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Abstract

The analysis of Cobalt (Co) at low pM concentrations in seawater with Adsorptive Cathodic Stripping Voltammetry
involves high concentrations of sodium nitrite (NaNO,) to enhance the signal in an electrocatalytic reaction. In this
study we found three substitutes for NaNO, that critically affected the sensitivity. Optimisation of a method with
potassium bromate (KBrO;) resulted in an excellent detection limit (0.9 pM) after a 90 s adsorption period. Reac-
tant concentration and consumption were 10x reduced compared to protocols with NaNO, and reagent blanks
were lower. Accuracy and precision were verified with SAFe intercalibration standards and the method was applied
using open ocean seawater samples. The reaction mechanism is discussed and differences to NaNO, are shown.
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1 Introduction

For many organisms Cobalt (Co) is a bio-essential trace
element and needed as the active metal centre in impor-
tant vitamins (B;,) and enzymes (e.g. carbonic anhydras-
es, alkaline phosphatases) [1-4]. Low concentrations of
Co make the analysis in environmental and natural sam-
ples challenging. Particularly in open ocean seawater
samples measurements remain difficult (low pM concen-
trations). There are only few data available on the oce-
anographic distribution of Co and its speciation [5-11].

Trace Co analysis can be done using inductively cou-
pled plasma mass spectrometry (ICP-MS) [12,13], atomic
absorption spectroscopy (AAS) [14] or fluorometry in
flow-injection analysis systems (FIA) [15]. With these in-
struments pre-concentration and/or matrix separation by
solvent extraction [16-17], Mg(OH), coprecipitation [18]
or chelating resins [12-13] is necessary and can be con-
nected with the risk of incomplete extraction, sample con-
tamination or a complex experimental setup. Electro-
chemical systems combine minimized sample handling
with a comparatively quick setup. The instrumentation is
small and inexpensive. In addition information on the
speciation of Co can be obtained [9-11]. Electrochemistry
is therefore also highly suited for direct shipboard analy-
sis.

The electrochemical detection of pM Co is performed
by adsorptive cathodic stripping voltammetry (AdCSV,
Table 1). Adsorptive ligands with dioximato functions are
often used, e.g. dimethylglyoxime (DMG) [11,19] or 1,2-
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cyclohexanedione dioxime (Nioxime) [20]. The deproton-
ated species (HDMG™) form electroactive square-planar
bisdiozimato complexes with Co and Ni — Co(HDMG),
and Ni(HDMG), — which adsorb to the surface of a mer-
cury electrode. If sodium nitrite (NaNQO,) is added to the
solution a strong peak increase (>40x) is observed
during the cathodic stripping scan that results from regen-
eration of the electroactive compound by re-oxidation
with NO,™ in an electrocatalytic cycle (catalytic AdCSV)
[21-23]. NaNO, is used in high concentrations (0.2
0.5 M) to reach the required sensitivity. Therefore high
reactant consumption and elevated blanks are disadvan-
tages of these methods [23]. Using Nioxime, Korolczuk
et al. [24] reported a signal increase with addition of the
surfactant cetyltrimethylammonium bromide (CTAB)
due to either a catalytic reaction or enhanced adsorption
of the Co complex, but the detection limit was not as
good as with NaNO,. No other reactants have been re-
ported for the catalytic AdCSV detection of Co. While
the choice of buffer and ligand has been subject of a
number of studies (Table 1) the selection of the reactant
NaNO, has not been addressed although alternatives
might be available [25-28].

The substitution of NaNO, with other reactants could
strongly influence the analytical performance and lead to
benefits in sensitivity, reagent consumption or blank
values and new mechanistic insights. Therefore, in this
study, we tested alternate reactants and present three new
substances that can lead to a great enhancement of the
Co signal. Using potassium bromate (KBrO;) as a substi-
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Table 1. AdCSV methods for pM level Co analysis. Is: linear scan; DP: differential pulse; SW: square wave.

Ref. Ligand Reactant  Creaeant Buffer pH Medium LOD (pM) Adsorption time Detection
(mol/L) (s) [d]
[9] DMG NaNO, 0.225 EPPS 8 Seawater <10 90 Fast Scan
[21] DMG NaNO, 0.5-1.0 NH/NH,Cl 9.3 H,0 40 30 LS or DP
[23] Nioxime NaNO, 0.5 NHy/NH,Cl 9.1 Seawater 3 60 DP
[24] Nioxime CTAB [a] 2.7x10 PIPES H,O 17 60 DP
[29] Diphenylglyoxime NaNO, 0.15 NH,/NH,Cl 9.3 Blood/H,0O 35 30-120 DP
[30] 2,2’-Bipyridine NaNO, 0.2 NH,/NH,Cl 8.6-9.3 H,O 9.5 30 LS
[31] Methylthymol blue NaNO, 0.8 NH,/NH,Cl 9 H,0 85 60 DP
[32] AADC [b] NaNO, 0.3 NH,/NH,Cl 10 H,0 135 60 LS
[33] PAR |[c] none - Phthalate 6 H,O 50 50 DP
This study DMG KBrO; 0.032 NH5/NH,Cl 9.2 Seawater 1 90 SW

[a] Cetyltrimethylammonium bromide;

[d]

tute for NaNO, allowed to improve the detection limit at
reduced reactant concentrations (Table 1). Based on
these experiments new aspects of the catalysis mechanism
are also discussed. Accuracy and precision of the method
were evaluated by analysis of intercalibration samples
(SAFe program). The method was then applied to Co
analysis in seawater samples from the oligotrophic tropi-
cal Atlantic Ocean.

2 Experimental

2.1 Instruments and Reagents

Samples were UV digested with a Metrohm UV 705
system. The voltammetric system consisted of an Ecoche-
mie PGSTAT30 connected to a VA663 voltammetric
stand in the static mercury drop electrode mode. The ref-
erence electrode was a double junction, Ag/AgCl with a
saturated AgCl internal solution and a salt bridge filled
with 3 M KCI. The counter electrode was a platinum rod.
The potentiostat was computer-controlled using GPES
v4.9 (Eco Chemie) software. Samples were kept in a
Teflon cell cup (Metrohm) and agitated with the inbuilt
Teflon rod of the VA663. The solutions were purged with
high purity nitrogen (Air Liquide, Nitrogen 5.0) connect-
ed to the VA663. An inoLab pH 720 (WTW) was used to
determine pH values on the NBS scale. Standard trace
metal clean techniques were used for handling and stor-
age of reagents and samples (see also supplementary in-
formation). For the preparation of buffers and to acidify
seawater samples, p.a. grade HCl (32 %, Merck) was puri-
fied with a sub-boiling quartz still (Q-HCIL, ~30%). Stock
solutions of DMG (0.1 M, Fluka) were prepared in
HPLC grade methanol (Fluka). Concentrated NH,OH
(25%, Fluka TraceSelect) was used for the ammonia
buffer and adjusted with Q-HCl and 18 MQ resistivity
water (MQ) to yield a 5 M solution of pH=9.2+0.1. For
the bromate stock solution, 3 g KBrO; (SigmaUltra or
ACS grade, >99.8 %, Sigma-Aldrich) were dissolved in
50 mL MQ to give a 0.36 M solution. ACS grade KBrO;
was cleaned by recrystallisation with 10°°M EDTA in
MQ at pH 7-8. The KBrO; solution was left overnight at
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[b] Ammonium 2-Aminocyclohexene-1-dithiocarboxylate;
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[c] 4-(2-Pyridylazo)resorcinol;

4°C and the crystals were washed with cold MQ and
dried in a class-5 laminar airflow bench. All reagents
were stored in Teflon bottles and refrigerated when not
in use. The solutions were prepared new every 1-2 weeks.
For details on sample collection and treatment the reader
is referred to the Supporting Information.

2.2 Cobalt Determination

The seawater samples were 0.2 um filtered and acidified
to pH <2 with Q-HCI. 10 mL sample aliquots were then
UV digested for 2 h in previously cleaned Teflon capped
quartz tubes. At the beginning of each day a standard Co
sample was measured to ensure the system was clean and
to monitor Co blanks. The 10 mL sample aliquots were
transferred into the Teflon cell cup and the reagents were
added in the order 0.11 M NH3/NH,CI buffer (250 pL of
the 5 M stock), 0.22x107> M DMG (25 uL of the 0.1 M
stock) and 0.032 M KBrO; (1 mL of the 0.36 M stock). If
non-acidified seawater samples were analysed, only
180 uL of the 5M NHyNH,Cl buffer was added
(pH9.2+0.1). After each analysis the Teflon cell was
thoroughly cleaned by rinsing with ethanol, dilute Q-HCl
(pH<2) and 10*M aqueous DMG. The voltammetric
method included nitrogen purging for 200 s for the first
measurement and 20 s after standard additions or for rep-
licate measurements. A fresh Hg drop (VA 663 - drop
size 2) was formed at the end of the purging period.
During the deposition step the solution was stirred (stir-
rer speed 5) and a potential of —0.60 V was applied for
88 s. The potential was then switched to —1.025V for 2 s
to minimize the Ni(HDMG), peak that could overlap
with the Co signal. After a quiescence period of 10 s the
potential was ramped from —0.60 V to —1.25V using a
square wave pulse modulation (frequency=>50 Hz; scan
rate =0.1275 V/s; pulse amplitude=0.075 V; step poten-
tial =2.55 mV). The baseline was recorded once before
any standard additions were made by setting the deposi-
tion time to 0s. The height of the Co peak was then de-
termined after subtraction of the baseline scan from each
voltammogram. The concentration of Co was calculated
after 3 — 4 internal standard additions and each measure-
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ment was run in duplicate. If not stated otherwise the
final reagent concentrations used during the method opti-
misation experiments were: [NH; buffer]=0.080 M
(pH 9.1); [DMG]=0.22 mM and [KBrO;]=0.032 M. The
adsorption potential was set to —0.6 V for 88 s followed
by a potential switch to —1.025V for 2s. After a quies-
cence time of 10s a differential pulse (DP) modulation
(Modulation Time=0.01 s; Interval Time =0.1 s; Step po-
tential =2.5 mV; Amplitude =50 mV) was used in the po-
tential scan from —0.6 V to —1.25 V. Each measurement
was run in duplicate.

3 Results and Discussion

3.1 Reactant Selection

With the aim to increase sensitivities, lower reagent con-
sumption or alleviate blank values and to get new insights
into the catalysis mechanism NaNO, was substituted with
a number of other reactants. These included inorganic re-
agents that have been used for the detection of other
trace metals (hydroxylamine, NH,OH/hydrogen peroxide,
H,O,/sodium chlorate, NaClOj;/ potassium bromate,
KBrO;) [25-28], sodium azide (NaN;) and organic com-
pounds that have been shown to be electrocatalytically
reducible in waste water treatment related studies (tri-
chloroacetate, TCA / trichloroethylene, TCE) [34-35].
The initial experimental conditions were oriented at pro-
tocols with NaNO, (Table 1). DMG was selected as ad-
sorptive Co ligand and the pH was varied from 8.0-9.2
using  4-(2-hydroxyethyl)piperazine-1-propanesulfonate
(EPPS) or ammonia buffers. The sensitivity (A peak
height/A[Co*']) was determined by internal Co*" stan-
dard additions. Among the 7 reactants we found three
that increased the sensitivity of the Co detection signifi-
cantly: KBrO;, NH,OH and TCA. The concentration of
each compound was adjusted with respect to sensitivity
and background current (Table 2). Because of the strong
peak amplification we suspected a catalytic mechanism in
all cases.

If KBrO; was used as a reactant instead of NaNO, we
found a 4x increase in the sensitivity while the concen-
tration of KBrO; was more than 10x below typically
used NaNO, concentrations. A baseline increase was ob-

served at the end of the Co peak because of the uncata-
lysed BrO;™ reduction. The peaks were slightly broader
and anodically shifted (Table 2). Complications caused by
the baseline increase and an interference between the Ni
signal at —0.95V and the Co peak at —1.13 V could be
experimentally resolved (see also Section 3.6). Similar
problems have also been reported in protocols with
NaNO, [9,23]. Because of the extremely high sensitivity
and low reagent consumption, the main work presented
here deals with the optimisation of a method for the de-
tection of pM Co in seawater using KBrOj; instead of
NaNO,. KBrO; has been previously used for the catalytic
AdCSV detection of other trace metals (e.g. Ti, V, Mo,
Fe) [25-28].

If NH,OH was compared to NaNO, the sensitivity was
almost doubled at the same reactant concentration. Base-
line, Co peak shape and half width (w,,) were similar to
the signals with NaNO,. NH,OH can axially coordinate
to Co(HDMG), in a way NO,  binding was proposed
[23,25] but the reduction of NH,OH was energetically
favoured (in alkaline solution: ERpyopnu,=+042V vs.
E(ILOz i, =—0.16 V). Therefore NH,OH could be an im-
portant intermediate in the Co detection with NaNO,.
NH,OH could also be a good alternative for NaNO, but
it was needed in similarly high concentrations as NaNO,.
NH,OH has been applied previously for the analysis of
model solutions of niobium, ruthenium and tungsten [26]
but we are aware of no application in natural samples.

Using TCA, the sensitivity was 10x higher than with
NaNQO, at more than 10x reduced concentrations. How-
ever, the baseline current was very high because of the
direct reduction of TCA [36]. The Co peak was broad
and shifted in the anodic direction so that it appeared
close to the signal of Ni(HDMG),. Additionally a de-
crease in sensitivity could be observed at [Co®']>
0.50 nM. Therefore we did not consider a further optimi-
sation of the method with TCA. TCA has not been used
previously in catalytic AdCSV.

We found that three diverse compounds (KBrOs;,
NH,OH and TCA) could be added to the range of reac-
tants for Co detection with catalytic AACSV while hither-
to only NaNO, was known. Recently CTAB has also
been suspected to be a catalytic reagent [24] but en-
hanced adsorption could also explain the signal increase

Table 2. Comparison of reactants for the electrocatalytic detection of Co. Conditions were: [DMG]=0.25 mM; NH;-buffer =80 mM,
a 90 s adsorption period at —0.6 V and detection with differential pulse voltammetry. Sensitivities were determined by internal Co
standard additions. Peak positions and half widths (w,,) were recorded at [Co**]=0.45nM. The peak of Ni(HDMG), appeared

always at —0.95+0.05 V.

Reactant [a] CReactant pH Sensitivity Peak Pos. Wi
M) (nA/nM) V) (V)
None - 9.1 2.8 —1.16 0.040
NaNO, 0.500 9.1 107 —1.18 0.044
KBrO; 0.032 9.1 473 -1.13 0.090
NH,OH 0.500 8.95 194 —-1.17 0.036
TCA 0.015 9.2 9370 —1.00 0.133

[a] NaN3, TCE, NaClO; and H,0, did not show significant activity
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in the presence of this surfactant. Therefore, it now
appeared that there was a broad catalytic activity of Co
bisdimethylglyoximate complexes that could be used for
analytical purposes. This reactivity could be connected
to the electrogeneration of Co(I)(HDMG), species
(E%O(H)/CO(I)<—0.9 V; see also Section 3.5): Co(I) com-
pounds are electron-rich, unstable and reactive [37-39].
These considerations contradicted a mechanism based on
a Co(III)/Co(II) cycle which has been previously suggest-
ed with NaNO, [23].

3.2 Optimisation with KBrQ;: Solution Chemistry
3.2.1 BrO; Concentration

After addition of BrO;~ the peaks shifted from —1.16 V
to —1.13 V because of the initiation of the electrocatalytic
reaction. Due to the low solubility of BrO;™ at room tem-
perature a compromise needed to be reached between
sample dilution and sensitivity gain. A baseline current
increase because of the direct BrO;  reduction also
needed to be considered. The ratio of peak height to
baseline current approached a maximum at [BrO; |>
32 mM which was selected for the optimised protocol
(Figure 1A).

3.2.2 Ligand Selection and Concentration

DMG and Nioxime have been successfully used with
NaNO, and both ligands were compared at optimised
concentrations using KBrO;. The resulting sensitivities

A B

o]

I (10° nA)
Y

(= T \V]

0 25 50 75 100 0 1 2 3
KBrO3 (mmol /L) DMG (mmol / L)

C D
200
1601
120
8
8 10 0 500 1000
pH NH-butfer (mM)

Fig.1. Co peak heights as a function of (A) bromate, (B)
DMG, (C) pH and (D) NH; buffer concentration (0=Peak
height and a =pH) at [Co?*]=0.45 nM. The pH in C was adjust-
ed by additions of Q-HCI or dilute KOH. Peak heights are cor-
rected for dilution by the reagent additions. The selected concen-
trations are indicated by dashed vertical lines.
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(S) were higher in the presence of DMG ([DMG]=
250 uM, §=741+13 nA/nM) than with Nioxime ([Niox-
ime] =15 pM, §=443+13 nA/nM). In contrast, if NaNO,
was used, Nioxime (65949 nA/nM) was better than
DMG (145+1 nA/nM). The opposite reactivity between
KBrO; and NaNO, suggested different reaction mecha-
nisms (Section 3.5). Figure 1B shows the dependence of
the peak heights on the DMG concentration. DMG addi-
tion lead to a stabilisation of Co®" and the peaks shifted
~8 mV in the cathodic direction. The observed [DMG] -
current relationship indicated the adsorption of the 2:1
complex over the whole concentration range while forma-
tion of 1:1 or 3:1 complexes was negligible [11], [22].

333 pH

On the acidic side, the signal gain towards pH 9.8 could
have been caused by a strong pH dependence of the Co-
DMG complex stability (alog K'/ApH ~2 [9]; the pK, of
DMG is 10.55 [40]) (Figure 1C). This was in agreement
with a peak shift of —57 mV/pH. Weinzierl et al. made
similar observations (—62 mV/pH) in the uncatalysed re-
action [19] but linked this shift to an initial reversible
2H*/2e" reduction in Co(HDMG),. To prevent the forma-
tion of insoluble hydroxides in seawater (e.g. brucite) the
pH was adjusted to 9.2. An NH; buffer was selected as
readily available trace metal clean reagent. Note that the
alternative use of a borate buffer or NaOH did not de-
crease or enhance sensitivities. This was in contrast to
measurements with NaNO, where strong signal gains
were observed in the presence of NH; buffers (see also
Section 3.5). Connected to the pH changes following suc-
cessive additions of the buffer (Figure 1D) the peak po-
tentials shifted from —1.10 V to —1.40 V at high concen-
trations. A concentration of 0.080 M was sufficient to ach-
ieve nearly the optimal sensitivity in non-acidified seawa-
ter samples. For the analysis of acidified samples (pH 2)
the concentration was increased to 0.110 M.

3.3 Optimisation of the Instrumental Parameters

Variations of the adsorption potential (Figure 2) lead to a
Co signal decrease on the anodic side as the redox poten-
tial [41,42] of the Co(II)/Co(III)(HDMG), couple was
reached (—0.2V to —0.3V). In seawater the electrode
surface was positively charged at this potential so that
coulomb repulsion of [Co(III)(HDMG),(NH;),]* species
was a possible explanation. For Ni, only the divalent form
was present over the whole potential range in agreement
with constant stripping currents. To avoid side reactions
at highly negative potentials the adsorption potential was
set to —0.60 V. The observed Co peak heights were
almost linearly related to the adsorption time between 0-
600s (iys5s=54nA; ie=108 nA; ig=2111nA; i3=
381 nA). The adsorption was carried out for 90 s which
was sufficient for the detection of low pM Co. The pa-
rameters for square wave (SW), differential pulse (DP),
staircase (SC) and sampled direct current (s-DC) were
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Fig.2. Co (0) and Ni (A) peak height as a function of deposi-
tion potential ([Co*"]=0.20 nM; [Ni**]=5.0 nM).

optimised for comparison. SW and DP were most sensi-
tive if large pulse amplitudes (AE=0.075-0.150 V) were
selected: SW>DP >SC>s-DC. Because of the high sen-
sitivity and scan speed, a SW modulation was chosen.

3.4 Co redox State and Reagent Addition Order

After the destruction of stabilising ligands by UV diges-
tion, hydrated Co(III) could be expected to be quickly re-
duced to Co(II) (E%O(H),CO(HI):L84 V) but upon addition
of DMG, oxidation of Co(II)(HDMG), became possible
in the presence of oxygen. Experimentally, it could not be
distinguished between the two redox states because of the
reduction of Co(III)(HDMG), to Co(II)(HDMG), at the
electrode. However, if Co(III)(HDMG), was formed it
did not affect the analytical results significantly: There
was no difference between the results for a Co(II) spiked
deoxygenated sample and a Co(Il) spiked oxygenated
sample that was analysed after 1 d. However it was noted
that, if KBrO; or NaNO, was added to the solution prior
to DMG, the Co recovery was low in UV and non-UV
treated seawater (~60% if DMG was added within 5 mi-
nutes after KBrOs, <10% after 1 d). The loss in detected
Co could have resulted from Co(II) oxidation by BrO;~
or NO,™ to form inert Co(IIl) that could not be com-
plexed by DMG. In seawater this reaction became possi-
ble if Co was embedded in strong complexes or an inor-
ganic matrix [43]. The recovery loss was prevented with
the following addition order: (1) NH;-buffer, (2) DMG
and (3) KBrO;,

3.5 Reaction Mechanism

Scheme 1A illustrates the discussed aspects during the
deposition step. Before the stripping step was started
Co(II)(HDMG), was adsorbed at the mercury electrode.
There was no indication for a fast oxidation of Co(II) to
Co(IIT)(HDMG), by BrO;™ in the baseline currents. The
~300x amplification of the Co peak with BrO;™ pointed
towards a catalytic mechanism and several observations
were diagnostic of this reaction. If the scan speed (v) was

Electroanalysis 2011, 23, No. 7, 1663 -1670
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increased using staircase voltammetry the peak height (i)
did not increase to the same extend showing, that the
number of electrons involved, was less at high scan rates
and not constant, as expected in noncatalytic AdCSV
[25]. A diffusion controlled catalytic reaction would be
characterized by a linear relation in i vs. v and i vs.
[BrO;7]"* [25]. The reaction with BrO;~ appeared to be
nondiffusion limited because the ratio i/v'? decreased
with increasing scan rate to reach a plateau and i in-
creased linearly with [BrO;] (Figure 1A). The redox po-
tentials of various Co(II)/Co(I) complexes have been ob-
served in the range of the Co(HDMG), peak [29-32, 37,
41] and Co(I) compounds are known to be catalytically
reactive [37-39]. Therefore it was likely that a 1e™ reduc-
tion of Co(II)(HDMG), produced an active Co(I) ana-
logue that was quickly oxidized by BrO;~ (Scheme 1B).
BrO,” and BrO~ were probable instable intermediates in
the reduction to the final product Br~ [44] and could
have contributed to the signal, either by direct electro-
chemical reduction or by further oxidation of Co(I)-
(HDMG),. At more negative potentials Co(HDMG), was
irreversibly reduced [45-47] which supposedly terminated
the catalytic cycle.

During the optimisation differences between KBrO;
and NaNO, were observed: (1) the sensitivities with
KBrO; were higher using DMG while with NaNO,, Niox-
ime was better, (2) the NH; buffer with KBrO; did not in-
crease the sensitivity as observed with NaNO, [21,23] and
(3) with KBrO; SW voltammetry was preferred while for
NaNO, DP voltammetry was better. One explanation for
these differences was the absence of axial coordination of
BrOj; to the Co centre as shown also in the crystal struc-
ture of [Co(H,0)¢](BrOs), [48]. With NO,™ a direct coor-
dination has been suggested to be important [22,23]. For
example the NH; effect with NO,™ has been ascribed to

A - Deposition
Co2+ + 2 HDMG*% [Co(IN(HDMG),(NH,),] (x = 1-2)
BI’O}‘/OQ

[Co(I)(HDMG),(NH,),] [Co(l(HDMG),(NH),*

oxidation?
[Co(I)(HDMG),(NH,),] / HMDE, -0.6V

[Co(ll)(HDMG),(NH,), I [Co(l)(HDMG)(NHy),J.qs

B - Stripping

E<-10V
[Co(I(HDMG),(NH;)J.qs ———— [Co(I)(HDMG),(NHy),I o

%<

Red BrO;

E<-11V
[Co(I)(HDMG),(NH,),].,, ———— Co(0) + 2 DHAB + x NH,

(x = 0-2); DHAB = (2,3)-bis(hydroxylamino)butane
.¢s = complex adsorbed to the HMDE surface

Scheme 1. Suggested mechanism for the catalytic AACSV de-
tection of Co with DMG and bromate.
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the formation of active mixed complexes [Co(HDMG),-
(NH3)(NO,)] [21,23].

3.6 Interferences

As illustrated in Figure 3A the baseline under the Co
peak increased because of the direct reduction of BrO;™.
Replicate voltammograms showed that the baseline was
reproducible. In order to correct the baseline curvature a
voltammogram was recorded using a deposition time of
0's once for each sample. By subtraction of this voltam-
mogram from the individual scans a flat baseline could be
achieved in the vicinity of the Co signal (Figure 3B). A
similar approach has been applied previously with DMG
and NaNO, [9]. It was also possible to approximate the
run of the baseline with an exponential function but this
method was connected with reduced accuracy and preci-
sion and is not recommended at very low Co concentra-
tions.

Ni forms strong DMG complexes with a reduction
wave close to the Co signal. The Ni interference could be
minimized with a potential jump to —1.025V for 2s at
the end of the adsorption period. This procedure lead to
an irreversible reduction of Ni(HDMG), on the electrode
surface [45] and a negligible Ni peak during the stripping
step while the Co peak was not significantly affected.
Other trace metal ions could also interfere with the Co
determination. Cu and Fe competition was investigated
specifically because DMG is known to bind to these
metals [49,50]. The presence of 100 nM of each metal re-
sulted in a peak decrease of ~5% for Co. The direct re-
duction of Zn?" could produce a peak close to the ob-
served Co signal but addition of 100 nM Zn?** had no sig-
nificant effect. Surface active substances are known to
reduce the sensitivities by competitive adsorption to the
electrode [20,23]. We made similar observations: the sen-
sitivities in high dissolved organic matter seawater sam-
ples were up to 40% lower than in deep or UV digested
samples. Intercalibration experiments (SAFe program,
see GEOTRACES website) have additionally shown that
currently available Co methods may not recover a large
Co fraction in non-UV digested samples. UV digestion
was also essential with this method (Figure 4).

3.7 Blank Values

Low Co seawater was prepared by passing UV digested
seawater over a pre-cleaned and conditioned Chelex-100
column [20]. Different qualities of KBrO; (SigmaUltra
grade vs. ACS grade >99.8%, Aldrich) were compared
for Co impurities because at the time of the completion
of this manuscript the SigmaUltra grade KBrO; was no
longer available from the manufacturer. Using the puri-
fied seawater sample, the SigmaUltra grade KBrOj intro-
duced no significant blank (<5 pM). At these concentra-
tions it was difficult to say whether the residual Co result-
ed from Co traces in the seawater sample or a small re-
agent blank. One ACS grade KBrO; was associated with
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Fig. 3. Exemplary voltammograms using KBrO; for Co detec-

tion in an intercalibration sample (SAFe D2) with three internal
standard additions of 33.0 pM (A). The dashed line is a voltam-
mogram recorded after 0's deposition time at the beginning of
the measurements. Peak heights were determined after subtrac-
tion of the 0 s baseline voltammogram from the individual scans

(B).
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Fig. 4. Water column profiles of dissolved Co from the eastern
tropical Atlantic ocean determined after UV treatment (O) and
without UV treatment (2). The samples were collected at N 7°
40" W 24° 13’ (A) and N 8° 1" W 29° 59’ (B).

elevated blanks (<20 pM) while a second ACS grade
batch introduced significant contamination (~150 pM). In
this case the KBrO; was cleaned by re-crystallisation with
EDTA. The reagent blank of the cleaned ACS grade
KBrO; was <5pM. Using doubled concentrations of
DMG or NH;-buffer, no blank contribution was detected
from these reagents. For DMG Co blanks have been re-
ported in the literature, but it could be cleaned by recrys-
tallisation from MQ with 10° M EDTA [51]. The reagent
blanks were monitored by analysis of a low Co seawater
sample each day.

3.8 Method Validation, Detection Limit, Linear Range

Accuracy and precision were evaluated using intercalibra-
tion samples from the GEOTRACES SAFe program (see
GEOTRACES website). The samples were collected in
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Table 3. Results with intercalibration samples. The intercalibra-
tion samples were provided by the GEOTRACES SAFe pro-
gram. The latest SAFe consensus values are available on the
GEOTRACES website. Errors are given as 1 standard deviation.

Sample n Co (pM) +/-
SAFe S1 10 7.5 1.1
This study

SAFe S1 42 1.9
Consensus value

SAFe D2 10 449 24
This Study

SAFe D2 431 32

Consensus value

the northeast Pacific near the surface (SAFe S) and in
1000 m depth (SAFe D2). Assuming a negligible reagent
blank our results for SAFe D2 were in perfect agreement
with the consensus value from the intercalibration experi-
ment (Table 3). For SAFe S there was a significant differ-
ence between the results but the value was within the
range of concentrations determined by individual labora-
tories during the intercalibration and could be close to
the real value. It was also possible that a small reagent
blank or artefacts connected to the baseline subtraction
procedure resulted in a small overestimation of the Co
concentration. The reproducibility of the measurements
was excellent. Eight replicate AdCSV scans with one
SAFe S sample resulted in a relative standard deviation
of 3.4% and a detection limit (3x standard deviation) of
0.9 pM. The relative standard deviation of 7 independent
determinations with SAFe S samples was 13% and the
resulting detection limit of the method was 2.7 pM which
was likely connected to sample handling or wall effects.
The sensitivity with UV digested seawater samples was
1100+ 140 nA/nM (1 standard deviation). The proposed
method allowed a detection limit significantly below the
best method with NaNO, and DMG (<10 pM, [9]) and a
similar detection limit compared to the most sensitive
previously published method with Nioxime and NaNO,
(~3pM) [23]. Using longer adsorption times the detec-
tion limit could be further reduced to sub pM values. The
Co signal was linear between 0-7.5 nM (7 standard addi-
tions, R*=0.9999) which included concentrations more
than 10x above those found in open ocean and coastal
seawater samples.

3.9 Open Ocean Seawater Profiles

The method was used to analyse Co concentrations in the
tropical eastern Atlantic. Example profiles of dissolved
Co determined after UV irradiation of the samples
(“total Co”) are shown in Figure 4. For comparison the
plot includes results of Co analyses without the UV diges-
tion step. The difference between the two datasets could
be interpreted in context of Co speciation because it
shows that a large fraction of Co was present in a non-re-
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active form that was probably associated with strong or-
ganic complexes.

4 Conclusions

The electrocatalytic reduction of diverse reactants by
Co(I)(HDMG), suggests that a variety of other com-
pounds that could not be tested within this study could
also come into question to enhance the Co peak. Howev-
er it is important that a signal from the direct reduction
of the reactant is well separated from the Co signal or
that a baseline correction can be realized. Using the pro-
posed method with KBrO; the detection limit for Co
could be improved and the reactant concentration and
consumption were strongly reduced facilitating routine
Co measurements in the open ocean. With long adsorp-
tion times the analysis of sub pM Co concentrations be-
comes possible if sufficiently low blank values can be
reached. In addition this method can be used to obtain in-
formation on the speciation of Co. Currently we are
studying the Co speciation in the tropical eastern Atlantic
using this method for the detection of reactive Co.
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