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SUMMARY

INTRODUCTION

Organic ligands capable of complexing copper ions
(CCu) were measured in selected sea surface microlayer
(ML) and underlying water (UW) samples from the NW
Mediterranean coast and north Norwegian fjords. A part of
these organic ligands exhibit the property of surface activity,
i.e. they accumulate on different phase boundaries (air/
water; water/sediments; water/biological membranes), and
are determined as surface-active substances (SAS). The
presence of Cu complexes with surface-active properties
influences the biogeochemical cycle of copper ions at these
phase boundaries.

The CCu values for all samples determined by differ-
ential pulse anodic stripping voltammetry (DPASV) are in
the range 90-1790 nM (being, in general, higher for mi-
crolayer samples). The SAS values for the samples range
between 0.062-0.216 mg/L eq.T-X-100, while dissolved
organic carbon (DOC) values are in the range from 0.9 mg/
L C to 3.7 mg/L C. CCu data for North Norwegian fjords
(ML and UW samples) are well-correlated with DOC data.
CCu data are correlated with SAS data for North Norwe-
gian fjords (ML and UW), but in NW Mediterranean re-
gion only in UW samples.

In the marine environments investigated, 1-20 % of
DOC is present as ligands capable to complex copper ions.
Correlation of SAS vs. DOC data for all the samples has
shown that the majority of field data are in properties simi-
lar to model fulvic acid and microbial polysaccharide xan-
than.
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Organic ligands present in natural waters consist of
largely uncharacterized macromolecular organic material,
resulting from the combination of biological (phytoplank-
ton and bacterial activity), and geochemical activities (hu-
mic and fulvic material) and pollution. The other smaller
portion of organic matter is identified and classified into
particular groups of compounds, such as carbohydrates,
amino acids, proteins, fatty acids, lipids and hydrocar-
bons. Valuable information concerning the nature and pro-
perties of organic substances in natural systems can be ob-
tained by studying the interaction of metal ions with or-
ganic matter |1, 2]. The interest is frequently focused on the
formation of organic “inert” complexes with metal ions [3],
which could influence the availability of metals to aguatic
organisms and their association with particles and sedi-
ments in the system. The abundance of complexing ligands
in natural waters determines the complexing capacity for
ametal ion [4, 5]. Very often the metal ion of choice for
complexing capacity determination is copper, as it forms
strong complexes with organic matter in natural waters
(>98 % of the total dissolved copper is complexed [6],
and it is an essential element being toxic in elevated con-
centration range.

The concentration of the dissolved organic matier in
natural waters is measured as a general parameter i.e. dis-
solved organic carbon (DOC), expressed in mg/L (or uM)
of carbon. This parameter alone does not provide infor-
mation on the type of organic matter present. A part of the
organic matter exhibits the property of surface activity,
thus accumulating on different phase boundaries (air/water;
water/sediments: water/biological membranes). Surface
active substances (SAS) are organic substances of specific
structure, possessing structural groups that are repulsed
from water (hydrophobic groups) and structural groups that
have strong affinity for water (hydrophilic groups). Surfac-
tant activity of some hydrophilic substances originates from
their high melecular weight, as is the case with polysac-
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charides [7, 8]. Sea surface micro-layer (ML) is a unique
bio-physico-chemical environment. Sea surface is covered
by natural films that influence air-sea fluxes of particles
and heat with particularly strong importance on gas fluxes.
The adsorbed surfactant films on the air-sea interface re-
duce air-sea gas exchange by impeding molecular diffusion
across the interface and by influencing the hydrodynamic
characteristics of water motion at the interface [9]. The
natural sea surface films are a complex mixture of mole-
cules covering a wide range of solubility, surface activity
and molecular masses with an apparent structural organi-
zation exhibiting a spatial and temporal variability [10, 11].
Many dissolved and particulate organic substances, such
as lipids, carbohydrates and proteins, as well as trace ele-
ments, bacteria, phyto- and zoo-plankton are concentrated
at the phase boundary [9]. Phytoplankton exudates and their
degradation products are the major sources of marine sur-
factants [8, 12]. Chemical composition of ML is depend-
ant on the OM fractionation that originates from in-situ
production, from the subphase (i.e. bulk of seawater) and
from the atmospheric deposition [13]. The concentration of
Cu bound to SAS is correlated well with estimated rates
of primary production. Concentration of SAS ligands bound
to Cu was increased by a factor of fifty during the spring
bloom relative to winter levels [14]. The presence of sig-
nificant amount of surface-active copper organic complexes
represent a reservoir of copper species in sea surface mi-
crolayer where they accumulate, and a significant portion
of the copper will be cycled through the microlayer before
removal to deeper water [15].

We have measured the complexation of copper ions in
the selected microlayer and underlying seawater samples
from the NW Mediterranean coast and north Norwegian
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fjords. The aim of the work was to compare the data on or-
ganic matter characteristics in these two contrasting envi-
ronments, which have different seawater temperatures and
sun-light regimes as well as anthropogenic influences that
are important for the organic matter composition and be-
havior at seawater/atmosphere phase boundary. The con-
centration of the complexing ligands and their abundance
regarding their part in the dissolved organic carbon (DOC)
fraction, which exhibits surface active properties (SAS),
is discussed. On that way, the contribution of the different
pools of ligands capable to complex Cu ions could be de-
termined and discussed regarding the fate of both ligands
and copper ions in these selected environments of the
coastal seas.

MATERIALS AND METHODS

Study sites

In subartic Norwegian fjords, the samples were collected
in July 2001, August 2002 and July 2003 (Troms@ region
(Fig. 1), i.e. Ullsfjord and Balsfjord [16]. Sampling was
performed, with a Garrett-type screen [17]. The screen of
stainless steel was made of 0.25 mm diameter wire with
1.0 square mm apertures in the mesh, The screen. rinsed
with distilled chloroform and deionized water, was im-
mersed vertically and removed horizontally to the water
surface. The thickness of the sampled microlayer was ap-
proximately 100-150 um (which was determined experi-
mentally). Underlying water was collected by immersing
1-L glass bottles at a depth of ~ 0.1 m. Samples were taken
either from the coast or from the inflatable boat.
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Sea surface microlayer and underlying water samples
from France and Spain were collected at two coastal sta-
tions in the NW Mediterranean sea: the Bay of Banyuls-
sur-Mer (France) and off the Olympic harbour in Barcelona
(Spain) [20] (Fig.1), in June and July 2002. The Bay of
Banyuls-sur-Mer is an oligotrophic area [18-20]. The Bar-
celona site is moderately eutrophic and heavily impacted
by the urban sewage sludge outfall [20, 21]. Microlayer
samples were collected with metal screen (thickness of
sampled microlayer is 200-400 pm; [20]).

Microlayer and underlying seawater samples were im-
mediately deep-frozen (at -20 °C) after sampling and kept
like this until analysis. Before analyzing the samples, they
were allowed to stand at room temperature overnight (18-
20 °C) for complete thawing.

DOC analysis

The DOC concentrations were determined by using a
sensitive high-temperature catalytic oxidation (HTCO) tech-
nique, 1988 proposed by Sugimura and Suzuki [22]. A
Model TOC-500 System (Shimadzu) with high sensitive
Pt catalyst and non-dispersive infrared (NDIR) detector for
CO, measurements was used. The DOC concentrations
were determined in duplicate by filtering parallel samples
(2 x 500 ml) through Whatman GF/F filters precombusted
at 450 °C for 5 h. The blanks for DOC were less than 3 %,
respectively, of the lowest detected concentration. For DOC
measurement, the samples were filtered (Whatman GF/F,
pore size 0.7 pm), spiked with HgCl; solution for preserva-
tion, and stored in cold dark place until analysis.

Determination of SAS

o-nitrophenol as an electrochemical probe

Surface active substances were determined by phase-
sensitive alternating current (a.c.) voltammetry by in-phase
measurements using o-nitrophenol as an electrochemical
probe. The method is based on the fact that electrochemi-
cal characteristics of o-nitrophenol (peak potential, height
and shape, and pre-peak height) change in significantly
different ways depending on the properties of the adsorbed
organic substances (hydrophobicity, acidity) [23, 24]. ONP
has a voltammetric reduction peak at —0.555 V under the
pH conditions of seawater. In the presence of organic mat-
ter adsorbed onto the mercury electrode, the ONP peak
potential is shifted toward more negative potentials, depend-
ing on the concentration and the hydrophobicity of ad-
sorbed organic substances. The surfactant activity (SA) of
the complex mixture of organic matter in a natural seawater
sample is expressed as the equivalent concentration of the
non-ionic surfactant Triton-X-100 (T-X-100), which gives
the same effect to the o-nitrophenol peak potential shift
(AE) as the natural organic substances in the sample. T-X-
100 is a high purity, water-soluble, liquid, non-ionic sur-
factant that has come to be recognized as the performance
standard among similar products. It is an octylphenolethoxy-
late consisting of 9-10 mol of ethylene oxide, and supplied
as a 100% active product [25, 26]. The calibration curve
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for the dependence of the o-nitrophenol peak potential
shift on the T-X-100 concentration was presented in a pre-
vious paper (Gadparovi¢ and Cosovié [12], 2001). The low-
er limit of detection expressed as T-X-100 concentration
is0.02mg L.

Cu complexing capacity determination

The complexing capacity was determined in non-fil-
tered (untreated) samples comprising both particulate and
dissolved ligands. Determination was performed by the di-
rect titration method of the sample with increasing amounts
ol copper ions and their electrochemical determination by
the method of DPASV [5]. The increasing amount of copper
ions was added to 25 ml of ML or UW samples at natural
pH, and then separately to acidified solutions.

The peak currents, resulting from the oxidation of volt-
ammetric-labile copper, are plotted against the added cop-
per concentration yielding a titration graph. The labile cop-
per fractions detected by this technique are hydrated Cu®*
or Cu ions bound to inorganic or organic complexes. Their
dissociation kinetics are so rapid for the applied method
(depending on the electrode diffusion layer thickness) that
they are detected as electroactive. Strong metal-ligand com-
plexes do not dissociate and are not reduced at the chosen
fixed potential, and could be regarded as electro-inactive.
This provides for labile/inert discrimination data. To obtain
complexing capacity values and conditional stability con-
stant, titration data are linearly transformed assuming 1:1
metal-to-ligand complexes [27]. The equation used for calcu-
lation is: [Cu]/[CuL]=[Cu]/Ly+ 1/KL, where Cu is the cop-
per ion detected by anodic stripping voltammetry, CulL is
the copper ion bound in a complex, Ly is the concentration
of binding ligands (i.e. complexing capacity), and K is the
conditional stability constant. [Cu] and [CuL] are calculated
from the titration data, where [Cu] = I/S and [Cul] = [Cuq]-
[Cu]. In that equations, I, is the height of DPASV detected
copper peak, S is the sensitivity of the DPASV method to
labile copper, which corresponds to the slope of the linear
portion of the titration graph after all complexing sites are
saturated with copper ions, [Cuy] is the concentration of
copper ion added + copper ion originally present in the
sample. The plot of [Cu]/[CuL] versus[Cu] yields a straight
line with a slope of 1/Ly and intercept 1/KLy. The detailed
procedure (Plavsic [28], 2003; Scoullos et al. [29], 2004,
Plavsic et al. [30]. 2006) and calculations have been de-
scribed elsewhere (RuZic [27], 1982; van den Berg [4],
1982; van den Berg and Donat [31], 1992). The same meth-
od of calculation was applied in other papers, e.g. Bazzi et
al. [6], 2002 and Andrade et al. [32], 2006.

RESULTS AND DISCUSSION

The measurements of the complexing capacities (i.e.
the amount of ligands capable of binding copper ions), total
dissolved organic carbon (DOC) and surface-active organic
substances could give to us the information about which
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amount of the total OM is surface-active in its nature, and
which part of these ligands is responsible for binding copper
ions.

Additional information on the organic ligand charac-
teristics in the samples may be obtained by examining the
complexing capacity data normalized in terms of the DOC
concentrations (CCw/DOC) measured in the same seawater
samples [29, 33]. The value CCu/SAS, i.e. the complexing
capacity value data normalized to surfactant activity of the
same seawater sample, gives the information on complex-
ing capacity of the part of the organic matter exhibiting at
the same time surface-active properties [29]. When nor-
malizations of CCu data to DOC and SAS data are done
in the case of DOC, the unit is umol/mg C, while in the
case of SAS, the unit is pmol/mg eq. of model compound
T-X-100. Triton —X-100 is regarded, due to its well-charac-
terized properties, as standard surfactant compound when
expressing surfactant activity [25, 26].

In North Norwegian fjords underlying seawater and
sea surface microlayer samples both CCu and DOC vary
considerably, and there is a correlation (r* = 0.5172) be-
tween these two parameters (Fig. 2). For Mediterrancan
samples (both underlying and microlayer ones), the corre-
lation of CCu vs. DOC is difficult to establish, as for our
limited set of data, the correlation line is almost parallel to
X- axis.

Regarding the correlation between CCu and SAS, there
exists a correlation for underlying seawater samples (NW
Mediterrancan samples) (Fig.3, line 1; 1* = 0.5787). The
same is true for North Norwegian fjords, for the underly-
ing seawater and the sea surface microlayer samples with
more significant correlation coefficient (Fig. 3, line 2; r* =
0.6237). The correlation coefficients for the data presented
in Figs. 2 and 3 are not very high, but significant enough
to draw certain conclusions. Microlayer samples from North
Norwegian fjords follow the same trend in CCu/SAS de-
pendence (line 2, in Fig. 3) like underlying seawater sam-
ples indicating that the underlying water in the North Nor-
weglan fjords is probably the main source of organic ligands
for corresponding microlayer samples. One of the micro-
layer samples from Norway is out of range with the other
microlayer samples (Fig. 2} with its high value of CCu
(1.79 uM). There is no correlation between SAS and CCu
for sea-surface microlayer samples from western Mediter-
ranean area indicating probably some input of SAS and/or
complexing ligands from different sources e.g. atmosphere.
Atmospheric input could be the dominant source of organic
matter in the Mediterranean [13], especially in the area of
more industrialized NW Mediterranean, from where our
samples originated.

In Table 1, the CCu, SAS ., DOC, CCu/DOC and CCu/
SAS data are presented for underlying seawater and sea
surface microlayer samples from the North Norwegian
fjords (samples 1-9) and NW Mediterranean (samples 10-
16). The mean normalized CCuw/DOC value (Table 1) for all
underlying seawater samples, regardless of their origin
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{North Norwegian fjords or Mediterranean), is 0.14, while
for microlayer samples the mean value is 0.21, indicating
that there are generally more available sites for binding
copper ions regarding the total dissolved organic carbon
content in sea-surface microlayer, for the measured set of
data. Mean value for CCu/SAS for all underlying seawater
samples is 2.3 (Table 1), while for all microlayer samples
the mean value is 3.6, indicating the presence of more SAS
in sea-surface microlayer samples, which at the same time
exhibit complexing properties towards copper ions. Sam-
ples from Mediterranean area showed higher complexing
capacity values and lower SAS values, while the contrary
is true for North Norwegian samples (Fig. 3).

CCu uM
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0.5 1.0 1.5 2.0 25 3.0 35 4.0

DOC mg/l

FIGURE 2 - CCu data vs. DOC data for the seawater samples (e -
Norwegian samples, o - Mediterranean samples) and microlayer
samples (m - Norwegian samples; 0 — Mediterranean samples). 1.
linear regression line (correlation coefficient r* = 0.5172) for the un-
derlying seawater and microlayer samples (North Norwegian fjords).
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FIGURE 3 - CCu data vs. SAS data for the seawater samples (s -
Norwegian samples; o - Mediterranean samples) and microlayer
samples (m - Norwegian samples; 0 — Mediterranean samples). 1.
linear regression line (correlation coefficient r* = 0.5787) for un-
derlying seawater (Mediterranean samples). 2. linear regression
line (corr.coef. r* = 0.6237) for North Norwegian fjords (underlying
seawater and microlayer samples).
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TABLE 1
Copper-complexing capacity (CCu), surface active substances (SAS), dissolved organic carbon (DOC), CCw/DOC and CCu/SAS values for
underlying seawater and sea surface microlayer samples for North Norwegian fjords(samples 1-9) and NW Mediterranean (samples 10 -16).

Cu seawater | SAS seawater | DOC ecumoe | SOAS | eonmi iﬁfa’;:r DOCmi- | CCWDOC ;ﬁféi@i
wmel/L mg/L seawater seawater wmolimg crolayer mg/l. crolayer micrelayer pmol/mg
(eq.T-X-100 mg/L.C umol/mg (eq.T-X-100) wmol/L (eq.T-X-100) mg/L C umol/mg (69, T-X-100)
1: 037 0.1350 1:51 0.24 2.74 0.54 (1640 2.83 0.19 3.29
2 0.35 0.1380 1.85 0.19 D53 1.79 0.2160 207 0.64 8.10
35t 0.09 0.0750 1.21 0.07 1.20 .39 0.1600 2,08 0.19 2.40
4. 0.17 0.1070 - - 1.59. 0.23 0.1330 - - 1.73
5 0.15 (1000 1.41 0.11 1.50 031 0.1380 1.92 0.16 225
6. 0.18 (0840 1.44 0.13 214 031 0.1400 221 .14 22
7. 0.24 0.1G00 1.71 0.14 2.40 0.23 0.1210 2.09 0.11 1.90
8. 018 0.1220 1.40 0.11 1.23 0.32 0.1340 2.59 0.12 2.46
9. 0.13 0.1000 0.50 0.14 1.30 0.41 0.2100 1.67 0.25 1.95
10. 0.29 0.0700 3 = 4,14 0.30 0.1220 1.0 0.26 2.45
11 0.17 0.0640 0.85 0.20 2.65 0.94 0.092 - - 10.21
12; 0.37 0.0880 373 0.10 4.20 .35 0.1030 3.5 0.1 3.39
13; 0.21 0.0620 E 2 313 0.28 0.1740 1.2 0.23 1.61
14, 10 0.0670 - - 1.49 0.32 0.1070 32 0.1 2.99
is. 0.25 0.0670 - - 3t73 0.68 0.0840 - . - 8.09
16. 0.10 0.0640 - - 1.56 0.29 0.1050 - - 276

In the sea surface microlayer, solar radiation influences
the geochemical cycling of both organic moieties and trace
metals. Redox-active trace metals, like Cu, are especially
susceptible to photodegradative processes [34]. The photo-
degradative processes could be especially important in
coastal regions, e.g. estuaries, due to the presence of nu-
merous photo-reactive functional groups on humic material
(phenolic and carboxylic groups} [35]. In spite of the in-
creased photodegradation of organic ligands in sea-sur-
face microlayers, our results showed ligands enrichment as
observed through CCu/DOC and CCu/SAS data.

Copper ions tend to react more with oxygen atoms in
carboxylic and/or phenolic types of groups [36]. In general,
humic substances constitute the major part of the organic
ligands present in natural waters [1, 30], covering wide
range of molecular mass distribution, and they are very of-
ten the most important copper-binding ligands, although
recently more attention is paid to the organic ligands with
lower molecular mass, as it was determined that this ligands
are responsible for the «strong» complexation of copper
ions in natural waters i.e. with Ky > 10 "' [37]. Accord-
ing to the new view, humic substances are collections of
diverse relatively low-molecular mass components forming
dynamic associations stabilized by hydrophobic interac-
tions and hydrogen bonds [38]. Vachet and Callaway [39].
who examined two types of Cu-complexing ligands in sea-
water, i.e. weaker and stronger ones have stated that the
MW of Cu ligands s below 1600 Da for weaker and 270
Da for stronger ones. If we assume DOC values of ~2 mg/L
(165 uM), complexing capacity values between 0.1 and
2 UM and molecular mass of ligands ~200 Dia, we come to
amounts of 1-20% DOC being present as ligands capable
for binding copper ions (CCu ligands).

Lo
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CCu of model fulvic acid [30] and model microbial
polysaccharide xanthan (polysaccharide polymer of glu-
cose, manose, potassium glucuronate, acetate and pyruvate
with an approximate mol. wt. of 2 x 10%) were determined
in 0.55 M NaCl solution, CCu of 10 mg/L of fulvic acid
{(with 39% of C, due to the elemental analysis) was 87 nM,
while 10 mg/L of added xanthan in 0.55 M NaCl solution
did not complex any copper ions. The sensitivity of the elec-
trochemical determination for copper ions in the presence
of xanthan was a little bit lower, due to different diffu-sion
coefficient of copper ion in the presence of adsorbed xan-
than. This is in accordance with other authars who deter-
mined that polysaccharides do not form inert complexes
with metal ions [40]. This shows that different ligands pre-
sent in natural samples do not contribute to the same ex-
tent to the complexing capacity for copper ions.

Valuable information on the organic matter character-
istics may be gained by studies of the adsorption proper-
ties of the organic matter present, expressed as SAS nor-
malized in terms of DOC concentration (SAS/DOC) [41].
Higher SAS/DOC ratio indicates prevailing contribution
of hydrophobic substances to the OM pool, like lipids and
nonionic surfactant Triton-X-100 used in this study, while
Tower SAS/DOC ratio indicates the presence and contribu-
tion of the OM of more hydrophilic type, e.g. fulvic acids,
amino acids and polysaccharides. In Fig. 4, the DOC -
SAS relationship for the measured samples are presented.
The data for all the samples are situated between the lines
for model substances of fulvic acid and microbial polysac-
charide xanthan, which means that the samples reveal the
presence of more hydrophilic type of organic matter usu-
ally of biological origin.
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FIGURE 4 - SAS values vs. DOC concentrations eq. to Triton-X-100
obtained for the seawater (e - Norwegian samples; o - Mediterra-
nean samples) and microlayer samples (m - Norwegian samples; 0 —
Mediterranean samples). Lines correspond to different model sub-
stances; no. 1 - nonionic surfactant Triton-X-100; no. 2 - fulvic acid;
no. 3 - microbial polysaccharide xanthan.

CONCLUSIONS

The CCu for all samples determined (ML and UW) are
in the range 90-1790 nM (being, in general, higher for ML
samples).

The SAS values for the samples are in the range 0.062-
0.216 mg/L eq.T-X-100, while DOC values are in the range
from 0.9 C to 3.7 mg/L C. In the marine environments in-
vestigated, 1-20 % of DOC is present as ligands capable to
complex copper ions.

The samples from Mediterranean area showed higher
CCu and lower SAS values, while the contrary is valid for
North Norwegian fjords.

The CCu data determined in all North Norwegian sea-
water samples (ML and UW) show a correlation with DOC
data. CCu data vs. SAS data of North Norwegian fjords for
UW and ML samples follow the same line, indicating that
UW is the main source of ligands for ML in that area.

CCu data for NW Mediterranean seawaler are corre-
lated with SAS data only for UW samples. CCu data for the
corresponding Mediterranean ML samples do not show
correlations with SAS data, indicating some additional/
different sources of ligands, probably atmospheric ones.

Correlation of SAS vs. DOC data for all the samples
and comparison with selected model substances have shown
that the majority of field data are in properties similar to
model fulvic acid and microbial polysaccharide xanthan,
revealing the presence of more hydrophilic type of organ-
ics in UW and ML, usvally of biological origin. SAS are
responsible for the fact that a significant part of the inter-
action of copper with organics is taking place at different
phase boundaries. This influences directly the bioavailabil-
ity, bioaccumulation, toxicity and transport of copper ions
at these boundaries.

ACKNOWLEDGEMENTS

Financial support of the Croatian Ministry of Science,
Education and Sport (Project: Nature of organic matter,
interaction with traces and surfaces in environment, no.
098-0982934-2717) and the Norwegian Research Council,
CPSEE program, are gratefully acknowledged. RBI ac-
knowledge with warm thanks long-term collaboration with
Prof. A. Saliot, Universite Pierre et Marie Curie, Paris,
France, who sent to us the seawater samples from NW Medi-
terrancan area. We thank Zdeslav Zovko for DOC analysis.

REFERENCES

[1] Buffle, J. (1988). Complexation reactions in aquatic systems.
Ellis Horwood, Chichester, p.p. 692.

[2] Paulson, A.l., Curl, H.C., and Gendron, J.F. (1994). Partitioning
of Cu in estuarine waters. Control of partioning by the biota. Mar,
Chem., 45, 81-93.

[3] Buck K.N. and Bruland, K.W.(2005 ). Copper speciation in San
Francisco Bay: A novel approach using multiple analytical win-
dows. Mar. Chem.96,185-198.

[4] wvan den Berg, CM.G. (1982). Determination of copper com-
plexation with natural organic ligands in seawater by equilibra-
tion with MnO;. Il Experimental procedures and application to
surface seawater. Mar. Chem., 11, 323-342.

[5] Plavsic, M., Krznari¢, D., and Branica, M., (1982). Determination
of the apparent copper complexing capacity of seawater by anodic
stripping voltammetry. Mar. Chem., 11, 17-31.

[6] Bazzi. A., Lehman J.T., Nriagu 1.O., Hollandsworth, D, Irish, N.,
Nosher, T.(2002).Chemical speciaticn of dissolved copper in
Saginaw Bay, Lake Huron, with square wave anodic stripping
voltammetry. I. Great Lakes Res, 28(3),466-478.

[7] Plav§i¢ , M. and Cosovi¢, B. (2000). Adsorption properties of dif-
ferent polysaccharides on mercury in sodium chloride solutions.
Electroanalysis, 12 , 895-900.

[8] GaSparovié. B.and Cosovié. B.{ 2003). Surface-active properties
of organic matter in the North Adriatic Sea. Estuar. Coast, Shelf
Sci. 58, 555-566.

[9] Liss, P.S. and Duce R.A. (Eds.) (1997). The sea surface and
global change. University Press, Cambridge, pp. 509.

[10] Pogorzelski, S.J. and Kogut, A.D. (2003), Structural and thermody-
namic signatures of marine micrelayer surfactant films. J. Sea
Res., 49, 347-356.

[11] Kozarac, Z., Risovié, D., Frka, S. and Mabius, D. (2005). Reflec-
tion of light from the air/water interface covered with sea-surface
microlayers. Mar. Chem., 96, 99-113.

[12] GaSparovié, B. and Cosovié. B. (2001). Distribution of surface ac-
tive substances in the Northern Adriatic Sea. Mar. Chem., 75, 301-
313.

[13] Cosovié, B. (2005). Surface active properties of the sea surface
microlayer and consequences for pollution in the Mediterranean
Sea. In: Hutzinger, O. (Ed.) Hdb. Env. Chem, Vol. 5, Part K,
Springer Verlag, Berlin, 269-296.

[14] Shine, J.P. and Wallace, G.T.(1995).The formation of surface-
active organic complexes of copper in coastal marine waters.
Mar. Chem., 51, 145-157.

S

e

377




© by PSP Volume 16 — No 4. 2007

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

241

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[

Shine, I.P. and Wallace, G.T.( 1996), Flux of surface-active or-
ganic complexes of copper to the air-sea interface in coastal marine
waters. I, Geophys. Res., 101, No.C5, 12017-12026.

Gagparovié, B., Plavii¢, M., Cosovi¢, B., and Riegstad M. (2005).
Organic matter in the subarctic Norwegian fjords during late spring/
sumrmer period, Estuar. Coast. Shelf Sci., 62, 95-107.

Garrett, W. D., (1965). Collection of slick- forming materials
from sea surface. Limnol. Oceanogr.10, 602-603.

Medernach, L., Gremare, A., Amouroux, J.M., Colomines, J.C.,
and Vetion, G. (2001). Temporal changes in the amino acid con-
tents of particulate organic matter sedimenting in the Bay of
Banyuls-sur-mer (northwestern Mediterranean), Mar. Ecol. Progr.
Ser. 214, 55-65.

Gremare, A., Amouroux, J.-M., Cauwet, G., Charles, F., Courties,
C., De Bovee, F., Dinet, A., Devenon, J.L., De Madron, X.D.,
Ferre, B., Fraunie, P., Joux, F., Lantoine, F., Lebaron, P., Naudin,
I.-]., Palanques, A., Pujo-Pay, M, and Zudaire, L. (2003). The ef-
fects of strong winter storm on physical and biclogical variables
at a shelf site in the Mediterranean. Oceanologica Acta 26, 407-
419.

Momzikoff, A., Brinis, A., Dallot, S., Gondry, G., Saliot, A., and
Lebaron, P. (2004). Field study of the chemical characterization
of the upper ocean surface using various samplers. Limnol, Ocean-
ogr.: Methods 2, 374-386.

Bayona, J.M., Fernandez, P.. Tolosa, L., Valls, M. and Albaiges, 1.
(1991). Partioning of urban wastewater organic microcontaminants
among coastal compartments. Chemosphere 23, 313-326.

Sugimura, Y. and Suzuki, Y. (1988). A high temperature catalytic
oxidation method for the determination of non-volatile dissclved
organic carbon in seawater by direct injection of a liquid sample.
Mar. Chem., 24, 105-131.

Gasparovi¢, B. and Cosovié, B. (1994). Electrochemical estima-
tion of the dominant type of surface active substances in seawater
samples using o-nitrophenol as a probe. Mar. Chem. 46, 179-188.

Gasparovié, B.and Cosovié, B. (1993). Electrochemical reduction
of o-nitrophenol as a tool for the rough characterization of or-
ganic matter in seawater samples. Electroanalysis 7. 1136-1142.

Zutié, V., Cosovié B., Mardenko E. and Bihari, N, (1981}. Surfac-
tant preduction by marine phytoplankton. Mar. Chem., 10, 505-
520.

Boue, V. and Mansutti, D. (2005). Numerical modeling of the
Marangoni effects induced by plankton-generated surfactants. Jour-
nal of Marine Systems 57, 55-69.

Ruzic, I. (1982). Theoretical aspects of the direct titration of natural
waters and its information yield for trace metal speciation. Anal,
Chim. Acta, 140, 99-113.

Plavsi¢, M. (2003). Electroanalytical techniques applied for study-
ing the interaction of organic matter and particles with metal ions
in natural waters. Anal. Letters, 36, 143-157.

Scoullos, M., Plav&i¢, M. and Karavoltsos, S. (2004). Copper speci-
atien in the Gulf of Elefsis.The role of macroalgae Ulva rigida.
Mar. Chem., 86, 51-63.

Plaviié, M., Cosovié, B. and Lee, C. (2006). Copper complexing
properties of melanoidins and marine humic material. Sci. Total
Environ., 366, 310-319.

van den Berg, C.M.G. and Donat , J.R,(1992). Determination and
data evaluation of copper complexation by organic-ligands in sea-
water using cathodic stripping voltammetry at varying detection
windows. Anal. Chim. Acta, 257, 281291,

Fresenius Environmental Bulletin

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Andrade, S., Moffet, J. and Correa, L.A. (2006).Distribution of
dissolved species and suspended particulate copper in an inter-
tidal ecosystem affected by copper mine tailings. Mar. Chem.,
101, 203-212.

Mantoura, R.F.C, (1981). Organo-metallic interactions in natural
waters. In: Duursma, EK. and Dawson, R. (Eds.), Marine Organic
Chemistry, Elsevier Oceanography Series, 31, Amsterdam, pp.179-
223,

Voelker, B.M., Sedlak D.L. and Zafiriou, O.C. (2000). Chemistry
of superoxide radical in seawater: Reactions with organic Cu
complexes. Environ. Sci. Technol,, 34, 1036-1042.

Shank, G.C., Whitehead, R.F., Smith M.L., Skrabal S.A. and Kie-
ber, R.J. (2006). Photodegradation of strong copper<omplexing
ligands in organic-rich estuarine waters, Limnol. Oceanogr., 51(2),
884-892,

Averyt, K.B., Kim, I.P. and Hunter, K.A. {2004). Effect of pH
measurement of strong copper binding ligands in lakes. Limnol-
ogy and Oceanography. 49, 20-27.

Shank, G.C., Whitehead, R.F., Smith M.L., Skrabal S.A., and
Kieber, R.J. (2004). Fluxes of strong Cu-complexing ligands from
sediments of an organic—rich estuary. Estuarine, Coast. Shelf Sci.,
60, 349-358.

Sutton, R. and Sposito G. (2005). Molecular structure in soil hu-
mic substances: The new view, Env, Sci. Technol., 39/23, 9009-
9015.

Vachet, R.V. and Callaway, M.B. (2003).Characterization of Cu
(Iy-binding ligands from the Chesapeake Bay using high-perform-
ance size-exclusion chromatography and mass spectrometry. Mar.
Chem., 82, 31-45.

Gimenez, M.G., Arino, C. and Esteban, M. (1995). Voltammetry of
Ph(II), Cd(II) and Zn(lI} ions in the presence of sulfated polysac-
charide lambda-carrageenan. Anal. Chim. Acta, 310, 21-29,

Cosovi¢, B. and Vojvodié, V. (1998). Voltammetric analysis of sur-
face active substances in natural waters. Electroanalysis, 10, 429-
434,

Received: June 08, 2006
Revised: August 25, 2006
Accepted: November 24, 2006

CORRESPONDING AUTHOR

Marta Plavsié

Rudjer Boskovié Institute

Center for Marine and Environmental Research
PoBox 180

10 002 Zagreb

CROATIA

E-mail: plavsic@irb.hr

‘FEB/ Vol 16/ No 4/ 2007 — pages 372 - 378

S




