protocol based on the fact that RMSE should tend to minimum as the slope is

approaching tdiruedvalue, as shown iRigure 49H Omanovi | &t al ., 2015a

Due to the conviction th&is a function of [AL} (asillustratedin Figure 4.11A) currently
accepted method for unified MDW treatment estimates unified sensi®/lt}) (1sing direct
modeling in whichRaL (relative dependence of peak height on [Aldetermined inJV-

irradiated sample serves as a winddependent adjustme(iiudson et al., 200FBander et

al., 201). Few studies tested the dependenc& oh [SA}r (Campos and van den Berg,
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1994 Bruland et al., 200Kogut and Voelker, 20QJand all saw a difference Bas[SA];

varied. While Rue and Bruland, in tirdercomparison study bgruland et al. (200Q)and
Kogut and Voelker (20019btained comparable resultSampos and van den Berg (1994)
obtained differenRsa distribution. Their experiments differed only in potential used for
CuUSA\ deposition in the deposition step. For the comparison, Cu titrations at various [SA]
(0311200 OM) iwere pdrio®ned in this workijsing both,Egep = -1.10 V as in
Campos and van den Berg (1984 at more positive potentid#p=-0.15 V) as Rue and
Bruland(Bruland et al., 2000andKogut and Voelker (2001Jsing the datasets by Rue and
Bruland (Bruland et al., 2000and Kogut and Voelker (2001)Hudson et al. Z003)

formulated empirical equatidior R, at any [SA] ; relative to an arbitrary [SA] ; (EQ.
S-2 and Fig. SL inHudson et al. (2003)In experimenperformed irthis work dependence
of Son [SA} obtained atEqep = -0.15 V resembledhes hape obtained usin

equation, whereas thiesa curve obtained aEgep = -1.10 V was comparable to results
obtained byCampos and van den Berg (1998igure 4.11B).
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Figure 4.11. (A) Cu titration curves obtained in UVSW at varig8#\] ; (Eqep=-0.15 V) constructed

using peak height as a signal measure and (B) comparis®aadistribution in experiments
performed aEqep=-0.15V (black) andEqep=-1 . 10 V (red) with the result
equation (yellow) and the results abted byCampos and van den Berg (199geen).

4.1.211 Importance of applied depositionpotential

This section explains the difference Ra. distribution depending on chosen deposition
potential, shown inFigure 4.11B. Top graphs inFigure 4.12 demonstrate thdarge
difference in thg@eak shape and intensity betwégig,= 0.05 and1.10 Vat differenSA]+
(0. 3, 1 . Ruring the8de@ditipn step at more negative potental tie reduction
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potential of CuSAcomplexes (<0.3 V), C{f accumulates inside of the Hg drop. After the
deposition period, Clis re-oxidized during 5 s equilibration at more positive starting scan
potential of-0.1 V, which increases the concentratidrCa in the vicinity of the electrode
surface. Since atloy8A]r( < 2 OM) , t h 8Airtheivisinitnobthe eleatrade g h
to complex oxidized Cu, the Cugpeakwas much lower relative to CuSAeak formed at
higher[SA]r. In addition, theravas a prepeak ascribed to Cueduction to CPidue to the
presence of chloride ions, easiHgue4l@dcogni s e
When thgSA]r in the vicinity of the electrodeas high enough to complex all oxidized Cu
during equi | i bOu®Atpeaswas nfueh.higher,and & peakwis gonetop

right plot inFigure 4.12). Therefore, ging far negativ&gep (€.9.,-1.10 V) results with very

low sensitivity and almost no signal[@A]r< 0. 3 OM &igurestilB ygreeni n
squares). This is also evident from dependence of the peak adspaositionpotential
obtained in UVSW with the addition of 50 nM[G@jt0 . 3, 1 [8AkrdFig8re 4O}
bottom graph)At Egep< -0.1 V and low{SA]r, the CuSA signalwasvery low since most

of the Cu was removed from the Hg drop, whereas the signal indnghsa theravas high

[SA]T available to complex it back. On the other hand, wiiep> -0.1 V was used, there

was no oxidation of Cliand signalwas stable at everjSA]r. Beside byCampos and van

den Berg (1994)far negativeEqepis usually not applieth speciation measurements, but it

is sometimes used in measurements of {QWjong et al., 201;.8Wong et al., 201Pwhich

should be avoided due to thizen reasons.

In some cases, at the end of tlepositonrs t e p, some aut hors used a 6
negative potential, e.g-1.4 V, applied for 1 or 2 s) to remove potentially adsorbed surface

active substances at the Hg drop surfZ@®un et al., 202)L This step was found to be very

beneficial for Cu speciation analysis using Ag\uis et al., 2008Pa L an et). al . , 2
However, having in mind the above elaborated dependence of the peak intensity on the
deposition potential, its questionable if this step causes negative consequences in CLE
AdCSV met hod. I ni ti al experi ments perfor med
provides higher peaks intensity, similarly as using more negative potentials (green squares

in Figure 4.12). Considering that the ratio between [SAhd dCu}r is very important factor

here, as evidenced iFigure4.12, it can be specul ated that th
stepd is changing along the titration curve.

explored in more details.
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Figure 4.12. Top graphs: Voltammograms obtained Bitep,= 0.05 and1.10 Vcomprising different
[SA]«: 0. 3, 1 and 3
depositionpotential obtained in UVSW with the addition of 50 nM [€ahd differenfSA]+: 0.3
(black), 1 (red) and 3 OM (green).

Figure 4.13A showsdependence of the peak area on deposition potential obtained in natural
4 W gith Ge addition of 47

nM [Cu]r and 30 MSA]t. When there is high concentration of organic matter in the sample,
adsorbd SAS diminishes the CuSAeak in thel.4 and-0.1 V Eqeprange. Therefore, to be

on the safe side, in these type of samples slightly more poBitiyehould be applied (D

0.05 V), especially when [SAK 10 Ms used. The influence of the adsorbé®Increased

with the increase of deposition time (inseFigure 4.13A). Thus, for the samples with high

sample comprising high DOC concentration (2281

DOC, the appropriate dilution of sample with UVSW is recommended, along with the
. t

application of more positive deposition potenfladglera et al., 201F i get a al
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Sample: SML-bubbled, 22h, 09 2020, [dCu]; = 47 nM
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Figure 4.13. (A) Dependence of the peak areadepositiorpotential obtained in bubbled sea surface
microlayer sample comprising 3Z8M D @i the addition of 47 nM [Cu]and 30 M[SA]r.
Inset: Dependence of the peak area on duration of depositifg, &t 0.05 V.(B) Comparison of
voltammograms obtained Bfep,= 0 (black) and1.7 V (red).

4.122 Testing the IR hypothesis
Conventionally, peak height is used as a signal characteristic in complexometric studies,

however,in this work wasnoticed that the peak heighteknot change linearly with the

peak area, providing the possibility that 8is independent dSA] ; if the peak area is used

as a signal characteristic. In order to test this hypothesis, Cu titratenesperformedt
various [SA} (0.3i 1 00 OM) iFigurelt\t4d Bhows the titration curves obtained

at 0.3, 1, 3 and 10M [SA] ; constructed using peak area as a signal intensity measure. The
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obtained sensitivities in these cases weeetically the same for di6A]r, in contrast with

the titration curves constructed using the peak height as a signal méagure 4.11A).

This is clearly visible fronfigure 4.14B where the comparison &&a distribution using

the peak height and peak area is shown. As expected, when the peak height was used as a
signal measureRsa decreased with decreasing [SAhowever, when the peak area was
used,Rsa was nearly constarsince the peak area was constant all along the tested [SA]

range.

The important question in CLEdCSV experiment is which species of formed complexes

in the buk of the sample are adsorbable, electroactive and dominate in terms of the
contribution to the observed peak intensity. In case of keBéciation, it was concluded

that only electroactive specie is FeSA, while Fe3\ considered as electmoactive
(Abualhaija and van den Berg, 2QX8erringa et al., 2091 For CuSA, the experiments
showed that both CuSA and CuS#re electroactive and absorbable, but it is still umclea
about their proportions, because R dependence does not follow exactly the CuSA
species ratios. The change in sensitivity for two different GuspAcies could be assigned

to the obtaine®sa dependence if peak heigh is used. However, as the peak area was constant
all along the range of [SAjusually used in this type of experiments, it can be assumed that
the change in CuSé#speciation does not imply the difference in the sensitivities @fragp
species. Even if the contribution of CuSpecies to the peak height changes \\#A]T,

the 6net 6 r es po[BA«fthe meaktaleseisused.me f or al |
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Figure 4.14. (A) Cu titrationcurves obtained at various [SAEdep=-0.1 V) constructed using peak

area as a peak signal measure and (B) differeriRaidistribution between peak height (black) and
peak aredred)used as a signal measure.

The fact that th&a. is constant when the peak area is used as a peak signal measure, allows

93



4. Results and discussion

us to use the same sensitivity for every DW. This further simplifieutiieed MDW
analysisby avoiding the step ainified sensitivity determinatiorherefore, the practical
soluion used in this work was avoiding tiRsa by using the peak area as a peak signal

measure.

4.1.23 Degciding the sensitivity estimation

Still, there are several methods for sensitivity estimation and decidirdyub&sensitivity

is the most critical step of epiation data analysis. Even though there is no consensus on
which approach is the most precise and accunatesnial calibration is the most common
(Bruland et al., 2000P | av g i | ;&vhitbyaet al.,, 2011 I thiS work, his approach

was testecby determining theS®' of artificial titration dataset simulated using NICA

Donnan model witt5= 1. Repeated analysisof daats c on st r u c[$3Ag;davevi t h

S°'© around 0.8. This means that applying the internal calibration at any DW used in
experimentgrom this work underestimates the sensitivity. The titration curve at high DW
appears almost linear, especially with added noise, which can easily be incorrectly taken as
adruedslope 6°'°). For this reason, the internal calibrat&hould not be recommendéat
sersitivity estimation. Even theoreticaly§°'C is never precise it only asymptotically

approaches thé t rvaluwe 6even though all ligands seem saturated with added metal.

Tests performed in this work suggest ttte determination of the slope W -irradiated

sample is more suitable approach for the sensitivity estimation. By processing the titration

in a real d4SAmBiCef 0.818 ands’ 0fNd.022 were estimatedFrom the

NICA-Donnan experimentit was knownthat the S°' was underestimated for ~ 20%,
whereas an increase of 20% gave the slope of 0.022 equal to okfdhethis was
supported with the direct modeling based on error minimization procahning over the
range of slopggave the best fit (the minimum RMSE Bdt. Taking this into account, the

SV was further implemented &xperiments in this thesis

Recent studies also recognized the sensitivity estimation in a UV irradiated sample as the
reliable approach for a umed MDW analysigWong et al., 201.8Nong et al., 2019 Wong

et al. (2018determinedS™'T andS” for each sample, but used the results obtaine®’by

in the discussion. In their later studypng et al. (20193ompared”” andS°Y, concluding

that S’V gives more reproducible results for MDW analysis. However, beforeSthe

implementation, possible surfactant influence should be considered. Sinbé-thradiated
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sample iglevoidof organic surfactants, this can causedhe r sansitivity to be lower than

SV, From our experience, when the sample does not contain high organic matter content,
sensitivities obtained in untreated sample adnd-irradiated sample are within the
experimental error of 5 10%, so the possible surfactant influence can be ignoredsesc

of higherSASlevels, however, the surfactant influence might be notable at lower F8A]

the S should be adjusted for the lower DW. In cases of I88{& in the samples i.e., in
samples of surface microlayerwihOC > 200 OM, di b ufli owmaofap@ln

in this work.

4.1.3 Conditioning andCuwlaess

The common speciation procedure includes the conditioning of the bottles antyials
equilibrating them with samplender identical titration conditions (added metal, buffer and

AL) after an acid wash and before the titration experirfiéfititoy, 2016 Gerringa et al.,

20217). This was recommended in order to reduce the effects of adsoaptimnwalls of the

vessel. In order to quantify the Cu loss due to adsorption, the UVSW with added known
[Cu]r was storedn unconditioned FEP bottle. After ~ 24 hours 10 mL aligqpiahisUVSW
wasacidifiedto pH < 2in the voltanmetric cell in order to measure the remaining fCuyj

ASV. Experiment was repeated several times and every time theifCilne UVSW was

the same amouriat wasadded. Even at 80 nM [Cy]whichwas the highest [Cu]used in
titrationsin this work,the Cu loss was negligiblélowever, the decrease of CuSpeak

over timewas noticed n UV SW a[8A]r@nd &t p8/2. Also, the response to Cu
addition in UVSWfreeofCubi ndi ng | i gands, | ooke{BAli ke a
whereas it was | [[SAle mrordea to fintl thex explanaBoforQné
occurrencethe loss of Cu on the walls of quartz voltaetric cellwas testeas well. In tlis
experiment the UVSW with knowfCu]r and [SA} was leftin the voltanmetric cell
overnight. In UVSW with low [Cu] (5 nM) and low [SA}( 0. 3 OM) the peak
completely gone, whereas in UVSW with higher [SOnM) and[SA}( 1 or 3 OM)
peak hd not change after the overnight equilibration. In order to quantify the Cu loss due to
adsorptionafter theovernight equilibrationthe sampleontainingd nM[Cu]r and 0.3SA]+

was transferretb a FEP bottland replaceavith 0.5% v/v HCls.p.to desorb the Cu from

the cell walls.The transferred sample from the cell was also acidified by additiOrb&s

v/iv HCI s.p [Cu]r was measured by ASV in both solutior&urprisingly, there was no

measurable Cu peak detected in the védikereas in the sample, 5 nM[Glu]r was measured
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after acidification showing no loss of Qlue to adsorption at the cell wall§races of
stronger ligand that gets outcompeted at higBé&jr were considered. However, all the
reagents used wesep.quality. Additionally, the experiment was repeated in 0.5 M NacCl,
NaNQ; and NaClQ instead UVSW withthe same results, showing that CuSpeak
decreaseat low [Cu]r and [SA}, was not related to major solution composition. The
explanation of this occurrer found reasonable is the Qufrecipitation at pH 8.2 causing
the decrease of the measurable Cu8ad its dissolution at pH < ZEiltering of UVSW

t hr ough Owadals®tried in briéo remove the precipitatbut again 5 nMCulr

was foundn the solution. Therefore, if precipitation does occur, the particles are lower than
0.1 Om i Bincdthedatestse of Cugfeak was not significant in natural samples,
it can bepresumd that natural ligands inhibit the precipitation. Therefore, this should not
present a significant problem in natural samples, especially sin@s inore expressed at
lower[SA]T whichis used in the last segment of SMDW titration where affdef is high.

For this reasonit wasignorel in speciation measurements reported in this work, but in the

future, more detailed examinations of this occurrence are needed.

4.1.4 Experimentalverification.gfSSMDW;and CMDW appreaches

In order to test the application of, hereaauced, SMDW and CMDW approachesatural
samplesvalidation measurement of Cu complexatiosamples from vertical profile of the

Krka River estuary sampled in February 20&8 performedSamples from different depths

were characterized by the diffnt salinity, DOC concentration and dissolved Cu
concentrationas will be shown in Sections.4, 4.5 and 4.6, providing a set of different
sample compositions spanning a range of various sample compositions found in other

aguatic systems.

4.1.411 Choice @flligandmodelinmaturalssamples

Important aspect of a titration curve interpretation is the process of deciding the number of
ligand classes. Previous studies have found up to three classebiofiig organic ligands

in estuarine water@iuller, 1996 Kozelka and Bruland, 1998acquot etlg 2014 Whitby

et al., 2017 Wong et al.,, 2018 Nevertheless, choosing the ligand model is not
straightforward question and is subjected to human bias e.g., sometimes only a single ligand

class is selected for the fit, when another analyst might choose a 2L or even 3L model in the
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same sample. Visuahspection can help showing when too few ligands are included in a
model. Scatchard plot is especially convenient for recognizing the presence of more than
one ligand class. In SMDW and CMDW titrations, however, titration curve structure
prevents the use &catchard plot for this purpose. This can be solved by modifying it into
[CuL]/[Cu?"] vs. [CuL], as was already discussed in previous sections. Greater problem
arises when choosing between 2L and 3L model in cases when they are not visually
distinctive.One of the objective means of deciding which model to employ is comparing the
RMSE values of different fittingmodefP i get a ¢t al ., 2015

This problem was demonstrated on a natural sample from the Krka River estogoied

in February 2019 at 8.5 m depth (M&jgure 4.15 presents obtained titration curve and
their transformations in six different plots. While thé fit was clearly inappropriate
considering both visual fit and RMSE valugk, fit was visually indistinguishable from the

3L fit and also showed the similar RMSE, thus appeared to be equally acceptable. In case of
two ligand models showing equally gofiii the selection of higher number of ligands is not
statistically justified, and model with smaller number of ligand classes should be used. In
addition, analyst can be guided by resulting complexing parameters obtained using both
models and discardingé one that gives unreasonable resuitthis work, both 2L and 3L
model were suitable for describing the results simulated ND©Anan titrations, although

3L model showed slightly better visual fit and RMSE (Secfidnl.3.

Moreover,resulting complexing parameters obtained using both ligand models were sound
and compatible with usually reported valu€alfle 4.1). However, when analysing natural
samples in the Krka River estuary, even though 2L and 3L model showed equally good fit,
in some samples 3L model could not beefitor it producedinreasonable results such as
logK&ui1 > 17 or extremely high [4]. For this reason, to be consistent and to simplify the

comparison of the results, 2L model was applied on all samples in this work.

Finally, in order to explore iwhich extent selective bias could affect the final results, the
1L, 2L and 3L fit was tested on samples from vertical profile of the Krka River estuary in
February 2019Kigure 4.16). Observing the plot ofotal ligand concentratioalong the
vertical profile, the 1L model produced evidently disparate results in relation to 2L and 3L
models. Even though the inadequacy of 1L model was evident from the RMSE values, all 3
ligand models yielded good agreement p@u estimates. However, hgn obtained

complexing parameters were applied for predictiongCi at dCu}r increased to 30 nM
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the 1L fit again showed evident inconsistence from other two models by predicting notably

higher [Cue (lower pCu values), while 2L and 3L model werdl gtquivalent.
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Figure 4.15. 6-plot representation of CMDW complexometric titratiora natural sample from the
Krka River estuargampled in February 2019 at 8.5 m depth (M6) and the resultingffit @rlack),
2L (red) and 3L models (green): A) titration curve, B) L/G, C) R/VDB, D) SC, Ej'|@s. [dCu]*
and F) [CuL)/[C@" vs. [CuL].
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Figure 4.16. Comparison of the results obtained by 1L, 2L and 3L fit applied on samples from
vertical profile of the Krka River estuary sampled on February 2019: (A) total ligand concentration
(B) ambientpCu estimates, (C) fitting model RMSE and (D) predictiong@ii at gCulr = 30 nM

4.1.42 Comparison of CMDW, SMDW and MDW approach in natural samples

A comparison of classical MDW and newly proposed SMDW and CMDW complexometric
titrations is illustrated ifrigure 4.17 using the natural sample collecttd).5 m depth (M2)

as an example. MDW titration curves were obtained at 3 different[SA]. 3, 1 and
Titration curve at lowest DWvas characterised by representative curvature, second DW
producel only very weak curvature in the initial titrati@murve, whereas titration at highest

DW gave almost fully linear titration respongegure 4.17A).
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Figure 4.17. Comparison of MDW, SMDW and CMDW complexometric titrations of the natural
sample collectedt the Krka River estuary February 2019 at 0.5 m depth (M2): titration curves
(left plots) and SC transformatiofréght).

Same as in simulated SMDW titrations, SMDW titration curve obtained in natural sample
was characterized by drop of the signal intensity at second and third segment with lower SA
concentrationKigure 4.17C), whereas in CMDW titration, there were no visible segments

in the titration curveRigure 4.17E).

Scatchard transformation of titration data are plotted on the riggure 4.17B/D/F),
clearly showing the differences in the titration approach. However, when the datasets were
transformed into [Ctl] vs. [dCul* and [CuL]/[C/?*] vs. [CulL] (Figure 4.18) all 3

approaches showed the same titration trends, indicating the compatibility of these
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approaches. CMDW titration of sample from the saeywth but from different season (July
2019) is plotted on the graph for the comparison purposes, signifyingdeedifference in

two sets of data (winter vs. summer period).
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Figure 4.18. Comparison of MDW, SMDW and CMDW complexometric titrationghe natural
sample collectedt the Krka River estuaiy February 2019 at 0.5 m depth (MEJu?'] vs. [dCul*
(top graph and [CuL]/[C#*] vs. [CuL] transformationsbpttom graph

Resulting application of 3 tested approaches on all samples from vertical profile of the Krka
River estuary in February 2019 is presenteligure 4.19. It should be pointed out that the
titration dataset quality obtained in real samples is not ideal as simulated Dd@#an
experiment. Everwith a careful experiment protocol, sufficient number of points and
repeated scans per point, unavoidable scattermassible error within individual titration

points can have implications for the final complexing parameters obtained from the titrations
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(Whitby, 2016. This is evident from the analysis of simulated NHDAnnan dataset with
introduced noise, representative of a natural satitpéon (Figure 4.20).
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Figure 4.19. Comparison of the results obtained by MDW, SMDW and CMBJyroacks on
samples from vertical profile of the Krka River estuary sampled on February 2019: (A) ambient
dissolved Cu concentration@8) ambientpCu estimates, (C) H, (D) logKé&ui, | [L2] and (F)
|OgKQ;u|_2.
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Figure 4.20. Variation of obtained complexing parametersi](fand logK&:,i) from simulated
NICA-Donnan dataset with introduced noise. Simulated experiment was repeated 10 times. Red
dashed line indicates the valvéhout the noise

Running the calculation of complexing parameters 10 times, every time different results
were obtainedwith 127 24% deviation in [} and 1.8 2.7% in lod&ui, illustrating what

could be expected in a natural samples. Therefore, the perfect agreement of complexation
results between 3 approaches, in this case, cannot be expected. As can bd-igeea in

4.19, relatively good agreement betwesymplexing parameteend estimate@gCu values

using all tested approaches was obtained along the vertical profile (within estimated
uncertainties), verifyig the applicability of both SMDW and CMDW approaches as an
alternative to a more demanding full MDW approach. Further application of SMDW and

CDMW methodologies were chosen for samples analyses in this work.

103



4. Results and discussion

4.1.5 Effect of atitration range

During a titrationUvii decreases because tt@ncentration of natural organic ligands not
complexed with the metal decreasssa resulthe metal additione., sincanetal to binding

site ratio changefEq. 2.6). Therefore, beside on the applied DW, obtained complexing
parameters depend also on the initial metal concentration which determines whether a
binding site of a given strength will be detet(&ledhill and Gerringa, 20)}7Figure 4.21

plots the [L] and lodK&ui obtained from a simulated NICADonnan SMDW
complexometric titration at various initial Geoncentrations Culr,ni). Observing the
Figure 4.21it is evident that the determined parameters degeboid ambient dissolved Cu
concentration, resulting in a trend of increasing \lith [dCulr,ini, coupled with a decrease

in logKéuli. Increasing thedCulrni 51 (from 3 to 15 nM) for otherwise samsample
modeling conditions, [1] increased 211 (110%), [L2] 1.4 (36%) and [lg] 1.2] (24%). All
logKé&:ui varied by less than one order of magnitude over the modeled rahd@udf ini,

with logK&ui1 showing the highest variatiaf 0.9 log units. ThedogKau2 showed the
variation of 0.7 log units anlbgKé-uz showed the lowest variation of 0.4 log unitéis
problem is rarely addressed in the literature, even though some studies showed strong co
variation of Cubinding ligandswvith ambienfdCulr (Abualhaija et al., 201,3Vhitby et al.,

2018 Wong et al., 201P General trend of increasingiJLand decreasing I&G-uL with

initial metal concentration has been reported previously in a model study-NNFe
complexation(Gledhill and Gerringa, 20)7as well in a critical analysis of complexation

data for other metals publishéeérretofore(Town and Filella, 2000b Both works agreed

that this is assoated with the fact that stronger binding sites are saturated first (at lower
metal concentrations) whereas the weaker sites contribute to complexation progressively at
higher metal concentrations. This also explains the highest variation of parameters
descibing the strongest ligand clads. this study, the errors ifiLi] and lod<G.uL were
highest for the weakest ligand class and they alscedsed with increasif@Culrini. The

same can be observed for RMSE valldggyre 4.21H). The largest fitting error at lowest
[dCulr,ni was rationalized byGledhill and Gerringa (201Ayith the most diverse and
heterogeneous range of sites available for binding at this concentration, resulting with the

highest deviation athe titration curve from the fitting model.
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Figure 4.21. Complexing paramete(fl.i] and lodK& i), estimategCu values and RMSE obtained
from a simulated NICADonnan SMDW complexometriditration at various initial Cu
concentrations ¢[Culr,ini).

Overall, the dependence obmplexing parametersn the dissolved metal concentration

complicates meaningful biogeochemical interpretation of complexing ligands in seawater.

When analysing the real samples, comparison of complexing parameters estimated at

different [dCulr,ini can lead to misinterpretaticof Cu-binding ligands Thus, in order to

understand the metal complexation, any interpretation must consider the possible effect of
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initial metal concentration i.e., the titration/fitting artefaditigating circumstance is that
estimatedCu values are not significantly affected by the change in complexing parameters
since thechanges in [l] and lod<&u.i cancel each other awigure 4.21G shows thepCu
values at 3 and 15 nlMiCulr,ini projected using parameters estimated at vafid@s}r,ini.
Misidentification of complexing parameters did not have notable influencpCen at
[dCu]r,ini Of 15 nM. At lower fiCulr,ni, change in complexing parameters caused higher
variation ofpCu, but still in the relatively narrow range, especially when cenisig the

error margins. Therefore, even though complexing parameters obtained at differgni|
cannot be used for straightforward comparison ob@ding ligands, the [Guye can be
estimated with relative certainty.

4.1.6 Comiment c.ondata treatment «d derived complexing ;parameterin

single detectionwindoitrations
In electrochemical measurements it is common practice to use the peak height as a peak
characteristic. However, in addition to the peak height, atharacteristic parameters such
as, peak area, the value of titeat 2" derivative, etc. can be used. As the signal response
often change the form along the titration with metal, the question is what signal
characteristic is optimal. It was already simothiat incorrectomplexing parametersuld
be generated (a new, strong ligand is virtually created) due to the inadequate processing of
voltammograms at low peak currents (the beginning of titra@manovi | et al .,
However, the whole curve is important in processing, especially whéngtsendis used
to determine initial sensitivity-igure 4.22 shows an example of the determination of Cu
complexing parameters (Krka River estuary, 2.5 m depth), which combipéao(SA
concentrat i on si)thethre® charactkristits oOth)current response (peak
height, peak area, and value 8f 8erivative), {ii) all the possible fitting combinations (8
combinations) available within the ProMCC program and the sensitivity adjustment
met hod @&k PBt%in the graph show variations of a complexing parameters
depending on the appligdeatment of titration curve for the three valudsthe applied
sensitivity (N 5%), showing the range of val
various treatment methods. It should be noted that each individual titration consists of 100
individual voltammetric measurements (for 2 SA concentrations), and that YaluBox

Plotwereobtained by processing about 600 individual data points (just for one sample).
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Figure 4.22. Box-plotsHof Cucomplexing parametefsample from 2.5 m deptM4 in December

2017 obtained by combining different experimental conditions, and data treatment routines for both
voltammograms and titration curves. Ampe int i onal
applied sensitivity.

The box plots irfFigure 4.22 clearly indicatehatthere is no uniqueomplexing parameters

which could be derived from theame titration dataséBuck et al., 201p Rejecting the
outliers, the range of obtained ligand concentrations varied about re@8ctlie median

value, whereas stability constants were within one log unit. These ranges are relatively high,
considering that in many environmental studies the variability of obtained parameters in the
studied systems is within that range. Thihss worksuggedst that users consider different
options of data treatment and present the results as a robust estimate of the derived

parameters, taking into account different factors which could influence the final results.
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4.2 Revidon of Cu ion-selectiveelectrode application in seawater

The research presented in this sectionah@adybeenpublishedin Marcinek et al. (2021)
(doi:10.1016/j.talanta.2021.2270. This work addresskthe current approachf Cu-ISE
calibration(here termedaingle calibratiorapproachpndintroducel the new, more reliable
metacalibration for its application in high chloride mediéethodology of mgle calibration
approach cosists of taking a solution with a similar matrix as the sample, adding a very high
level of Cu (typically 0.2 1 mM), adding a Cdigand of known stability constant (typically
ethylenediamine; EN) and varying [fedl by controlling the pHBelli and Zirino, 1993
Eriksen et al., 199RiveraDuarte and Zirino, 20Q4rait et al., 201§ This work has shown

that this approach is flawed, since the Nernstian behaviour predicted.bg.1 was not
observed at low [Cq](15nMi 100 OM) . To over conrealbrdatibni s pr ob
approactwas applied i.e., set of calibrations at various fQap nMi 1 mM) using EN (5

O Mi 15mM) to buffer [Cued. The set of calibration parameters (slope and intercept) were
then fitted using the Gompertz function, allowing the choice of optimized values at any
[Cu]r. This new metaalibration approach was testedUi -digested seawater in @&nce

and absence of organic ligan@N or humic acid) and in a natural estuarine sample for the
determination of complexing parametéigand concentrations and stability constants). For
each of those tests, the two approaches (single andcaldieaton) were compared with
predictions from a Visual MINTEQ modelling softwgfeustafsson, 2033

4.2.1 Standatdssingle’ GUSE calibration

Calibration curvesHKigure 4.23) of electrode potential vdog[Cured Obtained in 0.5 M

NaNGs, 0.1 M NacCl, 0.5 M NaCl or UVSW in presence of a high concentration of copper

( 300 ) ahd CruM EN had regression lines w(tiear)Nernstian slopes of 30.2, 29.7,

27.7 and 24.9 mV/decade, respectively. While the linearity in 0.5 M NaN®0.1 M NaCl

was good along the entire rang&3 < log[Cu} < -3) with} of 0.99, in UVSW and 0.5 M

NaCl good linearity was obtained only at fedi<~1 OM. At higher concen
pH is such that Gbuffering by EN is low and chloride interference ocoW&estall et al.,

1979. Chloride interfererne was already observed, at fedi> 10® M, due to a formation

of Cu(l)-chloro complexes in the electrode diffusion layer at highdg§{Westall et al.,

1979 Hoyer, 1991 De Marco, 1994 Nevertheless, at [Gey < ~ 1 Om, (near ) I
slopes (28.8 and 27.1 mV/d&te) were obtained in UVSW and 0.5 M NaCl respectively.
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These slopeagreewith those reported in the literaturgaple 4.2).
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Figure 4.23. Electrode response tog[Cure¢ increasein 0.5 M NaNQ, 0.1 or 0.5 M NaCl and
UVSW in presence of 0.3 mM @and 1 mM EN. Calibration lines are shown as dashed lines; slope
values(Sse) are expressed in mV/decade; logjtliwas varied by adjusting the pH based on
equilibrium speciation calculated by Visual MINTEQ.

These calibration curves were repeated in the same solutions butat [804 nM. Linear
relationships were still obtagad but the slopes of the regression linEsb{e 4.2) were all
significantly lower (21.6, 14.8 and 12.5 mV/decade in 0.5 M NgNOCb M NaCl and
UVSW regpectively). Decrease of slopes between high and@wjr was more pronounced

in chloride containing solutions (47% and 52% loss in 0.5 NaCl and UVSW respectively)
than in chloride free solution (28% loss in 0.5 M NaNO'hese results are generally
consigent with those found bpvdeef et al. (1983)vho reported a 10% decrease of slope
in 10 mM KNG when passing from 1 mM Guown to 200 nM Cu

It thus appears that the electrode response is dependent on the total Cu concentration. To test

this hypothesis, metealibrations at differeriCu]r was carried out.
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Table 4.2. Composition of Cu activity buffers ([Gs controlled by ligandethylenediamine, EN,
glycine, Gly, imirodiacetic acid, IDA or nitrilotriacetic acid, NT)Aised for CdSE calibration and
derived calibration parametefisq. 2.1) i comparison with the literature data.

. [CU]T Ligand Sse =
Solution M) M) (mVidecade) (m\V) Electrode Reference
0.5 M NaCl 3e* EN; 1€® 27.7 264 Orion This study
*0.5 M NaCl 3e”’ EN; 1€® 14.8 146 Orion This study
uUvsw 3et EN; 1€ 24.9 234 Orion This study
*UVSW 3e”’ EN; 1€° 12.5 107 Orion This study
0.1 M NacCl 3e* EN; 1€® 29.7 310 Orion This study
0.5 M NaNQ 3e* EN; 1e® 30.2 323 Orion This study
*0.5 M NaNG; 3e”’ EN; 1€° 21.6 261 Orion This study
0.6 M NaCl led EN; 15¢€° 30.7 273 Orion Eriksen et al. (1999)
0.6M NacCl led EN; 15€° 29.6 - Orion Tait et al. (2016)
ASW 2e* Gly, EN; 1€® 28 - Orion Belli and Zirino (1993)
. RiveraDuarte and
4 . 3 -

ASW 2e Gly, EN; le 27.6 Orion Zirino (2004)
0.01 M KNG led EN; 15€3 29.4 308 Beckman Avdeef et al. (1983)
*0.01 M KNOs 2e’ EN; 15€° 26.5 305 Beckman Avdeef et al. (1983)

0.01 KNG let IDA; 1le® 33 237 deteclON Rachou et al. (2007)
0.1 M NaNQ led EN; 15€° 2871 30 332207 Orion Zeng et al. (2005)
0.1MNaNQ  45e*  NTA; 9¢* 29.4 306 ANALION Rodgher et al. (2008)
O1MNacl& ., , Gly; 16® ~ 30 Orion De Marco (1994)

0.6 M NaCl ' Radiometer
0.1 M NaCl & i

2e* Gly; 1€® 29.5 - Naf_|or+ De Marco (1994)

0.6 M NaCl Orion

0.1 M NaCl & i
2t Gly; 163 20.9 Nafior- De Marco (1994)
0.6 M NaCl Radiometer

* Calibrations performed in solutions using low levels of Cu
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4.2 2 Cu-ISE metacalibration

To estimate the dependence of thelSH calibration parameters §@u]r, calibrations were

performed avarious[Cu]r (in the 1 mMi 15 nM range) and EN (15 mM5
(Figure 4.24), 0.5 M NaCl Figure 4.25) and 0.5 M NaN®(Figure 4.26). All calibrations

OM)

n

produced linear response down to pM/i&lel of [Curel and slopes (mV per decade of

[Cured) were found to decrease with decreadiig]r.
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0.3 mM Cu; + 1 mM EN
0.1 mM Cu; + 1 mM EN
30 uM Cu; + 0.2 mM EN
10 uM Cu; + 0.2 mM EN
3 uM Cu; + 50 uM EN
1 uM Cu; + 50 uM EN
0.6 uM Cu; + 10 uM EN
0.3 uM Cu; + 10 uM EN
0.1 uM Cu; + 5 uM EN
35nM Cu; + 5 uM EN
15nM Cu; + 5 uM EN
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-8
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See=7.53+17. 481 e x gH6.3%/%69)] -

€% 45.19+191. 827 e x4662)/e5) (| -

Figure 4.24 Top: Electrode response tog[Cu changen UVSW at various Cuconcentrations.
Bottom: Variation of the slop&se (left graph) and interceji® (right graph) vslog[Cu]r. Data were

fitted using the Gompertz equation (full lines); dashed lines represent 95% confidence interval.

Calibration parameters (i.e., slof@e and the reference potentigf) at a giverjCu]r were

calculated by fitting all experimental points. They are shown againgEudgin bottom

graphs ofFigure 4.24, Figure 4.25 andFigure 4.26. The regression slopes decreased from

a (near)Nernstian values (&@u]r >

50

OM)

down to

7.

3

and

and 0.5 M NacCl (at 15 nM Gurespectively, and down to 21.9 mV/decade in 0.5 M NaNO
(at 35 nM Cu); the intercept decreased from 234 mV to 45 mV in UVSW, 264 mV to 85
mV in 0.5 M NaCl and 323 mV to 255 mV in 0.5 M Nai@t referredCulyr).
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4. Results and discussion

Both calibration parameters followed a sigmoidal relationship with, Ghe greatest
variationben g bet ween 35 -M0 <alogfulrk 65.0)drMll tBree media
(Figure 4.24, Figure 4.25 andFigure 4.26). At high[Culr ( > ~ 50 S3MhdE® bot h
were relatively constant. With decreasing concentrati§psdecreased showing a loss of
sensitivity towards Gie The lowest reachable potentia[@u]lr< 0. 3 OBOmMVas -~
while, for the same log[Gud, potential was ~120 mV at[Culr > 1 0. Atd®d]r < 20

nM, Sse and E° both reackd a constant value, irrespective [@u]r. This is due to the
dissolution of the electrode membrane which sets up the detection limit of ti&iligg et

al., 2003.

1 mM Cu; + 15 mM EN
0.3 mM Cu; + 1 mM EN
0.1 mM Cu; + 1 mMEN
30 uM Cu; + 0.2 mM EN
10 uM Cu; + 0.2 MM EN
3 uM Cu; + 50 uM EN

1 uM Cu; + 50 uM EN
0.6 uM Cu; + 10 uM EN
0.3 uM Cu; + 10 utM EN
0.1 uM Cu; +5 uM EN
35nM Cu; +5 uM EN
15nM Cu; + 5 uM EN
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Figure 4.25. Top: Electrode response tmg[Cuwed changein 0.5 M NaCl at various Cu
concentrationsBottom: Variation of the slope&Sse (left graph) and interce® (right graph) vs
log[Cu]r. Data were fitted using the Gompertz equation (full lines); dashed lines represent 95%
confidence interval.
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Figure 4.26. Top: Electrode response tog[Cuwd changein 0.5 M NaNG; at various Cu
concentrationsBottom: Variation of the slop&se (left graph) and interced® (right graph) vs
log[Culs.

Several attempts have been made to explain the chloride interference -I8E Cu
measurements: some of them considered the exchange reactions at the electrode surface and
other redox reactions with membrane mateakinski et al., 1974Nestall et al., 1979
Lewenstam et al., 198Bbe Marco, 199 Lewenstam et al. (198%yovided amodel which
describes how the presence of halide ions affects the exchange reactions at the-electrode
solution interface by forming amorphous sulphur. According to these authors, this reaction
mechanically blocks the electrode surface and causes irf@eersactions, which may be

the explanation of the more prominent loss of sensitivity towards @uthe high chloride

media observed her&/hatever the reason, the conclusion is that the significant change of
calibration parametersSge and E°) at varying[Cu]r simply prevents the use of a single
calibration approach. Therefore, for reliable measurements, potentials have to be correlated
to the appropriate calibration curve, which is dependent ofCtie. To predict the correct

Sse andE® atany[Cul]r, the experimental results were fitted on various sigmoidal functions,
among which the Gompertz functioBd. 4.2) showed the best fit:

113



4. Results and discussion

o A o Eq. 4.2

whereyp is the base valueg is the[Cu]r at midslope value, whilea and b are fitting

parameters without any chemical meaning. The fitted equatior&sfaandE® in UVSW

are given inFigure 4.24 (seeFigure 4.25for 0.5 M NacCl). Note thafS6shaped Gompertz

function was used here due to the wide range of the exanfi@Gagk. However, if the

calibrations are performed in the narrower ranggCofr (eg . , up to 10 OM), t
relationships might not be fully sigmoidal, and as such, the other empirical functions could

also be used (e.g., polynomial, or other sigmoidal functions), as long as the fitting of the

datasets is satisfactory.

The proposednetacalibration approach for determination of fed comprises the two
prerequisites:i] the known concentration of €in the sample being analysed andl the

two valid Gompertz (or other) functions needed to create calibrations pZafwvhich are

electrode dependent. For measurements at If@egr ( < ~ 1 OM), it is sug
electrode is conditioned by the sample being analysed for at least 30 minutes, after which

the new fresh sample is taken, and the potential reading is tigk® stabilization.

Based on the results presented above, the following analytical protocol is proposed here for

the determination of [Gu¢ in chloride containing solutions:

1. determine the Gompertz functions for both the slope and intercept; idealghould
be obtained in the expectfdu]r range and at salinity close to the sample of interest,
2. determine the dissolvd@u]r of the samples of interest,
3. measure the potentidE) using CuUlSE electrode,
4. determine [Cieg based orEq. 2.1 using the appropriate calibration paramet&s: (
andE®) extracted by using the Gompertz functions (step 1) for the kf©uln(step 2)

4.2.3 Applicability of the metacalibration apptoach

4.2.811 Model solution without organic ligands

The response of the electrode was first tested in absence of organic ligands at pt#i = 3 a

8.5 for each of the following solutions: 0.5 M Nap@VSW, 0.1 and 0.5 M NaCl. Levels
of[Cufwere increased from gdbwanddtairted froh ViecualOM an d
MINTEQ predictions. At pH = 3, the expected theoretical slope was obtageed in 0.5

M NaNQG: and 0.1 M NaCl (28.9 and 29.5 mV/log[tet], respectively), whereas@uper
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4. Results and discussion

Nernstiad response was obtained in UVSW and 0.5 M NaCl at pH = 3 (38.0 and 41.3
mV/log[Curee, respectively), and at pH = 8.5 (38.1 and 38.3 mV/decadpectsely)

(Figure 4.27, Figure 4.28 andFigure 4.29). All experiments were repeated several times

over a period of one year and gave similar results. At pH = 3, the electrode response to Cu

additions in UVSW and 0.5 M NaCl was linear down to ~ 25 nM<gwhereas at pH =
8.5, it was linear down to ~ 1 nM &dd (Figure 4.28A/B andFigure 4.29A/B) as a result of
buffering effect of carbonate and hydroxide present in the soluliablé 4.3). This is

consistent with the previowbservation that, in the absence of any organic ligand, buffering

effect of hydroxy and carbonate complexes is enough to allow reliable measurements of

[Cured < 20 NnM(Rachou et al., 2007In the absence of organic ligandsgure 4.28A/B
and Figure 4.29A/B), the proportionality betweefCu]r and [Cued is given by the

inorganic side reaction coefficiend,([Cu]t/[Cured) (Jasinski et al., 1974At pH = 3,U4&

1.5 due to Cu complexation with chloride and sulphate, whereas at pHE&.5,3 3

due

complexation with carbonate and hydroxide. The observed shifts betweeg fd[Cu]r

along the Xaxis inFigure 4.28A/B correspond td}-factors at two pH values.

Table 4.3. Copper speciedistribution in UVSW and 0.5 M NaCl at pH 3 and 8.5 calculated with

Visual MINTEQ.
UVSW 0.5 M NaCl
pH 8.5 pH 3 pH 8.5 pH 3
Species % Species % Species % Species %
CuCG(aq) 63.37 cuw* 63.99| Cuw(OH)s? 47.22 cuw* 78.82
Cu(CQ)* 10.60  CuCF 19.81| CuCG(aq) 32.53 CuCl 20.04
CuOH" 9.65 CuSQ(aq) 14.84| Cw(OH)** 6.65 CuChk(aq) 1.12
Cug(OH)42* 513 CuCk(ag) 1.29 | Cu(CQ)* 6.19
Cu(OHY (ag) 3.29 CuF 0.02 CuOH 4.33
Cl(OH)* 3.21 CuHSQ" 0.02 | Cu(OHY(aq) 1.52
cuw* 2.53 CuBr* 0.02 cuw* 1.17
CuCr 0.78 CucCl 0.30
CuHBOs* 0.63 CuHCQ" 0.040
CuSQ (aq) 0.60 Cu(OH) 0.03
CuHCG* 0.07 CuCk(ag) 0.02
Cu(OH) 0.07
CuCk (aq) 0.05
Cu(HBOs)2 (ag) 0.02
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Figure 4.27. Electrode response to €additions in 0.5 M NaNg) 0.1 and 0.5 M NaCl and UVSW
at pH = 3. Regression lines are shown as dashed lines; slope values are expressed in mY7log[Cu
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500{ @ 0.1MNaCkSg =295 _& ]
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[Cured Was calculatd using Visual MINTEQ.
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Figure 4.28. Top: Electrode response to Idu]r (brown) and log[Citd (green) change in UVSW
at pH = 3 (A) and 8.5 (B). Regression lines are shown as dashed lines and points used for regression
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are indicated as full circles; equilibrium speciation was calculated using Visual MINB&©Qm:

Comparison between log[&dd calculated using metealibration (red), standard single calibration

(blue) and modeled using Visual MINTEQ (black) at pH = 3 (C) and 8.5 (D).
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Figure 4.29. Top: Electrode response to [@u]r (brown) and lo§Cured (green) change in 0.5 M

NaCl at pH = 3 (A) and 8.5 (B). Regression lines are shown as dashed lines and points used for
regression are indicated as full circles; equilibrium speciation was calculated using Visual MINTEQ.
Bottom: Comparison betweelog[Cur¢ calculated using metealibration (red), standard single
calibration (blue) and modeled using Visual MINTEQ (black) at pH = 3 (C) and 8.5 (D).

The applicability of proposed metalibration approach was first checked in UVSW at both
pH = 3 Figure 4.28C) and 8.5 Figure 4.28D), by plotting [Cured as a function ofCu]r
using the single calibration approadfigure 4.23), the metecalibration approach (i.e.,
using the empirical equations given kigure 4.24) and Visual MINTEQ predictions.
Similar graphs are shown iRigure 4.29C/D for 0.5 M NaCl. At both pH, thesingle
calibration approach displayed a sigmoidal shape similar to what is usually obtained in the
presence of organic ligands: a weak curvature at the Idg@est followed by a linear
increase in [Cike in response to higher Cu additions, analogougyand saturation. This
response has been previously reported and explained by the lack of sensitivity of&te Cu
at the initial concentration levéBelli and Zirino, 1993 RiveraDuarte and Zirino, 2004
However, when metaalibration approachvas applied, calculated [Gey was in much

better ageement with modeled data than the single calibration approach. widsis
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4. Results and discussion

particularly true at pH = 3. AtpH =85, ulr> 10 OM, precipitation
species is predicted, which may explain the plateau observed at these high Cu levels (top
empt circles inFigure 4.28B andFigure 4.29B).

SuperNernstian response to increasifi@u]r was already observed in other studies and
attributed to the presence of chloride iqdasinski et al., 1974.ewenstam et al., 1935

Using a Orion CUSE, Jasinski et al. (19749bserved a Nernstian slope in nitrate and
sulphate media and a sugéernstian slope in 1 M KCl at pH = 2 and in 0.5 M NaCl at pH

= 8. They suggested that this anomalous response was due to both the electrode material and
the high chloride ion concentratfi rather than the presence of small quantities of chelating
agents in the solutiorBelli and Zirino (1993)eported supeNernstian response in high
chloride media, but only in alkaline conditions. They assumed that the matrix binds different
fraction of Cu depending on tH€u]r in artificial seawater at pH = 8 and that there are
neglected Cu species in the model. In this wslightly different slopes at pH = 8.5ifure

4.29) betweenE vs. log[Cu]r (slope of 38.8 mV/decade) arfel vs. log[Cured (38.1
mV/decade) were obtained, as a result of slight change in inorganic side reaction coefficient
at increasingCulr, mostly coming from hydroxide ions. Notwithstanding, this difference
was quite negligible anavas probably not the reason for sugrnstian response during

Cu titration, as suggested Bglli and Zirino (1993)Moreover, the same response was also
observed here at pH = 3, where the inorganic side reaction coefficient is constant. Super
Nernstian response most likely occurs due to the gradual seéfhsitivity during increasing

[Cu]r. Finally, if only the two last points are taken from the Cu titration at pHE@ufe

4.29A), where[Cu]r is high enoughRigure 4.24), a Nernstian slope of 28.89 még[Cu]

is obtained.

The decrease of slope with decreasj@g]r might explain the strong disagreement of
experimental results with the predicted ones in the presence of synthetic ligands (EN and the
polyaminocarboxylic acids EDTA cyclohexanediaminetetraacetic gci€DTA and
nitrilotriacetic acid,NTA) at lower[Culr( < 1 OM) Ribeta®uarneeadd Zhino

(2004) which was specifically pointeaut byS 8§ n cMeaerz? n . Th2 lévalinyg ofpCu,

they observed below 10 nM of gus related to the detection limit of @8E electrode
caused by the dissolution of the electrode membrane, maintaining the relativel@digh

in the vicinity of the electrode surfa¢éirino et al., 2002 Furthermore, in their experiment

in the absence of organic matter (Fig. RimeraDuarte and Zirino (2004)a disagreement

between modeled and measuredslare in agreement with results from this work, when
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using the single calibraticapproachigure 4.28C/D). As shown here ifrigure 4.28C/D,
using proposed metzalibration approach the agment with modeled data for the same
experiment type was much better, signifying the benefit of this calibration approach for the

measurements of Cu speciation in natural waters.

4.2.82 Model solutions with knowin concentrations,of,erganiciligands

The validity of poposed metaalibration approach was also tested in UVSW (pH = 8.2) in
presence of organi c | iLgACuditratiorsiweré achievesinOM E N
both solutions and [Gug Was calculated at each step using the singlenagtdcalibration

approaches and compared with Visual MINTEQ predictiéingufe 4.30).
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Figure430.Compl exometric titrations in UWLSMA(Qompri s
D): comparison between [g4d] calculated using metealibration approach (red), single calibration
approach (blue) and modeled using VisUBNTEQ with (black) and without (white) organic ligands

in the solution, in linear (A, C) and logarithmic scale (B, D). Insets: CorrespoidiogCu]r

curves.

In both cases, the metalibration approach provided a much better agreement with the

modeledvalues than the single calibration approach. In presence oFighir¢ 4.30A/B),
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both methods displayed a good agreement with Visual MINTEQujt> 10 OM (becaus

of similar calibration parameters in these conditidngure 4.24) but the single calibration

approach significantly overestimated fediat[Culr <~1 OM. I n presence

single calibration approach strongly underestimated@d{at higher Cu levels and strongly
overestimated them at lower. KEu]r < ~ 30 nM (lodCu]y < -7.5), a plateau value limit

was reached confirming that €8E is not sitable for measurements of lower levels in this
type of cell configuration. This would prevent the analysis of open ocean or open coastal
watersthat contain low nM levels of C(Jacquot and Moffett, 20)5but it can allow Cu
speciation (i.e., measurementgGti]r, [Curee] and Cubinding organic ligands) in coastal

areas with strong anthropogenic influeiiBeake et al., 2004

4.2.83 Natural estuarine sample

The efficieny of the metecalibration method in thdetermination of [Citd, as well as in

the determination of concentration and strength of natural organic ligaadsgvaluated
here by Cu titratiom an estuarine sample collected from the Krka River estuary (pH = 8.2);
this sample had a total Cu concentration of 20 nM and contained 1L5 R@C. [CUsred
obtained using the single and metdibration approaches, were compared to the modeled
data obained by Visual MINTEQFKigure 4.31).

Very good agreement was obtained between the-oaditaration approach and Visual
MINTEQ predictions in the linegrart of the titration curve (i.e., fulr> 3 OM) whi |
single calibration approach strongly underestimatedd{un that region, similar to the test
performed in UVSW in presence of HEigure 4.30C/D). At the lower end ofCul]r, the

single calibration approach predicted a much higherdf (B0 higher, similar to results
obtained in presence of HA), whereas much closer values te tireslicted by Visual
MINTEQ were obtained using metalibration approach. Althoughe general trend of
measured [Cite] agrees well with the predicted values along the full titration range, slightly
hi gher wvalues at the c¢ dfCaolecoudrba ¢xplaoned by then g e
difference in the ligand characteristics of estuarine natural organic matter from the one used
in Visual MINTEQ modeling (fulvic acid).

Ligand concentrations and conditional stability constants were calculated fromtesicnti
curve using ProMCGOmano v i | e)tand ae compateifl Eiguee 4.32. Good
agreement was obtained between Visual MINTEQ and the-caétaation approach in

terms of number of ligand classes (represented herg &s &nd Ls), their concentrations
120
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4. Results and discussion

and associated stability constants. However, the strongest class of ligamgs Lnot
identified when the single <calibration ap
overestimation of [Ci¢ calculated based on the deriveaimplexing parameter$igure

4.32A). As this class of ligand$ogKa:uL1) is the most important for the complexation of Cu

at its low ambient concentration, the single calibration approach would therefore tend to

highly overestimate the Cu toxicity tife sample.

A
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Figure 4.31. Complexometric titration in a natural estuarine sampleKtka River estuary, Croatia;
sampled on July 201@pntaining an initia[Cu]r of 20 nM and 1.5 m¢™* DOC: Comparisonwas

made between [Gey] calculated using the metalibration approach (red), the single calibration
approach (blue) and modeled using Visual MINTEQ with (black) and without (white) organic ligands
in the solution, in linear (A) and logthmic scale (B)Inset: Correspondind:-log[Cu]r curves.
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4.8 Novel method for voltammetric quantification of humic substances

Humic substances (HS) are important component of the DOM pool in estuaries and coastal
waters where theyeachup to 5@6 of bulk DOC(Laglera et al., 2007 However, their
concentration in natural waters is not exactly known wutheir complex structure and
severahnalytical uncertaintie@d aglera et al., 2007Few electrochemical methods exist for

HS quantification in natulavaters. They are based @ their surfaceactive interaction

with theHg drop electrodéDaut ovi | ;€t ghknel| ROIt@rt mall ki, et01
2018 Ci gl ene| ki ) aad (i) adsorptive @dpeties of HS complexes with
molybdenum (Mo)Quentel and Elleouet, 20Q1Fe (Laglera et al., 20Q7or Cu (Whitby

and van den Berg, 20L5The formemethods use a modification of the capacitive current

in phase sensitivaternating currentXC) voltammetry, pioneereddyo s ovi I and Vo j
(1982)or suppression of the polarographic maximum of dissolved oxg@eminoli et al.,

1980. Given that allpresent groups of surfa@etive substances (SAS) take a part in
adsorption on the electrode in a competitive mantier method is not substance specific

but quantifies cumulative SAIS the sampl¢O r | eLekb ét al., 201 Different fractions

of SAS can be characterized with AC voltammetry(ycomparing their DO&pecific

surface activity with different model substancdso s o v i | and W6 vodi l
estimating their hydrophobicity and acidity usingitrophenol as an electrochemical probe
(Gagparovi | @3 at(iiderisirg kimefic ads@pion constants at two different

pH values and calibrating them against concentration of various model subg$Gueas/

and Muller, 201% Methods using adsorptive properties of HS complexés metals are

based on the measurement of a reduction peak preceded by the adsorptive collection of
given complex aheHg electrode. The MélS method operates at phivhile theFe method
usesacatalytic effect in the presence of bromate to obtaificeent sensitivity.Here, a new

simple and sensitive method fire determination of surfaeactive HS in seawatds

proposed. The methodhased on influencef HSonthebackground current in BRACSV,

and further onis named agspulsed background ethody PB-HS method. The method is

similar to the one proposed byhitby and van den Berg (2016ut here no Cu addition is

needed due to the main difference between these two methedformeris based on
sufaceactive properties of HS itselivhereas thdatter is based on the complexing

properties of HS with Cand adsorption of the GdS complex

In AC voltammetry, adsorption of SAS dhe electrode surface dhe potential ofan

electrocapillary maximurof the mercury electrode- -0.6 V) resultsn the decreasef the
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capacity current relative to a blank electrolyfégre 4.33A). Conversely, using pulsed
techniques (differential pulse and square wave; DP aj'd) Sombined with AACSV, the
elevation of the whole background currasta function of HS concentratiomas observed

in this work,as shown irFigure 4.33B with Suwannee River humic ac{®RHA) scanned

in DP mode. SRHA adsorbs on the Hg drop surface during the deposition step sttt
deposition time (2 s) there was only a very small irswed the background current relative

to UVSW blank, meaning that the current increase was caused by incadasebed humics

at the electrode surface during the deposition dtewas worth exploring whether the
specific behaviour observed for SRHA ocddle used to determine SAS concentration in
natural waters, and possibly even differentiate between various SAS compounds.
Accordingly, a new optimised method for the determination of sudatiee HS is proposed

here. The method is discussed in furthections, including the optimisation of
electrochemical parameters and comparison of an influence of various model SAS solutions
on the background current, as well the verification in natural samples of the Krka River
estuary and comparison with MdS methal which is most often used for this purpose
(PernetCoudrier et al., 203,3ulaquais et al., 202®Riso et al., 2021

0601} A tep=120'S  SRHA (mg L): 0] B tiep =60S  SRHA (mg L) |
: o -ty =25 —o0 |
— 0.2
2055 ! o2 04 |
3 | 0.4 -8 1 88 |
€050 | — 06 < 10 |
Qo ! — 0.8 < T
= | ~ .6 |
3 h 10 < ]
50457 | 3 T
8 i 3 41 :
e
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8]
I -2 4
0354 ! ;
]
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Figure 4.33. Comparisorof A) the classical alternate current (AC) ddddifferential pulse (DP)
voltammograms obtained in UVSW at increasing concentratioBRdfA, as indicated in plotsn

the AC voltammetry(phaseangle  9fregiency 75 Hz, amplitude 10 mV) the potential of-0.6V

was used for accumulation of SAB DP-AdCSYV (electrochemical parametegsven in Section
3.5.1.3 Table 3.6 for PB-HS method) the accumulation was performed @w0 Vertical red dashed

lines represent a potential at which the differential currestc{iirentrelative to a baaround scan

at 2 s deposition timaevas determined and used as an analytical measure for the determination of
unknown concentration of SAS.

124



4. Results and discussion

4.3.1 Optimisationof eleetrochemicabparameters

Electrochemical parameters (deposition titag, pulse amplitudet,, modulation timetm,

and deposition potentiaEdep) andHg drop areavere varied in an attempt to elucidate the
electrode process and at the same time to optimise the analytical conditions. Results are

discussed for SRHA, but the effects were the same for other studied modeled HS.

A scheme of the DP procedure is presemddgure 4.34. After the deposition at 0 mV (for

tdep), potential was scanned in the negative direction by applying the differential pulses with

40 mV amplitude (pulse heigHEp). In DP, the analytical signal is the difference between

the current at the end of tlhlai lp).uThesigervad nd s h
time () was fixed to 0.1 s including the modulation timie £ 0.04 s). The potential step

i.e., the difference between t hEpwabfxedéo pot en
2 mV. The Ef)ovastherefaré 20 my/ghe area of the electrode was constant

all along the experiment.

t = 100 ms Interval time
E(V)a f ‘
" — ™ 4 =60ms
I i - i ty, = 40 ms Modulation time
1
Lyep <+ f(S)

an
[
=]

——

Pulse heigth _
(Amplitude) £ = 40 MV

Potential step

""': AF=2mV

1 -

Current sampling
A=y -1

Figure434Scheme of DPV potenti al program (not at s

Figure 4.35 shows the proportionality of the background current to deposition time in
UVSW containing 0.2 mgt SRHA. The background current was found to increase linearly
with the deposition time up to at least 300 s. Further tests were carried out using a deposition

time of 180 s or less.
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Figure 4.35. Dependencefdhe difference of the signal and the background current on the deposition
time obtained in UVSW with addition of 0.2 mg' SRFA.

If an approximately constant capacity during the potential jump is assumed (e.g., due to a
small amount of adsorption/deption during this time), the capacitive current at one jump
can be expressed with the familiar RC & ( 4.3; eq. 1.2.6 irBard and Faulkner (2001t)

YO

OVCD

7o Eqg. 4.3

whereR is the solution resistance a@ds differential capacitance of the double layer.

Consistent withEq. 4.3, alarger potential jump led to a larger capacitive curréigyre

4.36A), whereas longer pulse times caused its exponential decay toward lower values
(Figure 4.36B). Consistent withEq. 4.3, largerC-values, resulting from larger electrode
areas, led to larger currenSigure 4.36C). However, no large effect of the deposition
potential was noticeabld=igure 4.36D), meaning that the adsorption of humics on the
mercury electrode is noklated to a charged attractibbetween the negatively charged
macromolecule and positively charged electrode, bdbreinated by their surfaesctive
properties
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Figure 4.36. Impact of A) pulse amplitudeef), B) modulation timet), C) Hg drop area and D)
deposition potentialHgyey) On the capacitive current.current is araverage of the current frord.75
to -0.80 Vrelative to a bda@round scan at 2 s deposition tinkéxed parameterare indicatedn
each panelThe deposition time was 120 s and interval time of 0.1 s and step potentiaMofvére

used

4.3.2 mfluence of various:madekSASonbackgroundcurment inlDRICSV

The nfluence of various HS standamisthe background curremas tested first, including
Suwannee River HA (SRHA) and FA (SRFA) obtained from IHSS, as well the HA-(SLE
HA), FA (SLE-FA), hydrophobicorganic matte(SLE-Hphobe) and hydrophiliorganic
matter (SLE-Hphile) isolated from St. Lawrence estuary accordioglHSS protocol.

Elevation of the background current as a function of substance concentration and deposition

time was observed for all tested Hagure 4.37 presents the voltammograms at increasing
concentrations of SRFA and SRHPhe dfferential current at potentials-0.75 V (average

of current at the range of potentials fre@n75 t0-0.80 V) relative to a background scaa (

s deposition timeyjvas chosen as a parameter for quantification of these subst&hees.

signal around this potential was well resolved and without interfererstesd) as the
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formation of the thiol peak a0.55 V or posdile Fe interferences at potential 0fG-60 V
in natural sample@/Vhitby and van den Berg, 2015
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Figure 4.37. Typical differential pulse voltammograms obtained in UWSV at increasing
concentrations of IHSS SRHEA) and SRFA(B) as indicated irthe plots. The electrochemical
parameters are given in Secti®®.1.3 Table 3.6. Vertical red dashed lines represent a potential at
which the differentiaturrent (the current relative to a kgcound scan at 2 s deposition tinvegs

determined and used as an anahftmeasure for the determination of unknowmaamtration of
HS.

Calibration lines of tested HS standardiqep= 60 S, & given inFigure 4.38. Comparing
the influence of increasing concentration of different types of riverine and estuarine HS on
the current at potentials betweénh75 and0.80 V, the intensity of the signal deperntlen

the type of HS. The highest current increase was observed for increasing concentrations of

IHSS reference materials, wigtslope of 4.2 and 2.9 for SRHA and SRFA, respectively. HS
isolated from théSt. Lawrence estuaishowed lower sensitivity thatdBS standards, with

a slope of 2.3 and 0.6 for SEHA and SLEFA, respectively.The ®nsitivity of the
hydrophilic fraction (SLEHphile) was between those observed for $i& and SLEFA

with a slope of 1.1, while the hydrophobic organic matter ($iffhobe)had the lowest
sensitivity witha slope of 0.3Based on their hydrophobic properties the adsorption on the
Hg electrode is the strongest for more hydrophobic organic matter(itypes o v i | et
2007). However,in PB-HS, the voltanmetric signalelevation of the background curreist)
evidentlythe resultof a redox process that inclugléunctional groupsn HS with anionic
charactersuch asegatively charged carboxyl and phendii@roxyl groupsabundant in
hydrophilic materialin contrast tohydrophobic materiain which the charge is evenly
distributed.
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IHSS SRHA
IHSS SRFA
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| — regression lines
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Figure 4.38. Calibration plotdor different types of model organic matter (indicated in plot) obtained

with 60 s deposition timat Q0 V usingthe new PBHS methodgp cur r ent i s an ave
current from-0.75 to -0.80 V relative to a background scan at 2 s deposition time. The
electrochemical parameters are given in Sec3i&nl.3 Table 3.6.

DP-AdCSV method was tested for other model substances ashigell¢ 4.39). Triton-X-

100 was chosen as a typical Aonic surfactant known for its strong adsorbability at the

mercury electrode, and a model compound for the quantification of SAS using AC
voltammetry (Lo s ovi | and VOijgloamnél kil)d ®etrara and , 202
carrageenan were chosen as model of microbially and algal derived polysaccharides,
respectively(P| avgi I and;StoseVvikiilap@@@®dvegvigi and Str
2016, whereas human serum albumin (HSA) was chosen as a model of protein substances
(Strmel ki ett rane.]l ki2)®@tx0al ., 2014

Unlike in the presence of HS standards, addition of T¥el00, dextranand HSA in the

UVSW had no significant effect on the background curreigiufe 4.39A andB). The peak

observed at0.50 V in allthesolutionsafter the 60 s depositiat 0.0 Vwas the resubbf the

reductionof the HgS layer deposited at the Hg surface during the oxidation of sulphur
speciest this potentia(BuraNa k i | e t Supetvilleeta, @@L vi t egi | Kuga
al., 2019. Sulphide reductiopeakwas present in the UVSVds well(green lines)soit was

the result of sulphur residugmostlikely from thebottlein which UVSW was stored, not

from the tested model substanc&he addition of carrageenan caused the occurrence of

peaks in the potential range betwe@d0 V and0.75 V uncommon for naturakic samples
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(Figure 4.39D), but not the elevation of the whole background current as observed for HS.
Carrageenan d# type has a sulphur content of 786 these peaks might be a resulitef

built-in S.groups(Ci g | e n e | k). Similar peaks were faudddn&aggregates of diatom
cultures from anoxic waters and ascribed to the presenceasfamglfur specie€Ci gl ene | ki
et al., 2003
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Figure 4.39. Differential pulse voltammograms obtaingdUVSW without and with addition of
Triton-X-100 (A), dextran (B), carrageenan (C) anthuman serum albumin (HSA) (Dat
concentrations indicated in plots. The analytical scans were performed using 60 s defiogtion
whereas background scans were obtained with 2 s depositioattihoe/.

The effect of TritorX-100, carrageenan, and dextran on SRHA response in UVSW was also
tested Figure 4.40), showing the same results as when these substances were tested on their
own. For carrageenarthe same reduction peaks were observed. Additigrihlyreduction

peaks between 0.50 and 0.700Wre formedafter the addition oflextran as well.In this
experiment # higher concentration of dextran was used than in the experiment shown in
Figure 4.39, which is much higher than the concentration expected in the natural samples.

Essentially, paks formed after the addition of dextran and carrage®no effect on the
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baseline current at potentials more negative #tan6 V. Therefore, even thougbBP-
AdCSV was not sensitive to all SAausing the elevation of the background current at these
potentials it could potentially be used to resolve the humic fradtiom the mixed pool of

SAS in natural samples

0.2 mg L™ SRHA — UVsSW
0.5 mg L™ T-X-100 —— SRHA
0.8 mg L™ Dextran HA+TX100

HA+TX100+Dex
HA+TX100+Dex+Carr

0.5 mg L™ Carrageenan

cathodic current (nA)

0.0 -0.2 -0.4 -0.6 -0.8
potential (V)

Figure 4.40. Differential pulse voltammograms of 0.2 mg IHSS SRHA in UVSW, with stepwise
addition of other organic compounds (Tri#¥R100, dextran andcarrageenan) at concentrations
indicated in the plot. Full lines correspond to analytical scans performed using 60 s of deposition
time, whereas dashed lineg dackground scans obtained using 2 s depositioretifdé V.

4.3.3 Experimental verjficationin natural samples

The new PBHS method was tested in samples fromwtegical profile of the Krka River
estuary(station M inFigure 3.1) sampled in two contrasting seasons, winter and summer,

at five sampling campaigns: July and December 2017, July 2018, February and July 2019.
IHSS SRHA or SRFA standartisive beesuggestedn the literatureas common reference
substances of HS to ensure that results obtained through a given technique are comparable
among studies and systeifislella, 2014. Here, a IHSS SRHAvas useds a reference
material. The results are expressedegaivalent of SRHAIN mg L (HAe usingthe
standard addition methodihe results of DO@ormalized PBHAeq absorption coefficient

at 245 nmdos4), PB-HAeqand MeHAqgmMeasured in each sample are givemable A3in
APPENDIX.

Figure 4.41 presents the distribution of DO rmalized HAq in the salinity gradient for

all sampling campaigns. The graph shows that BfOfnalized HAq decreased with
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salinity in both seasons indicagira decrease in abundance of HS in the DOM pool from
freshwater to seawater layer in the vertical gradlentinter campaignghe lowest salinity

was observed in surface waters. DOM in these samples contained the highest percentage of
HS indicated by th highest HA/DOC. The DOM poolin surface waters at this sampling
location in the winter periodyvhen the lowest content of autochthonous DOM exists, is
mainly constituted by terrestrial humic substan@éarcinek et al., 2020confirming the

observed decrease of the HS abundance with increasing salinity.
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Figure 4.41. Distribution of BDOC-normalized concentration of H4in the salinity gradient at station
M (Martinska Marine station) obtained using a new-H8 method for samples collected over
different sampling campaigns.

Additionally, the method was compared with absorbaneasurements in the same samples
(Figure 4.42). The absorption coefficient at 245 n@apds) is one of the popular surrogate
parameters to follow the mence of HS in marine studies, based on the assumption that light
absorption is mainly caused by functional groups such as aromatic structures which are
major constituents of H8Hansell and Carlson, 200FEilella, 2010Q. Figure 4.42 shows a

very good correlation of H& with azss. The points in the circled area correspond to winter
samples in surface water (lower salinity), which indicated thaHBRmethod is slightly

more sensitive towards humic derived compounds than the classical spectrophotometry.
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Figure 4.42. Relationship between H{concentration obtained using S method and absorption
coefficient measured at 254 nm for samples collected in the salinity gradient at station M (Martinska
Marine station) over different sampling campaigns.

The nethod based on the detection of Mo specof HS was used for comparative
measurements of HS in the same samplé®e Mobinding HS vere determinedby
acidifying the samplé& pH~ 2 in the voltametric cell anthenadding the100 nM Mo(VI).
This wasfollowed bya 60 sdeposition apotential of 02 V (Quentel and Elleouet, 20D1
Finally, the eduction of MeHS complex in the striping step resultedh a peak at ~0.5

V (Figure 4.43). The background scan performed usingd2gosition time, with otherwise
identical parameters, was subtracted from the analytical scan. TH&S\M@ak height was
expressed as equivalent of IHSS SRHA (MAeg and quantification was performed by

usingthe standard addition method

Very good corredtion between the two methods was obtaifégiufe 444) . However,

higher HAyq were obtained using Mmethod.A previous intercomparison of the Mo

method with absorbance measuremdg@sentel et al., 1986s well with the Fenethod

(Laglera et al., 2007/ ound systematically higher HS concentrations in seawater with the

Mo-method, consistent with the observations in this wioaklera et al. (200@ssumed that

it is caused by a gradual change in the oxidation state of Mo over the scanned potential range.

However protonation of ionic groups in HS can enhance their hydrophobic nature pilow

6, facilitating theiradsorption on the Hg electro@€erashima etal., 200 osovi | et

2007, which might be a reason for higher Ebserved with MeHS at pH 2than PBHS

and FeHS method at pH 8.2For example, in samples rich with organic matter of anionic
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characteradsorption effectvas found to be up to 45% higher in acidic than in neutral

medium(Losovi | pQr |aeekb,étal Q0
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214 - tye, =25, +0.2mg L HA
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Figure 4.43. Typical voltammograms of the HS determination in real estuarine sample (M6, 2019
07) usng Mo-HS method. Solid lines represent analytical signals obtained at 60 s deposition time,
without and with two additions of HAHSS SRHA)as identified in the plot. Dashed lines represent
background scans obtained at 2 s of deposition &itr@.2 V. The electrochemical parameters are
given in Sectior8.5.1.3 Table 3.6.
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Figure 4.44. Relationship between H4concentrations obtained using £ and MeHS methods
for samples collected in the salinity gradient at station M (Martinska Marine station) over different
sampling campaigns.
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Measurements bydth, PBHS and MeHS methodsequire shorter deposition timasthe
samples comprising high DOkbntent( > 2 00  Govavoid E problem of Hg drop
saturation and to keep the measurement in the linear range of the method. The additional
possibility to tackle such higpOC samples is to perform measurements ingdasrdiluted

with organicfree UVSW. Tests performed at three different levels of dilution in a sample
with a high DOC content showed consistent results of estimated HA concentratiothasing
PB-HS method, while the concentrations obtained byH&methodliffered depending on

the dilution factor(Table 4.4) Aimost 4 higher concentration of HA was measuredhia
undiluted samplewith respectt o 31 di | ut e d -HS aetlpd, énplyinggss i ng N
potential problem of the metho@onsideringhathigh DOC was present in undilutéce.,
1Tdgnd 2T di | ut e thepsssibily tha the mebsereneents veere performed
out of the linear range of the M8S method, even with a deposition tim&ow as 15 and

30 s. The analyses with this methaldo included measurements usig background

scans, for which the M&lA peak was well resolved. However, even these measurements
did not provide a consistent estimation of the HA concentration at different dilutions, despite

the fact that the deposition time was short andpdak was clady within the linear range.

Samples that required the dilution were only the samples of surface micrdlagatilution

of these kind of samples mighdtgive linearresponse&ue toabundancef amphiphilic and
hydrophobicDOM. For exampleOr | eLekb &t al. (20165howed stronger adsorption
effectof SASin 2 Tdiluted sampleof drainage waterAccording to them, thedsorption
effect of more predominardnionic material was probably diminished by dilution, and
concentration of more strongly adsorbable substafmese hydrophobic irtheir nature)
increasedh the dilued sampleTherefore, the linearity &B-HS method was not influenced
by dlution since it operates at natural pH of water whgrdrophobicity is lowebut also
due to itdow sensitivity tohydrophobic compoungshown bythelowestsensitivityto an
increase ohydrophobic HS (SLEHphobe)(slope = 0.3)Figure 4.38).

Table 4.4. Concentrations of H& (mg L) obtained by using PBIS and MeHS methods in sample
of surface microlayer with highDO€oncentration (290 OM) at diffe

Dilution HAeq (mg L) HAeq (Mg LY
factor PB-HS method Mo-HS method
1 0. 45N0. 3.86N0O0.
2 0. 45KN0. 1.68NO.
3 0.42NO0. 1.01N0.
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Laglera et al. (2007gstablished that M&lS method inseawater is subjected to major
systematic errors and concluded that the method would benefit from further optimisation for
seawater usé@.he detailed study of MblS method was out of the scope of this work and no
further steps were performed to eluciddte dbserved potential methodological problems.
However, it would be worth tlurtherinvestigate the reasons of the divergence in absolute
concentrations of HA measured by different methods.

Overall, here proposed, RBS method is suitable for HS quantd#teon in estuarine waters
within wide salinity range. The advantage of the meikdtat it can be used at the natural

pH of the water and does not require any reagent addition. The method was further applied
on the samples of vertical salinity gradiemdaSML study in the Krka River estuary

(Sections4.6.2and4.7). Results throughout the thesis are expressed ag HA
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CHAPTER 1l

Krka River estuary Case studies
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4.4 Biophysiceghemical.characterization of estuarine,waters

Environmental parametefsalinity, temperaturedO, and chia) along the estuary were
measured in 5 sampling campaigns: July and December 2017, July 2018, February and July
2019 Figure 4.45 and Figure 4.46), showing the evident seasonal differences in the
distribution of all measured parametdn both seasons, two layers were clearly visible in

the salinity vertical distribution: the freshwater layer (FVgalinity < 20) and the seawater

layer (SWL; salinity > 36) Figure 4.45A/C/E/G/1). In winter, water with low salinity
(salinity < 8) was clearly visible in the upper 5 m until station 12, located very close to the
sea. In contrast, in summer, due to very low river discharge, the freshwater occupied the
upper 1.51 3 m and mixing with seawater started upstream in the estuary (station 4). In
summer, stations 5 to 12 were therefore characterized by higher salinity (salinity27 15

than in winter (salinity = @ 8). The temperature showed an inverse dstion in the 2
seasons. In winter, most of the FWL was characterized by an average temperature of ~ 10

AC, whereas the SWL was warmer (average ter
AC i n the s h aeéstuarywstatidns Ppp(Figure 4.45D/H).hCenversely, in
summer, the FWL was characterized by higher

whereas the SWL was colder (aaey e t e mp e r a Figured.458/F/J). 19 AC) (

In winter, oxygen saturation closely resembled the distribution of both, salinity and
temperature, with oveaturation (> 100%) at the freshwassawater interface, a minimum

(707 75%) at stations 24 below 5 m and average values of 90% in SWigre 4.46C/G).

In summer, oxygen oversaturation (12@60%) was observed in the subsurface layér (1
5m)atstatons29 and i n the Gi Figurd Ad6AME/A)yHyposat(<at i o n
38%) occurred every summer in the bottom layer at the cuvette shaped site (station 1),
supporting the long residentme of this wate(L e g oeval.,i1991bCi ndr i | )et al .
Oxygen inbottom layer is consumed by bacterial decomposition of sinking particles. Higher
temperatures in summer cause a higher decomposition rate leading to hypoxia due to long
seawater residence tinfe e g o v i | e)t In theVisoyac |ake Gtation K4), where a
phytoplankton bloom was observed prior to the sampling campaign in July 2019, both, chli
aanddOz, showed high value&igure 4.461/J). However, in the estuary in summer, despite

the oxygen oversaturation along the halocline, the highest\iues were not recorded at

the halocline as in winteF{gure 4.46D/H), but c¢close to the bottom
LY in the middle of the estuary (station 8) below 20Figire 4.46B/F/J).
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4.5 Kika estuary, a unigue system to;study)DOMidynamics

The research presented in this section has already been publishatinek et al. (2020)
(doi:10.1016/j.marchem.2020.103848he main goal of DOMstudy in the Krka River
estuarywas to disentangle different DOM pools (terrestrial, marine and prodocssi by
biological activity) and to investigate their spectral characteristics, including fluorescence
excitationremission matrices (EEMs) and spectral slope curves (SE@shypothesisvas

that in winter, due to the high river discharge, most of DOM hasrastrial signature,
whereas in summan situ production of DOM dominates because of the reduced river
discharge, the high temperature and primary produdéstuarine environments are highly
dynamic and influenced by multiple processes, making it déficult to discriminate
among different inputs and processes. In the Krka River estuary, howeeetp dhe
expected low DOM concentration in thiger, it was possible to discriminate among the
different DOM sources and to study the main processe©d production and removal in

the estuary.

The dscussion is based on the resditsm February and July 201& DOC, absorbance
parameters and PARAFAComponents validated ithe complete dataseDétaset 1);
Component 1 (C1)&k/eem = 305/416) identifiedas microbial humidike substances,
component 2 (C2)ak/aem = 275(345)/479) as terrestrial hunrlike substances and
component 3 (C3)ak/am = 275/344) as proteilike (tryptophan) substances. Vertical
distributions of DOCagss4, S75205 SUVAs4andPARAFAC components in the estuary are
presented irFigure 4.47 and Figure 4.48. In order to characterize DOM inver end
member (RW), seawater engenber (SW), mixing area (MA) and hypoxic waters (HW),
samples were divided according to salinity or oxygen saturdtigare 4.45G/l andFigure
4.46G/1) as follows:RW T samples collected in the surface layer between stations 0 and 7
(salinity < 1) in February and at stations K1 and 2ir{gg < 1) in July; SWi samples
characterized by salinity > 38 in both periods; M&amples characterized by salinity = 1.8

i 36; HWi samples characterized lofD, < 75% (operatively defined Because of the
influence of phytoplankton bloom at statio® kn DOM quality in downstream waters,
stations Kland2 were used as representative for riverine DOM in July, instead of stations O
i 7, as in February. Average values ofghigsicochemical parameters, DOC, and optical

properties of these 4 groupssafimples are reported Trable 4.5.
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Figure 4.47. Vertical distribution of DOCagss, S75205 and SUVAs4in the estuary in February and
July 2019.Numbers on the top of the panels indicate the sampling stations. Plotted height of the
Skradinski Buk waterfall is lower than in reality (46 m) for better representation.
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Figure 4.48. Vertical distribution of 3 PARAFAC components validated in Dataset 1 in the estuary
in February and July 2019. C1 (A and B), C2 (C and D) and C3 (E and F) stand for microbial humic
like, terrestrial humidike and proteirtlike component, respectively. Numbers on the top of the
panels indicate the sampling stations. Plotted height of the Skradinski Buk waterfall is lower than in
reality (46 m) for better representation.
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