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a b s t r a c t

Cobalt (II) as an important micronutrient for numerous biological processes in marine environment, has
been tested in model aqueous solutions with naturally occurring ligands 4-nitrocatecol (4NC) and humic
acid (HA) by voltammetry and spectrophotometry. Irreversible, two-electron reduction processes of
Co(II)e4NC and Co(II)-HA complexes adsorbed on the mercury drop surface, depending on accumulation
time and composition of the solution (cCo, c4NC, cHA and pH), were detected. Complexes Co:L ¼ 1:1
stability constants formed only in the solution, were determined by spectrophotometry and amout to log
KCo(II)4NC ¼ 3.98 (pH ¼ 8.2) and log KCo(II)4NC ¼ 5.76 (pH ¼ 6.5), and log KCo(II)HA ¼ 3.80 (pH ¼ 8.2).
Co:L ¼ 1:2 complexes Co(II)-(4NC)2 at pH 6.5 and 8.2 and Co(II)-(HA)2 at pH 8.2, formed at the mercury
drop electrode surface as hydrophobic specia, were detected only by voltammetric measurements.
Conditional stability constants were calculated by the CLE/ACSV method: log KCo(II) (4NC)2 ¼ 21.86
(pH ¼ 8.2), log KCo(II) (4NC)2 ¼ 21.11 (pH ¼ 6.5) and log KCo(II) (HA)2 ¼ 11.32 (pH ¼ 8.2).

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Global climate changes involve complex processes in marine
ecosystems, especially in the surface layers. Using a multidisci-
plinary, holistic approach, it is requisite to study the atmospheric
influence on biogeochemical responses in themarine environment.
A gradual approach and specific objectives for the assessment of
concentrations, sources and fate of atmospheric components, the
impact on marine biogeochemistry of macro- and micronutrients
and inevitable effects in the biological organization of marine
environment, are of great importance [1].

The sea surface micro-layer represents one of the largest natural
phase boundaries on Earth, as an interfacial area it is crucial in
gases, particles and energy exchange processes between sea and
atmosphere [2e6]. The atmosphere impact is a significant external
source of macro- and micronutrients.

Trace elements in oceans are present in very low concentrations
<10�9 mol dm�3 [7]. Their bioavailability in surface waters
regulates phytoplankton growth. As phytoplankton consumes at-
mospheric carbon dioxide and enters it into the seawater column,
the key components that regulate the carbon cycle are bioavailable
trace metals linked to the organic matter. In addition to iron, other
bioactivemicronutrients such as cobalt, copper, nickel and zinc play
an important role in phytoplankton adaptation and growth regu-
lation of, vital for the carbon biological pump [8,9].

Cobalt is an important micronutrient involved in vitamin B12
(cobalamin) biosynthesis and can replace zinc as a metal co-factor
[10e13]. Cobalt speciation in oceans is a dynamic process as it is a
redox-active metal. Part of the dissolved cobalt under the euphotic
zone remains unbound or weakly bound to the labile complexes
[14]. The cobalt distribution in seawater often shows a maximum
within the upper boundary of the thermocline as a result of at-
mosphere intake. In deep ocean layers it is exhausted due to the
removal from seawater column by sedimentation processes [15].
Improvements in cobalt biogeochemistry understanding should
give an insight into other current hypotheses, such as the Sunda
Scenario [16], CeCoeZn colimitation [12], as well as speciation
influence on phytoplankton abundance.

In order to make cobalt speciation measurement at seawater, it
is necessary to consider the redox state of cobalt. Co existing in þ2
and þ 3 oxidation state under typical environmental EH and pH
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conditions and is a redox active element that tends to be strongly
bound to organic complexes in upper water column [17].

Cobalt (II) complexes formationwith naturally occurring ligands
at the hydrophobic mercury drop surface as a model for hydro-
phobic cell membranes in NaCl solution is studied, mimicking
seawater conditions. Electrochemical characterization and specia-
tion of cobalt (II) complexes with catecholate and humic acid type
ligands was examined, as essential in the marine environment.
Catecholates, ortho-dihydroxybenzene and 4-nitro-dihydrox-
ybenzene, as simple organic ligands from aerosols are present as a
structural part of complex marine ligands (humic acid, side-
rophores, etc.). Humic substances as heterogeneous biomolecules
are a characteristic component of the dissolved organic carbon
(DOC) pool in marine systems and important for phytoplankton
communities [18e21].

2. Experimental

2.1. Equipment and measurements procedure

2.1.1. Electrochemical measurements
Electrochemical experiments were performed using a m-AUTO-

LAB multi mode potentiostat (ECO Chemie, Utrecht, The
Netherlands) equipped with a Metrohm 663 VA stand (Metrohm,
Herisau, Switzerland). The instrument was computer-controlled
using GPES 4.9 control software. The working electrode was a
static mercury drop electrode (SMDE, size 2, i.e. 0.40 mm2), the
counter electrode was a glassy carbon rode and the reference
electrode was Ag/AgCl (sat. NaCl) (þ0.197 V vs. SHE). Measure-
ments were performed in electroanalytical quartz cell at 25 ± 1 �C
in NaCl of I¼ 0.55 mol dm�3 (I¼ ionic strength), maintaining pH by
borate buffer (0.1 mol dm �3), as HEPES and phosphate buffers
showed noticeable impact on the Coe4NC and Co-HA complexes
voltammograms. Applied electrochemical techniques were square-
wave voltammetry (SWV) with the pulse amplitude, a ¼ 25 mV;
frequency, f ¼ 50 s�1; potential step increment, Einc ¼ 2 mV, and
cyclic voltammetry (CV) with scan rate, v ¼ 0.05 V s�1. Scan di-
rection in all techniques was cathodic, i.e. voltamograms were
recorded by scanning from positive toward negative potentials.
Prior to electrochemical measurements, solutions were deaerated
by bubblingwith extra pure nitrogen for about 20min. The solution
was stirred during deaeration and accumulation (3000 rpm). Ni-
trogen circulated above the solution during measurements. The pH
in solutions was measured using a combined glass-Ag/AgCl elec-
trode connected to an ATI Orion PerpHecTMeter, model 320
(Cambridge, USA). pH electrode was immersed into the electroan-
alytical cell throughout majority of voltammetric measurements. of
the Glass electrode calibration was performed using standard
buffer solutions.

2.1.2. UV/vis spectrophotometric measurements
The UVevisible absorption spectra were recorded on a Perki-

nElmer spectrophotometer Lambda 45 in an optical quartz cell 1 cm
path length, using software Winlab 2.85. Continuous spectra were
measured within range 220e650 nm. Measurements were per-
formed in 0.5 mol dm�3 NaCl at pH 8.2 maintained by borate buffer
(cH3BO3¼0.05 mol dm�3), ionic strength (I ¼ 0.55). Measurments
with 4NC were provided at pH 6.5 and 8.2, while with HA at 8.2.

UVeVis spectra were analyzed through the entire range of
measured wavelengths (400e900 nm) by multivariate non-linear
least squares regression analysis using Specfit program [22e24].

2.2. Chemicals and solutions

Standard solution of cobalt (II) nitrate (1.69 � 10�2 mol dm�3)
(Fluka Chemie GmbH, Buchs, Switzerland) was used as source of
cobalt (II) in all experiments. The aqueous stock solution of 4NC
(p.a. Fluka Chemie GmbH, Sigma-Aldrich, Buchs, Switzerland) and
HA (1000 mg dm�3, 600e1000 Da, Fluka Chemie GmbH, Sigma-
Aldrich, Buchs, Switzerland) was prepared by solid dissolving in
deionized water from a Mili-pore Mili-Q system (Bedford, USA).
Sodium chloride (s.p. NaCl Merck, Damstadt, Germany) was also
dissolved in deionized water to obtain stock aqueous solution
(0.5 mol dm�3). Solutions’ pH was adjusted by additing diluted s.p.
HCl or NaOH (Merck, Damstadt, Germany).

3. Results and discussion

3.1. Voltammetric characterization of Co(II)e4NC and Co(II)-HA
complexes

Measurements were performed by square-wave (SW) and cyclic
voltammetry (CV). Standard potential (E�) for the two-electron
reduction of Co(II) (aq) ion in aqueous solutions is �0.28 V.

Catechol (1,2-dihydroxybenzene) and nitrocatechol are weak
diprotic acids, present in awide scale of environmental compounds
as chelating ligands [25]. Nitro substituent leads to an increase
hydroxyl groups acidity in phenol derivatives [26]. Several esti-
mates of acidic dissociation constant in aqueous medium and
average values of pKa of two nitrocatechole hydroxyls, have been
reported [27,28]. These were obtained by potentiometric titrations,
amount to 6.7 and 10.8 at I < 0.55 mol dm�3.

Humic acid (HA) has a typical chemical formula
C187H186O89N9S1 [29]. Measured HA pKa values depend on their
components and it is a mixture of dibasic acids with pK1 value
about 4 for the carboxyl groups, and about 8 for phenolate groups
protonation, being completely dissociated at pH > 8. It is an elec-
troinactive molecule under experimental conditions used [30].

Co(II)-complexes voltammograms were measured using SMDE
in the pH range 2e11, with cCo ¼ 1e5 x 10�5 mol dm�3,
gHA ¼ 0.1e0.9 mg dm�3, cCat ¼ 1 � 10�5 mol dm�3,
c4NA ¼ 1 � 10�5 mol dm�3, accumulation time tacc 0e300 s at
Eacc ¼ 0.0 V. Without accumulation Co(II)- complexes were not
registered.

The Co(II)-catechol reduction process was measured within pH
range 5e12, however, the complex reduction response was not
observed. Cobalt (II) reduction peak at �1.3 V appeared corre-
sponding to the Co(OH)2 complex at pH above 11.

The Co(II)e4NC reduction response was registered within pH
range 5.5e10.5 (Fig. 1) at �1.05 V, with the reduction current
maximum at pH¼ 6.5. At pH range above 6.5, Co(II)e4NC reduction
peak decreased and shifted towards more negative values. At
higher pH values poorly soluble Co(II)-hydroxide formed progres-
sively, and presumably, due to adsorption at the electrode surface,
inhibited Co(II)e4NC reduction process. At pH values above 9.5
reduction peak at �1.36 V appeared, corresponding to reduction of
Co(OH)2 (Fig. 1, curve 6).

Co(II)e4NC reduction peak current at �1.05 V (pH ¼ 8.2)
increased exponentially, depending on c4NC within range
1e5 � 10�5 mol dm�3, when reached the plateau due to mercury
drop surface saturation with complex molecules. At the same time
Co(II)4NC complex reduction peak potential shifted towards
negative values for z 50 mV.

Co(II)e4NC reduction current depending on cobalt (II) concen-
tration with constant c4NC ¼ 1 � 10�5 mol dm�3 (pH ¼ 8.2,
tacc ¼ 180 s), increased linearly with the slope
12.75 ± 0.21 nA mol�1 dm3, while the reduction peak potential
remained constant.

By adding HA to the Co(II) solution, Co(II)-HA complex was
formed and the reduction response was registered in pH range



Fig. 1. SW voltammograms of Co(II)e4NC complexes in 0.55 mol dm�3 NaCl with
cCo ¼ 1 � 10�5 mol dm�3; c4NC ¼ 1 � 10�5 mol dm�3 at different pH; (1) 4NC pH ¼ 8.2;
(2) Co(OH)2 pH ¼ 8.2; (3) 5.5, (4) 6.5, (5) 7.7, (6) 8.2, (6) 9.5. SW parameters: fSW ¼ 50
s�1, aSW ¼ 75 mV, Einc ¼ 2 mV, teq ¼ 5 s, tacc ¼ 180 s, Eacc ¼ 0.0 V. Inset: CV of Co(II)
(OH)2, 4NC, Co(II)e4NC complex (pH ¼ 8.2).
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4.4e10.8 (Fig. 2). The reduction current reached maximum at pH
6.5 and with further increase in pH dropped to zero at pHz 10. The
complex reduction current increased and peak potential moved
towards positive values for about 50mV in the pH range 4.4e8.2. At
higher pH values reduction current decreased, whereas the peak
potential remained constant.

Only weakly soluble Co(OH)2 reduction peak was registered
at �1.3 V without accumulation, while Co(II)-HA complex reduc-
tion peak at �1.05 V was registered (pH ¼ 8.2) with accumulation
times from 60 to 300 s. The reduction current increased until
tacc ¼ 300 s reaching maximum, and the reduction potential shifted
towards more positive values for about 30 mV.

Co(II)-HA complex reduction current (pH ¼ 8.2, tacc ¼ 180)
depending on gHA (0.1e0.9 mg dm�3) increased linearly, with the
slope of 143.38 ± 0.14 nA mg�1 dm3 until gHA ¼ 0.55 mg dm�3.
Fig. 2. SW voltammograms of Co(II)-HA complexes in 0.55 mol dm�3 NaCl with
cCo ¼ 1� 10�5 mol dm�3; gHA ¼ 0.9 mg dm�3 at different pH; (1) 4.4, (2) 5.9, (3) 6.5, (4)
8.2, (5) 9.5, (6) 10.8. SW parameters: fSW ¼ 50 s�1, aSW ¼ 75 mV, Einc ¼ 2 mV, teq ¼ 5 s,
tacc ¼ 180 s, Eacc ¼ 0.0 V. Inset: CV of Co(II) (OH)2, HA, Co(II)-HA complex (pH ¼ 8.2).
Reduction current dependence reached plateau with HA concen-
tration above 0.9 mg dm�3 as the electrode surface was saturated
with Co(II)-HA complex molecules. Depending on HA concentra-
tion Co(II)-HA reduction potential shifted towards positive values
for about 30 mV.

Co(II)-HA complex SW reduction current examined in depen-
dence of cobalt (II) concentration within range
1e5 � 10�5 mol dm�3, with constant HA concentration of
0.4 mg dm�3 (tacc ¼ 180 s), increased linearly with the slope of
11.51 ± 0.08 nA mol�1 dm3 in the entire examined concentration
range, while the peak potential remained constant.

3.2. Estimation of the redox process mechanisms

Reduction process mechanisms and electrochemical character-
istics of Co (II) complexes described above, were examined by SWV
and CV. Their reduction peak current and potential on SW fre-
quency and SW amplitude and CV scan rate dependencies, were
measured [31,32]. Voltammograms were measured with
gHA ¼ 0.9 mg dm�3, c4NC ¼ 1 � 10�5 mol dm�3 and
cCo ¼ 1 � 10�5 mol dm�3.

As SWV technique discriminate faraday and capacitive current,
and provide an insight into both half-electrode reactions, it is
particularly suitable for studying the mechanisms of electrode
processes of investigated Co (II) complexes. The SWV response
separation into forward current, measured before the “down” pulse
and backward, reverse current measured at the “down” pulse of
staircase, showed their reduction characteristics [33]. SW forward-
backward (f-b) scans of both, Co(II)e4NC and Co(II)-HA complex
reduction at about �1.05 V showed that processes are totally irre-
versible. CV voltammograms showing total irreversibility of both
complexes, as on the anodic side oxidation peaks were not regis-
tered are presented in insets of Figs. 1 and 2.

SW peak current and peak potential (Ep) variation with f, pro-
vide an important tool for distinguishing electrochemical mecha-
nisms [36,37]. The Co(II)e4NC reduction peak current of at pH 6.5
(Ep z �1.05 V, tacc ¼ 180 s) depends on SW frequency linearly
within range (8e100) s�1, with the slope of �4.64 ± 0.11 nAs. The
Co(II)e4NC complex peak potential dependence at pH 8.2,
tacc ¼ 180 s, on log f was linear, with the slope of 10.4 mV/d.u
[35,36].

Co(II)-HA complex reduction process is irreversible as well.
Namely, the reduction peak current at pH 8.2, tacc ¼ 180 s depend
on SW frequency within range 8e300 s�1 linearly, with the slope of
0.67 ± 0.05 nAs. Additionally, the Co(II)-HA complex reduction peak
potential dependence on log f was linear (slope �20.3 mV/d.u.)
confirming the assumption of the Co(II)-HA complex reduction
irreversibility.

Linear dependence of the reduction current on the scan rate
(CV) with the shift of the reduction potential toward negative
values and the linear dependence of Ep on log f, are characteristic to
completely irreversible reduction processes with the reactant
adsorption [34e37]. The Co(II)e4NC complex reduction current
increased linearly with the scan rate enhancement, with the slope
of 0.075 ± 0.02 nA/V [34], while the Co(II)-HA complex reduction
current increased linearly with the slope of 0.1 ± 0.05 nA/V. Both
complexes reduction currents increased exponentially with v1/2.
Complex peak potentials moved toward negative potentials with
the scan rate increase. In addition, no oxidation peak was observed
on the anodic side, suggesting a completely irreversible reduction
process followed by the complex dissociation. Reactant adsorption
influence on totally irreversible redox SWvoltammograms analysis,
showed that the reduction peak width at halfeheight, satisfied the
relationship DEp/2 (mV)¼(63.5 ± 0.5)/an, where n is the number of
simultaneously tranferred electrons and a is the average transfer
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coefficient [38,39]. The obtained peak width at half-height of
Co(II)e4NC complex was Ep/2 ¼ 60 mV and relates to
a ¼ 0.67 ± 0.03, while for Co(II)-HA with Ep/2 ¼ 45 mV to
a ¼ 0.35 ± 0.01, taking into account that the reduction of both
complexes are two-electron processes.

Furthermore, all reduction reactions depended on SW ampli-
tude [34,39e41]. Co(II)e4NC complex reduction peak current
dependence on SW amplitude was linear with the slope of ((Dip/
Da)a�25) ¼ 1.1059 � 10�3 A V�1, while for Co(II)-HA complex ((Dip/
Da)a�25) ¼ 1.623 A V�1. According to equation (1):
X ¼Kcond
Coð4NC=HAÞn

h
4NC

.
HA’

i
n

.�
Kcond
Coð4NC=HAÞn

h
4NC

.
HA’

i
nþKCoOHNTA=EDTA½NTA =EDTA’�

�
(4)
ip ¼ð5±1Þ � 102q a n2Fa fDEG (1)

where the amount of the adsorbed reactant (G) was calculated from
the slope ip/a using values aCo(II)e4NC ¼ 0.67 and aCo(II)-HA ¼ 0.35,
n ¼ 2 (number of electrons involved in the reduction process) and
q¼ 0.004 cm2 (the surface of the mercury drop), F¼ 96 485 s A/mol
(Faraday constant) and DE (square-wave scan increment). Calcu-
lated maximum concentration of adsorbed complexes for Co(II)e
4NC complex was G ¼ 1.70 � 10�12 mol cm�2, while for Co(II)-HA
complex G ¼ 5.11 � 10�12 mol cm�2.

The peak width at half height remained constant with SW
amplitude change, which is characteristic of completely irreversible
reduction processes with the reactant adsorption [37,40e42].

3.3. Determination of conditional stability constant of Co-ligands
complex

Co (II) complexes with organic ligands stability constants
described in the literature, are log K > 16.8 and are significantly
higher than those for other transition metals, such as iron (log
K > 13.1) [17]. Conditional stability constants and apparent stoi-
chiometry of described Co(II) complexes was determined by CLE/
ACSV method [43]. Competition between investigated ligands and
well characterized complexes with EDTA and NTA, was applied. The
method was described as competitive ligand equilibrium (CLE)
followed by adsorptive cathode stripping measurements (ACSV).
The process consists of two stages. First one was equilibrium
completion between known quantity of competitive ligand (EDTA,
NTA) and investigated ligand. The second phase is voltammetric
(ACSV) determination of the Co (II) -complex concentration left
after competitive equilibrium. Although, obtained stability con-
stants are conditional and model derived, this characterization
provide a good assessment of the complexation degree.

Nitrilotriacetic acid (NTA) was used as competing ligand for the
Co(II)e4NC complex (reduced at �1.10 V) at pH 8.2, while eti-
lendiamintetraacetic acid (EDTA) for Co(II)-HA reduced at
Ep ¼ �1.05 V. The mass balance for Co (II) can be described as fol-
lows [37]:

cCo ¼ ½Co’� þ ½Coð4NC =HAÞn� þ ½Co NTA =EDTA� (1a)

where ½Co’� is the concentration sum of all inorganic species
(Co(OH)þ and Co(OH)2) and Co(4NC/HA)n (complex of Co2þ with n
molecules of ligand; n can be 1 or 2), ½CoðIIÞNTA=EDTA� represents
the concentration quantity of all present Co(II) species with NTA/
EDTA at given pH. The peak current was directly related to [Co-
(4NC/HA)n] complexes throught the proportionally factor S:

Ip ¼ S½Coð4NC=HAÞn� (2)

The ratio, X, of cobalt peak current in presence of NTA/EDTA (ip,i)
to one without it, (ip,o) can be written as:

X¼ip;i
�
ip;o

¼½Coð4NC=HAÞn�
�
½Coð4NC=HAÞn�þ

�
CoNTA

�
EDTA�

�

(3)

Using expressions for [Co(4NC/HA]:
Instead of free, [HA’], total HA concentration is used, as its
concentration was much higher than that of cobalt, while the free
EDTA concentration, [EDTA’], was computed from expression:

½NTA = EDTA’� ¼CNTA=EDTA � ð1�XÞCCo (5)

cCo ¼ 4� 10�5 mol dm�3, c4NC ¼ 1� 10�5 mol dm�3 solutions at pH
6.5 and 8.2 were titrated with NTA withhin concentration range
0.25e3 � 10�5 mol dm�3. Co(II)e4NC complex reduction peaks
were measured after titration and X was calculated for each titra-
tion point.

It was assumed that complex formed at the electrode surface
was Co:4NC with 1:2 ratio, as calculated curve agreed well with our
experimental data (Fig. 3A). Conditional stability constant was
calculated from the mean value of experimentally obtained points:
log KCo(II)4NC2 ¼ 21.86 (pH ¼ 8.2), log KCo(II)4NC2 ¼ 21.11 (pH ¼ 6.5).

3B. Conditional stability constant of Co(II)-HA complex deter-
mination using CLE-voltammetric method (pH ¼ 8.2): (C) exper-
imental values; (�) calculated data; (…) confidence interval; (—)
prediction interval.

Co(II)-HA stability constants for distribution calculations were
taken from the literature, log KCoHA¼5.03, log KCo2(HA) ¼ 2.8
(pH ¼ 3.5) [36]. Taking into account these constants, Co2HA com-
plex was predominant species within pH range 2e5, and Co(II)-HA
is present from 5 to 9.5, while Co(II) hydrolysis takes place at pH
values about 9.5. Within pH range between 10 and 12 Co(OH)2 is
predominant species, while Co(OH)3- in the pH range 12e14 [43].

The experiment competing reaction with Co(II)-HA at
Ep ¼ 1.05 V was performed with EDTA. Titration was performed
with gHA ¼ 0.9 mg dm�3, cCo ¼ 4 � 10�5 mol dm�3 in the EDTA
concentration range from 4 � 10�6 to 3 � 10�5 mol dm�3. It was
assumed that complex formed at the electrode surface was
Co:humate with ratio 1:2, as calculated curve agreed well with our
experimental data (Fig. 3B). The conditional stability constant
calculated from the mean value of experimentally obtained points
amont to log KCo(II)HA2 ¼ 11.32.
3.4. UVevis spectrophotometric characterization of Co(II)e4NC and
Co(II)-HA complexes

The Co(II) complexes formation and stoichiometry was also
examined by UVeVis spectrophotometry. UVeVis spectrophoto-
metric ligands (4NC or HA) with Co(II) titrations, were performed in
order to determine discrete Co(II) complexes stability constants
and stoichiometry in model water solutions.



Fig. 3. A. Conditional stability constant of Co(II)e4NC complex determination using CLE-voltammetric method (pH 8.2): (C) experimental values; (�) calculated data; (…) con-
fidence interval; (—) prediction interval.
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Catechol (1,2-dihydroxybenzene) is a weak diprotic acid, where
the acidity of hydroxyl groups is enhanced due to nitro substituent.
pKa value of 6.7 for 4NC was determined by means of the pH
spectrophotomeric UVeVis titration, which was in good agreement
with previously determined pK values [44,45].

4NC titrationwith cobalt (II) was followed by UVeVis technique
at pH ¼ 6.5 and pH ¼ 8.2 in order to test complexation with pro-
tonated and deprotonated 4NC form in solution. HA titration with
cobalt (II) was performed only at pH ¼ 8.2, at which HA was
completely deprotonated. Set of 4NC solutions was prepared (10
solutions at pH 6.5; 9 solutions at pH 8.2). 4NC concentration was
the same in all solutions (1 � 10�5 mol dm�3 at pH 6.5;
2� 10�5 mol dm�3 at pH 8.2), while cobalt (II) concentration varied
(2 � 10�6 mol dm�3 - 1 � 10�4 mol dm�3). Similarly, set of 15 HA
solutions were prepared; HA concentration was constant
(1.5 � 10�6 mol dm�3), while cobalt (II) concentration varied in the
range from 5 � 10�8 mol dm�3 to 5 � 10�4 mol dm�3. Constant pH
was controlled by borate buffer and solutions were equilibrated
overnight. UVeVis spectra were analyzed by multivariate, non-
Fig. 4. A) Experimental (C) and calculated (�) UVeVis spectra at l ¼ 430 nm of 4NC record
[Co(II)e4NC] complex (- - -). c4NC ¼ 1 � 10�5 mol dme3, pH 6.5 ± 0.05, I ¼ 0.55 mol dme3
linear, least squares regression analysis using Specfit program
[23e25].

Significant bathochromic shift (>80 nm at pH 6.5, >60 nm at pH
8.2) occurred as a result of Co(II)e4NC complex formation. Specfit
calculations confirmed the Co (II) e4NC complex formation. As a
result of analysis, for both acidic and alkalic conditions, the best
fitting model describing the experimental data was formation of
one complex form, with stoichiometry 1:1 [Co(II)e4NC]. The 1:2
complex content was too low to fit the data (Fig. 4., Fig. 5). Stability
constant log KCo(II)4NC ¼ 5.76 ± 0.40 was calculated for [Co(II)e4NC]
complex at pH 6.5. Calculated Co(II)-complex and ligand electronic
spectra and corresponding distribution diagram are presented in
Fig. 4B.

Stability constant log K ¼ 3.98 ± 0.17 was obtained at pH 8.2,
indicating a lower affinity of 4NC for Co(II) in weakly alkalic con-
ditions (Fig. 5A). Calculated Co(II)-complex electronic spectra and
corresponding distribution diagram are presented in Fig. 5B.

As a result of Co(II)-HA complexation, new absorption band
occurred at 300 nm. As previously described, Specfit calculations
ed as a function of Co(II) concentration. B) Calculated electronic spectra of 4NC (�) and
(NaCl).



Fig. 5. A) Experimental (C) and calculated (�) UVeVis spectra at l ¼ 500 nm of 4NC recorded as a function of Co(II) concentration. B) Calculated electronic spectra of 4NC (�) and
[Co(II)e4NC] complex (- - -). c4NC ¼ 2 � 10�5 mol dme3, pH ¼ 8.20 ± 0.05, I ¼ 0.55 mol dme3 (NaCl).
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approved formation of [Co(II)-HA] complex registered in voltam-
metric measurements, (Fig. 6A and B). The best-fitting model
described formation of one type 1:1 complex, with log
K ¼ 3.80 ± 0.29 stability constant.
4. Conclusion

Cobalt speciation understanding is critical for its bioavailability
evaluation in dynamic marine environment, involving living cells,
aquatic and sediment compartments. Co(II) complexes have an
important role in numerous biological processes, and therefore, a
clear description of their chemistry is of substantial relevance.

Cobalt (II)e4NC and cobalt (II)-HA complexes characterization,
using square-wave and cyclic voltammetry, in combination with
UVeVis spectrophotometry, were preformed. Voltammetric mea-
surements in model aqueous solutions of cobalt (II) with 4NC and
HA as ligands, revealed two-electron adsorption controlled
Fig. 6. A) Experimental (C) and calculated (�) UVeVis spectra at l ¼ 300 nm of HA record
[Co(II)-HA] complex (- - -). cHA ¼ 1.5 � 10�6 mol dme3, pH ¼ 8.20 ± 0.05, I ¼ 0.55 mol dm
irreversible reduction processes, followed by dissociation (EC pro-
cess). Well defined reduction peaks were detected within pH range
4.5e9.5. Regarding Co(II) complexes with 4NC and HA by analysing
their voltammetric characteristics, it was assumed that the crucial
atom for the Co(II) complexes formation in both ligands is nitrogen,
since Co (II) with catechol did not give voltammetric signal.

Micronutrient complexes stability constants determination and
their speciation are crucial to presume their behavior in the marine
ecosystem. Dissolved Co(II) complexes stability constants were
determined spectrophotometrically with stoichiometry 1:1 (log
KCo(II)4NC ¼ 3.98 (pH ¼ 8.2), log KCo(II)4NC ¼ 5.76 (pH ¼ 6.5) and log
KCo(II)HA ¼ 3.80 (pH ¼ 8.2)). High stability constants of Co(II)e4NC2
and Co(II)-HA2 complexes formed only at the mercury drop elec-
trode surface, (log KCo(II) (4NC)2 ¼ 21.86 (pH ¼ 8.2), log KCo(II) (4NC)

2 ¼ 21.11 (pH ¼ 6.5), log KCo(II) (HA)2 ¼ 11.32 (pH ¼ 8.2)), were
calculated using CLE/ACSV method. As hydrophobic specia with
stoichiometry Co:L ¼ 1:2, they enter into biological structures
ed as a function of Co(II) concentration. B) Calculated electronic spectra of HA (�) and
e3 (NaCl).
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through the hydrophobic phospholipid membrane [46].
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