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Dissolved chemical speciation of metals in natural waters encompasses a wide range of inorganic and organic
compounds including metal organic ligand complexes, ML. Because of the different filters used, “dissolved”
speciation can range from simple metal-ligand complexes with an average size of about 0.66 nm (mass of <3 k-
daltons) to nanoparticles of 1 to 100 nm to colloidal forms that are 10 to 200-400 nm in size. Strong
metal-ligand, ML, complexes are normally considered to be in <1 nm size fraction. Over the last 3 decades,
competitive ligand exchange — cathodic stripping voltammetry (CLE-CSV) titrations have been the method of
choice to study complexation. These titrations primarily give information on the excess ligands in the sample
rather than the actual ligand in MLynknown complexes because they require adding metal to the sample. Thus,
metal-ligand CLE-CSV titrations do not provide much information on the actual ligand present in MLypknown-
However, pseudovoltammetry provides the thermodynamic stability constant, Kiherm, for Zn, Cu, Cd and Pb as
the MLynknown complex is destroyed by reduction at the Hg electrode to form metal(Hg). Pseudovoltammetry
does not require the addition of any reagents to the sample, but cannot be performed for ions such as Fe(III) [and
Mn(II)] because reduction of the ion results in the reduction of the metal ion in the complex without destroying
MLynknown- For these ions, kinetic experiments to recover the metal in the ML complex can provide information
on the MLypknown dissociation rate constant, kq, and the conditional equilibrium constant, Keonamr/- In these
kinetic experiments, a competitive ligand (Lcomp) is added to the sample, and over time the MLcomp complex is
measured by CSV. If all the metal in MLynknown is recovered, kq of MLynknown can be determined. If only a portion
of the metal in MLyninown is recovered, equilibrium is achieved and Kcongmr as well as kq can be determined in a
single experiment; k¢ can then be calculated. We describe how these methods can be used to determine infor-
mation on the actual MLypknown complex. We show that 7 thermodynamic, kinetic and speciation parameters
(Ktherm> KeondMmr’s Keondm'1/s Kf, Kd, 0, 0r7) for MLynknown complexes can be derived from a combination of two of
these experiments. The approaches described here are useful to determine these parameters for known ML
complexes once a ligand has been isolated by advanced separation methods (e.g., LC-MS) and reacted with a
metal of interest.

1. Introduction

Understanding the strength of bonding in metal ligand complexes,

of this contribution is to review the methods that determine information
on the thermodynamics and kinetics of metal ligand complexes (either
known or unknown).

ML, is one of the most important topics in marine chemistry and
chemical oceanography because the uptake of metals as micronutrients
(or toxins) is key to understanding phytoplankton productivity and CO2
transformation to organic matter (e.g., Kim et al., 2015, 2016). The goal
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There are three principal ways that researchers report the value of a
stability constant of a metal-ligand complex, ML. Two are conditional
stability constants Kcond M1y (uncorrected for metal and ligand side re-
action coefficients) and Kconqg My (corrected for the metal side reaction
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coefficient only), and the third is the thermodynamic stability constant,
Ktherm (corrected for metal and ligand side reaction coefficients). In
addition to the stability constants, it is equally important to understand
the reactivity of a given ML complex, which is determined by kinetics
experiments.

Because trace metals exist at (sub) nanomolar concentrations in
seawater, electrochemistry has been the method of choice of experi-
mentalists to determine metal speciation and complexation over the last
3 plus decades. Specifically, anodic stripping voltammetry (ASV) and
competitive ligand exchange absorptive cathodic stripping voltammetry
(CLE-adCSV or CLE-CSV) have been applied to determine the chemical
speciation of metal ligand complexes as well as the total concentration of
the metal in solution (normally after UV oxidation of the sample which
decomposes organic compounds including ligands).

There are three main ways to use these voltammetric methods to
determine information on the stability constant of a given metal ligand
complex in the sample. The first approach that is most often used is the
titration of the sample with metal [e.g., Fe(IIl), Cu(II)] followed by a
CLE-adCSV measurement on each metal titration solution (e.g., Buck
et al., 2012, 2016; van den Berg, 2006). The resulting titration curve is
linearized to fit the titration data and to obtain the total ligand con-
centration [L] and the conditional stability constant, Kcong w1/, Of the
metal unknown ligand complex, MLypknown (Omanovic et al., 2015;
Pizeta et al., 2015). This method provides information primarily on the
excess ligand(s) in the sample as often the added competitive ligand is
not able to outcompete the unknown ligand, Lypknown, bound to the
metal because the equilibration time of the experiment is frequently not
long enough. For field samples, the chemical structure of the ligand is
unknown.

The second approach is to perform anodic stripping voltammetry on
a sample by applying more negative potentials to break down the metal
ligand complex to form the metal amalgam which can form for only the
divalent cations of Cu, Zn, Cd, and Pb. This method is known as pseu-
dovoltammetry as the resulting current is plotted versus each applied
potential resulting in ’s’ shape waves indicative of the metal ligand
complex that was destroyed. Because there are no additions of any
chemical to the sample, this method gives direct information regarding
the actual metal bound to an unknown ligand including the ligand
concentration (related to the current observed) and the Knerm. The
Kiherm Of the MLypknown complex is calculated from a comparison of its
potential to the potentials of known MLy,own complexes for which the
thermodynamic stability constants, Kinerm, are known. Here, potential
versus 10g Kiherm follows Nernstian behavior at the hanging mercury
drop electrode (HMDE, Lewis et al., 1995a; Croot et al., 1999; Rozan
etal., 2003; Tsang et al., 2006). For field samples, the chemical structure
of the ligand is unknown, but the log Kherm comparison gives informa-
tion about the ligand’s character, which includes possible functional
groups and the number of ligating atoms. More than one MLynknown
complex can be detected in a single experiment.

The third approach can use either the ASV or CLE-CSV voltammetry
methods to determine the kinetic parameters, which are then used to
calculate the thermodynamic parameters, for ML complex formation (e.
g., Wu and Luther III, 1995; Witter et al., 2000; Croot and Heller, 2012).
These researchers showed that the values of K.ong w1/ determined by
kinetic analysis and metal addition were in excellent agreement with
those from CLE-CSV metal titration experiments. The kinetic parameters
are the rate constant for the formation of the complex, k¢, and the rate
constant for the dissociation of the complex, kq. The ratio of k¢/kq gives
the conditional stability constant, Keond m/- The value of kg for the
actual metal ligand complex can be determined by adding a competitive
ligand to the sample and following the recovery of the metal until it is
completely recovered by the competitive ligand, Lcomp, to form MLcomp.
Normally, the value of k¢ for the actual metal ligand complex cannot be
readily determined unless the actual ligand can be isolated from the
sample. This limitation can be addressed in three ways. First, the value
of k¢ can be estimated from the metal’s rate of water exchange, which is
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an upper limit for k¢ (Hudson et al., 1992; Luther III et al., 2015). For
inorganic Fe’, which includes hydroxide and other inorganic ligands
bound to Fe(III), k¢ in seawater is 8 x 106 M s~ (Hudson et al., 1992).
Second, kinetics experiments to determine equilibrium behavior permit
determination of Kcong mr/ (corrected for the metal side reaction coeffi-
cient) and kg, from which k¢ can be calculated. Third, with the devel-
opment of better methods for compound separation followed by mass
spectrometry (LC-MS) and NMR for structural elucidation, marine
chemists now have the potential to do this evaluation after isolating the
unknown ligand and then performing a kinetic experiment with the
metal of interest. Obviously, there is a critical need to have methods to
determine the thermodynamic, kinetic and speciation parameters for
actual natural MLypknown complexes before and after separation and
structural methods provide the ligand structure.

This paper begins by defining the terms for the physical chemistry of
ML complexes (section 2). Then methods, with examples and calcula-
tions, are described to evaluate the 7 thermodynamic, kinetic and
speciation parameters (Kiherm, Keondmr/> Keondm'r/s ke, Kd, 0w, o) of ML
complexes (sections 3-5). As the CLE-CSV method is the method most
often used, it will not be discussed in detail, but is referred to as a point
of comparison. Other kinetic and thermodynamic methods using elec-
trochemical methods are discussed with the objective that they become
a more important part of our arsenal when analyzing samples for ML
complexation. Although emphasis is on electrochemical methods, other
analytical techniques can be used to provide similar information (e.g.,
Luther III et al., 1999, 2015; Reid et al., 1993; Rose and Waite, 2003b).

2. Metal ligand stability constants
2.1. Conditional metal-ligand stability constants

Because the total metal concentration (cy or [M]r) is the parameter
measured in natural waters by metal specific techniques (e.g., induc-
tively coupled plasma mass spectroscopy, atomic absorption spectros-
copy, voltammetry, ion selective electrodes), metal complexation is
expressed as the conditional equilibrium constant, Keong prr (eq. 1),
which is also equal to the ratio of the rate constant of complex forma-
tion, ky, to the rate constant of complex dissociation, kq.

MLk
pTIL]  ka

(€3]

Keona i =

Here [ML] is the concentration of the metal ligand complex, and M’ and
L’ are the concentrations of the metal and ligand that are not bound to
each other. Although the metal can bind more than one organic ligand,
we provide equations for a single ML complex for simplicity and for
when a single ligand can be isolated by chromatography methods
(LCMS, Bundy et al., 2018; Boiteau et al., 2019). M’ is defined as all the
inorganic forms of M (e.g., chloride, sulfate, carbonate, hydroxide, etc.),
and L' is defined as all ligand forms that are bound to H, Mg2+, ca’t,
etc. These are related to the total metal [M]t and [L]t where eq. 2 shows

[M]r.

cu = [M], = [M™] + [ML) + [MCI*] + [MSO4] + ... or
_ et (2)
ey = [M]; = [M"] + [ML] + X [MX];

The free metal ion [(M[H20]2"), also abbreviated as [M™*] or [M]free
to indicate its activity {M""} plus the metal bound to only other inor-
ganic ligands (chloride, sulfate, carbonate, hydroxide, etc.) equals [M']
as in eq. 3.

M) = [M]; — [ML] = [M™] + [MCI*] + [MSO4] + ... 3)

Eq. 3 can be expanded using the equilibrium expressions for each
metal-inorganic ligand complex to give egs. 4 and 5

[M/] = [M”+] { 1 + KMCI[CF] +KMS()4 [S0427} +... } (4)
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M) = 7]+ M) S KX, = 7] (14 K [X),) ®)
where the sum is for the free ligand concentration of all the inorganic
ligands, Xj, in the solution. The fraction of a free metal, oppm:, with
respect to all inorganic interactions in solution without considering the

organic ligand is given by eq. 6.

(M

7] ©

o

On substitution of the equilibria for all inorganic forms of M (eq. 5)
into eq. 6, apm+ is expanded into eq. 7.
e = et @
TS K X,
The reciprocal of eq. 7 is known as the inorganic side reaction co-
efficient for M’ (here given the symbol apy in eq. 8), which is frequently
used in the literature.

M

(M+]

=1+ Y Kux [X]; ®

=

Substituting eq. 8 for M’ into eq. 1 leads to eq. 9.

oMy k(M
Keona v = ML) ki Mo (L] 9

Expanding eq. 9 for the correction of all inorganic ligands gives a
different conditional stability constant known as Kong mr, which is
related to Kong mr’ by eq. 10.

COL
k(L]

(o) Keond iy = = Keona mr 10$)
These two stability constants are those normally reported in the
environmental literature, so it is important that the reader be able to
discriminate between them easily. Also, the values of the stability con-
stants follow the order Kcong M’ > Keond ML~
Rearranging eq. 10 gives eq. 10a in log format,

108K cona my = 108K cona mrry + logoyy = logky — logky + logouy (10a)

Similarly, if only the ligand side reaction coefficient information is
known, eq. 10b is relevant. As oy, is rarely known, K¢ong ar 1 is not re-
ported in the literature.

108K cona wr. = 10gK cona sy + logoy, (10b)

2.2. Thermodynamic metal-ligand stability constants for complexes of 1:1
stoichiometry

When the ligand is known as in laboratory experiments, similar
corrections can be made for the free ligand concentration as its oy~ (and
ay/) for complexes with H', ca?t, Mg2+, etc. can be calculated. First, we
describe the interactions of the ligand with H' only. This is useful when
a ligand can be isolated and reacted later with a metal of interest in a
medium other than seawater. Egs. 2a and 5a (analogous to egs. 2 and 5)
describe the ligand interactions with only hydrogen ions and the metal
of interest.

e, =L, = [I7] + ML)+ [HL'7] + [H,L*7] + ... (2a)

L] = L] — ML] = [I"] + 2 [HL], (52)

When the ligand and its acid dissociation constants are known, the

general form for the fraction of the deprotonated ligand, o, in

n ligand®
solution without complexation to any metals including those natural to
seawater (e.g., Mg2+, Ca?") is used (eq. 6a, see Reid et al., 1993). The
reciprocal of eq. 6a is the side reaction coefficient, oz onty), €q. 8a. The
right side of eq. 8a is from Ringbom and Still (1972) where S, is the

cumulative protonation constant and n is the number of bound hydrogen
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ions (H").

K\K,..K; [H*]" _ ]
HY) + K [H] + KK [H] 7 + ..+ KiK. K (L]
(6a)

o,

ligand =

For NTA®~ and other triprotic anions (e.g., PO?;_), the expression for

the fraction, o/, is:

‘Hp ligand?
oo — KiK>K; _ [NTA3’]
YU T + K HT + KK [H) + KKK [NTAT
1 (] N 0
0L (1 onty) = oW 1+ B, [H] (82)
n Ligan

Second, when Mg2+, Ca?* and other cations (e.g., sr?t, Ba®") can

bind the ligand, eqs. 2b and 5b are used to describe all ligand in-
teractions in seawater. Now, eq. 8a expands to eq. 8b where oy;- is the
fraction of the ligand and ay, is the side reaction coefficient with respect
to all interactions (H', Mg>" Ca®", etc.).

e =L,
=[] + ML)+ [HL'V] + [HL*7] + ... + [MgL*7] + [Cal* 7] + ...
(2b)
=[Ll;—[ML] = [/"] + 2 [HL], + £ [M*'L], (5b)
oy = a,i, 1+ B, I+ D Kpey M), (8b)

Unfortunately, in natural waters, the ligand is normally unknown
because there are several ligands that can bind the metal; thus, the
conditional constant from eq. 1 can only be corrected for the free metal
ion. A measure of the total ligand concentration can be determined by
metal titration and other experiments [e.g., Bruland, 1989; Buck et al.,
2012].

Expanding eq. 9 to include the free ligand with respect to all in-
teractions in seawater (eq. 8b) leads to eq. 11. Thus, the activities,
expressed as {}, of both the metal and ligand are known, and the ther-
modynamic constant can be calculated as in eqs. 11-13.

_a_ [ML] _ ML) (o) (ML
Koo =0 = o (e~ ML M e 0D
where oy [M'] = [M""] or Mjye,

Al {ML} _ Kk
Kiperm =B = W = Keond mrr/ ((XM’)(OCL') = é((xM’)((xL’) 12)

In log format, eq. 12 becomes eq. 13 and 13a.

108K tjerm = 108K cona wrr + logoyy + logay = logky — logky 4 logyy + logoy
13)
108K herm = 108K cona m> + logy> = logky — logk, + logoy: + logay,:  (13a)

Note that the values of these stability constants are in the order: Kinerm >
Keond mv > Keond M-

Eq. 13 shows the 7 possible ML parameters (Kiherm, KcondML'»
Keonam'rs K, kq, oy, o) that provide information on both the ligand and
metal in a ML complex. Experimentally, Kcond w1y is the parameter
determined in metal titration experiments using either CLE-CSV or ASV.
Unfortunately, this parameter gives information mainly on excess un-
known ligand(s), xs Lynknown, in @ sample as equilibration times are
typically not long enough to remove the ligand from the metal (see
section 5.3 for a Fe(III) example). The parameter oy is normally known
or can be calculated (see Table 1 section 2.3), but the parameter oy is
unknown. In sections 3-5, we describe how to measure several of these
parameters. At least two experiments on a sample are needed to fully
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Table 1
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Relationship between the conditional stability constants (Kcond My and Keong mr/) determined in UV irradiated seawater (pH ~8.0) and the actual thermodynamic
stability constant (log Kerm) for several metals bound with EDTA and Zn(NTA)5 . The log of agpra’ is 8.0. Data from Coale and Bruland (1988); Bruland (1989, 1992);

Capodaglio et al. (1990) and Donat and Bruland (1990).

Complex log Keond M/ log oy log Keond mr/ Calc. log Kiherm Lit. 1og Kiherm
ZnEDTA?~ 7.9 0.32 8.22 16.22 16.3
CuEDTA? 8.6 1.38 9.98 17.98 17.94
CAEDTA%™ 7.7 1.55 9.25 17.25 16.5
PbEDTA?~ 8.6 1.54 10.14 18.14 18.0
Zn(NTA)3~ 6.09 0.32 6.41 - 14.03

describe these 7 parameters. For example, Kiherm can be determined for
cu?*, Zn?*, Cd?* and Pb*" using pseudovoltammetry, and Kenerm then
be used to calculate o from eq. 14 once kinetic experiments can be
performed to determine kg or Keongmr (eq. 10a; see section 5.3).

logtherm = lOgKfond wr + IOg QG + 10g oy = lOgKamd mr + 10g ar (14)
2.3. Literature data regarding the relationship of the parameters in eq. 12

Kinerm is a pH and solution species independent constant as all solution
conditions are properly specified. However, in environmental samples,
the interactions of HT, Ca?*, and Mg?* with the ligand are almost always
unknown, so only conditional stability ML constants (Kcond mL’ OF Keond
m1?) are reported. Table 1 shows the conditional constants, Keong M1 for
[M(EDTA]*>~ complexes of +2 cations determined in seawater by anodic
stripping voltammetry metal titration techniques (Coale and Bruland,
1988; Bruland, 1989, 1992; Capodaglio et al., 1990) as well as their
known thermodynamic constants. Zn(NTA)g_ data (Donat and Bruland,
1990) are also given in Table 1.

2.4. Thermodynamic metal-ligand stability constants for complexes with
stoichiometry different from 1:1

For a complex with more than one ligand bound to a metal to form
MLy, eq. 11 is expressed as eq. 15 (eq. 15a, log format).

o)

foen =P =y W

= Keond mr/ ((XM’)((XL’))‘ (15)

108K ijerm = 108K cong iy + logoyy + ylogor

= logk; — logky + logoyy + ylogay, (15a)

For example y equals 2 for [Zn(NTA)2]4'. This equation can be
expanded for mixed organic ligand complexes, MLjLy, that are reported
in the inorganic chemistry literature (e.g., Fe(Ill) complexes in Taylor
et al., 1994) where L; and L; are different organic ligands.

For a complex with more than one metal bound to more than one
ligand combining to form a multinuclear metal cluster (MxLy), eq. 11 is
expressed as eq. 16.

{M.L,}

Kinerm =B = W = Keona wrr (0 )" ()" (16)

Table 2

108K jerm = 108K cong sy + Xlogoyy + ylogay (16a)

108K jjerm = logky — logky + xlogoy, + ylogor: (16b)

For the anionic cluster [ZngSe]*~ (Luther III et al., 1999), x equals 4
and y equals 6.

The Kiherm €quations above take into account pH as hydroxide and
oxide ligand complexes are species in M’ that vary with pH according to
hydrolysis constants, e.g., for MOH, etc. We note that some researchers
(e.g., Kim et al., 2016; Lewis et al., 1995a, 1995b; Luther III et al., 1999;
Taylor et al., 1994) have titrated complexes or changed the pH to
determine if there is a change in the ML complex on acidification. Lewis
et al. (1995a, 1995b) noted that catecholate binding shifted to weaker
salicylate binding as Knerm decreased by six orders of magnitude for the
ligand alterobactin-B when the pH was changed from 8 to 6; in this case,
the side reaction coefficients for both the metal and ligand decrease.

Kitherm Values at 25 °C and corrected for seawater ionic strength for
known ML complexes used in this work (Tables 2, 4 and Appendix Ta-
bles 5-7) are taken from the compilations of Martell and Smith (1974,
1977, 1982, 1986) unless otherwise specified.

2.5. Literature data regarding the metal ion side reaction coefficient, ayy

The speciation of Fe with organic ligands has generated immense
interest since the first reports of FeL. complexes in the water column of
the ocean (Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther
111, 1995). Table 2 shows the conditional and thermodynamic constants
for several natural or known ligands, Lipown, bound to Fe(III) in seawater
determined by our group; similar data have been obtained by Gonzalez
et al. (2019) for phenols including catecholates. Note that the side re-
action coefficient for Fe’ in seawater (log age = 10) is over eight orders
of magnitude larger than that for the divalent cations in Table 1 because
of Fe(Ill) hydrolysis to form hydroxo species. Thus, these Kcond mr
constants are several orders of magnitude higher than those for the
Group II cations in Table 1. See Table 3 for more log oy values of metals.

2.6. Literature data regarding the ligand side reaction coefficient, ay

The evaluation of the ligand side reaction coefficient, oy, is the major
missing component to our understanding of MLynpknown COmplexes.
Table 3 provides some information from several sources on log oy’ for
known ligands, which have been used to calibrate the three

Relationship between the conditional stability constants and the thermodynamic stability constant for Fe(IIl)-complexes bound to several natural ligands in seawater
modified from Witter et al. (2000). The log of ag. in seawater at pH = 8 and a temperature of 20 °C equals 10.0 (Hudson et al., 1992). Appendix Figs. 9-11 give the

structures for ligands in this work.

Complex log k¢ log kq log Keond M1/ log Keond ! log Ktherm
Fe-ferrichrome (hydroxamate) 5.56 -7.30 12.9 229 29.1
Fe-desferrioxamine-B (hydroxamate) 6.29 —5.82 12.1 221 31.0
Fe-alterobactin-A 5.58 —6.76 12.3 22.3 51

Fe-protoporphyrin-IX 5.79 —6.15

11.9 21.9 -
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Table 3

Some metal and ligand side reaction coefficients in seawater (pH ~ 8).
Metal ion log ony” Ligand, ML stoichiometry log oy
Zn** 0.32 EDTA, Fel" 8
cu*t 1.38 NTA, FeL; 2 logura = 7.62° 3.81
cd¢ 1.55
Pb¢ 1.54
Ag® 5.22 ferrichrome (tris-hydroxamate), FeL! 6.2
Mn? 0.23 desferrioxamine-B (tris-hydroxamate), FeL! 8.9
Fed 0.16 desferrioxamine-B (tris-hydroxamate), FeL* 6.25
Co** 0.35
Ni%* 0.33 alterobactin-A [(bis-p-hydroxyaspartate)catecholate], FeL! 28.7
Cu' 1.38
AR 8.88 alterobactin-B (bis-catecholate), FeL, 2 loguas = 21.1¢ 10.55
crt 5.59 enterobactin (tris-catecholate), FelL' 28.2
Fe?! 10
8 Al-Farawati and van den Berg (1999).
b

Coale and Bruland (1988).

¢ Donat and Bruland (1990).

Witter et al. (2000) and van den Berg (2006).

¢ Schijf and Burns (2016) and Wuttig et al. (2013).
Wu and Luther III (1995).

voltammetric methods or approaches noted in the introduction (the
CLE-CSV titration, pseudovoltammetry and kinetic approaches). For
comparison purposes, the values for log oy of several metals are also
provided (data from Byrne et al., 1988; Al-Farawati and van den Berg,
1999).

The log oy for EDTA is from Coale and Bruland (1988). For NTA,
Donat and Bruland (1990) calculated a value of log oy 7.62 from the
data in Table 1 while assuming a 1:1 complex for ZnNTA ™. However, the
1:2 complex for Zn(NTA)3 "~ is the dominant form (Lewis et al., 1995a);
thus, the value for log oy NTA is 3.81 (from eq. 16a).

108K perm = 10gK cona mrr +10goy +2logoyry (16a)
logK perm = 14.03 = 6.06 + 0.32 + 2logOyry

7.62 = 2log0yry

Schijf and Burns (2016) estimated a log oppo.p of 6.25 for
desferrioxamine-B (DFO-B) from its acid dissociation constants and its
stability constants with various seawater cations. Wuttig et al. (2013)
calculated a similar value. The other values of log oy in Table 3 are
calculated from kg, k¢ and Kiperm data found in Witter et al. (2000) using
eq. 13 as will be shown in section 5.3. Interestingly, Witter et al. (2000)

and van den Berg (2006) estimated the value of log apro.p' in seawater to
be 8.9 and 9.0, respectively. For enterobactin, Wu and Luther III (1995)
calculated 10og Genterobactin' from eq. 14 after evaluating Keondmr (section
5.3) and knowing Kiherm from Loomis and Raymond (1991). Table 3 data
suggest that the log oy’ for each catecholate group binding to Fe(III) is
~9 and each hydroxamate group is ~2-3.

3. Pseudovoltammetry/Pseudopolarography: determination of
Kiherm for an actual (natural) ML in a sample

3.1. General procedure

Using a hanging mercury drop electrode (HMDE), the method of
pseudovoltammetry has been used to study the metals Cu** (Croot et al.,
1999), Zn?* (Lewis et al., 1995a), Cd?* (Tsang et al., 2006) and Pb?*
(Rozan et al., 2003) in seawater at natural levels with a variety of
organic ligands. As shown below, these studies show Nernstian electrode
behavior. Branica and Lovric (1997) and others have used this approach
to study single ML complexes. The theory for modeling individual
pseudopolarogram waves has been provided by Omanovi¢ and Branica
(2004) for hanging mercury drop electrodes (HMDE) and for thin mer-
cury film electrodes by Lovric (1998).

Deposition
A) | M¥+2e - MH) :
ML +2 e — M(Hg) +L (8)) 1.0 O incomplete reaction | ﬁi
l ® complete reaction |
. Scan (stripping) i } B!
= 5“"“" to higher E (+) 0.8 | @
E = T ] = —as0v |*®
% *200mV s = 06 _'____llffnic"f'_’“ﬂ)__:___g. __________
- g - k]
time g
= 0.4 -
L] m.]
B) |
] [i oe|
+ 0.2 mmm Imatneey § |
Io 3 (O
- IS « 0.0 +——o—¢ ’ 11—
-0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0
+ - s .
‘E_ Deposition Potential (vs SCE)

Fig. 1. A) The deposition potential is applied for the time desired, followed by a DC voltage scan to strip the metal from the Hg. B) The peak height from the scan
gives the current and concentration of the metal stripped from the Hg electrode. C) Pseudovoltammograms of Zn®>" with cyclam in 10-fold excess in UV irradiated

seawater (mean of triplicate experiments).
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Pseudovoltammograms (I vs Eqep plots) are generated on less than 10
mL of sample using —0.020 to —0.050 V incremental deposition po-
tentials over a potential range from —0.05 to —1.70 V (vs SCE)
depending on the metal; thus, there is no need to add any reagents to a
sample. The range must include potentials before and after the reduction of
the ‘free’ metal. The ‘free’ metal is identified by its specific metal
reduction potential [e.g.; —0.20 V (Cu2+); —-0.43V (Pb2+); -0.56 V
(Cd*") and — 1.08 V (Zn?")] in natural waters. (Sub)nanomolar detec-
tion limits can be achieved by using 30-min depositions, but this in-
creases the duration of the experiment. After each deposition potential is
applied (Fig. 1A) over the desired range, an anodic stripping experiment
is performed using for example linear sweep voltammetry (LSV; scan
rate 2000 mV s’l) or square wave voltammetry (SWV; 100 mV s~ ! scan
rate; 20 mV pulse height) from the deposition potential to a final po-
tential of —0.05 V. The peak current determined (Fig. 1B) is for the free
metal ion that is stripped off the electrode as the complex cannot reform
during the positive scan due to slow reformation kinetics at the electrode
surface. The peak current (or the concentration) is plotted versus the
deposition potential (I vs Eqep; Fig. 1C). At potentials more positive of the
MZ* or ML reduction potential, the current will be ‘0’. As Egep becomes
more negative, the ‘free’ metal and any ML complex, if present, will be
reduced to the M(Hg) and give a current during the anodic stripping
experiment. One or more ‘s’ shaped waves may be produced and the Ey,
M of the ML complex occurs where the current, I, is at the half height of
the ‘s’ wave. In Fig. 1C, the square symbols show an incomplete reaction
of Zn?* with cyclam in seawater, and the half height is at 0.6 (black
dashed horizontal line) as the initial normalized current increase of 0.2
is due to ‘free’ or inorganic Zn(II). The blue circles show the half height
at 0.5 for complete formation of Zn(cyclam)2+ (blue dashed horizontal
line) after reacting overnight. The vertical dashed line indicates the Ey,
i for Zn(cyclam)”. Fig. 1C demonstrates that the rate constant, k¢, for
formation of ML complexes (see section 5.4) can be determined by
performing several pseudovoltammetry experiments over time.

3.2. Theory of electrode processes to develop the ‘chelate scale’

For metal ions (Cu®", Zn®*, Cd?>" and Pb?*) that can be reduced at
the Mercury electrode to form the metal amalgam, M(Hg), many ML
complexes can be broken down at the electrode as per eq. 17.

ML +2 e"—M(Hg) +L*" (overall electrode reaction) a17)

The voltage, E, is a measure of the voltage needed to destroy the ML
complex to form M(Hg) at the electrode and is related to the Gibbs free
energy and the thermodynamic stability constant, Kherm, via eq. 18.

AG = —nFE = — (RT) In Kiperm = AH-TAS (18)

A) -1.7
) Original data N

Eip g =-0.913-0.0420 log Kyery

1.6 - -
2 =0.965 (0. =0.69)

All data
-1.1 7 Ejp g =-0.963-0.036410g Kyermy
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Eq. 17 is irreversible as the ML complex does not reform at the
electrode when performing cyclic voltammetry experiments (Lewis
et al., 1995a); only the ‘free’ metal gives a current signal on the reverse
scan as it is ‘stripped’ off the Hg.

Although the electron transfer at the Hg electrode is inner sphere for
inert complexes as the metal ion must be in contact with the electrode,
eq. 17 can be modeled as two egs. 19 and 20.

ML < M?*" +L?>" (dissociation/destruction of the ML complex) 19
M?*" 42 e”—>M(Hg) (reduction of the metal ion) (20)
Thus, E is related to Kherm via the Nernst eq. (21)
2.303 RT
E%.ML = E% M inorganic — W lOg Ktherm (21)

where E1/2, M inorganic iS the reduction potential of the oxidized metal
water complex, M(HgO)%*, plus any weak or labile complexes with
inorganic anions. Eq /2, . is the reduction potential of the metal ligand,
ML, complex. F is the Faraday constant, R is the ideal gas constant, T is
the temperature in Kelvin, a is the kinetic transfer coefficient and is
discussed below, and n is the number of electrons transferred at the
electrode.
Eq. 21 is a form of the Lingane equation and assumes:

(a) Ey, i has no dependence on the reduced metal complex since the
metal is reduced to an amalgam and the complex is destroyed,
which is a measure of the bond strength and Kherm. Lewis et al.
(1995a) noted that the value of Ey, w, is similar at nM (deposition
experiments) and pM concentrations (fast scans with no deposi-
tion) of metal and ligand.

(b) A strong and inert ML complex (defined as log Kiherm > 6) acts as a
discrete species and does not dissociate at the electrode prior to
electron transfer, but its wave (peak) exhibits Nernstian behavior
and its potential is independent of the concentration of L. [Strong
MLynknown cOmplexes in seawater are considered inert (e.g., Buck
et al., 2012; Buck et al., 2016).] A weak ML complex (defined as
log Kiherm < 6) also gives a wave (peak), but can dissociate at the
electrode; the peak potential will depend on the concentration of
L (DeFord and Hume, 1951; Luther III et al., 2000). Information
from strong and weak ZnL complexes are described below.

A plot of Ey, g, versus log Kierm for a series of ligands bound to the same
metal is called a ‘chelate scale’ and can be constructed from literature Kierm
constants (e.g., Fig. 2). Ey, . is measured in the matrix of interest; e.g.,
seawater. Thermodynamic constants for unknown ML complexes can then

B) -17
Removed 4 points with log K< 6

-1.6 { Eyp yp =-1.024 - 0.0321 log Kperm
12 = 0.944 (o.=0.908)

] All data (labile and inert ML)
-1.1 €— Ejp, g = -0.963-0.036410g K erm
1? =0.954 (a.=0.80)
-1.0 r T T
0 5 10 15 20

Log Kypprut

Fig. 2. A) Data for ZnL chelate scale (triangles) from Lewis et al. (1995a) and with additional data (squares, this work). B) Comparison of data for inert and labile ZnL

complexes (squares) and only inert complexes (triangles).
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Table 4

Data and information for various organic ligands bound to Zn?*. E, /2, m1, data obtained in seawater at pH = 8.
Ligand, data # for Fig. 2 stoichiometry log Kiherm Ei/2, ML
UV seawater —1.090
Oxalic acid - 1 ZnL 3.81 —1.090
CTP -2 ZnL 4.72 —1.090
Glycine - 4 ZnL 4.96 -1.170
Ethylenediamine - 3 ZnL 5.7 -1.120
Iminodiacetic acid (IDA)" - 9 ZnL 6.77 —1.282
8-Hydroxquinoline — 5 ZnL 8.52 —1.240
IminoBis(MethylenePhosphonic Acid)IBMPA -6 ZnL 8.89 —1.300
Penicillamine” - 10 ZnL 9.50 —1.332
EDDA -7 ZnL 11.1 —1.370
NTA -8 ZnL, 14.03 —1.520
EDTA ZnL 16.30 ND
CDTA ZnL 19.21 ND
Cyclam” - 11 ZnL 15.40 -1.529
Penicillamine® - 12 ZnL, 19.40 -1.627

 Indicates our recently obtained data for complexes not published in Lewis et al. (1995a). ND indicates no signal due to electron transfer kinetic effects. Ligand
structures for Zn complexes are given in Appendix Fig. 9. Kherm data from Martell and Smith (1974, 1977, 1982, 1986); T = 25 °C and corrected for the ionic strength of

seawater.

be estimated by measuring the Ey, wy, of the MLynknown complex. Ionic
strength corrections for the thermodynamic constants of known ML
complexes may be necessary when using literature data because the value
of Ey, M1, may vary slightly with the matrix chosen.

If the value of the slope, (2.303)RT/(nF), for a chelate scale deviates
from Nernstian behavior (for n = 2, the slope should be 0.0296 V), then a
kinetic effect occurs. The kinetic effect is described by «, the transfer
coefficient, denoting the fraction of the potential influencing the rate of
electro-reduction. Alpha values range as 0 < a < 1; the higher the a value,
the smaller the kinetic effect. Using a vibrating gold or silver amalgam
electrode, two other groups have performed pseudovoltammetry exper-
iments on Cu®" (Gibbon-Walsh et al., 2012) and pPb2t (Bi et al., 2013),
respectively. These studies were designed to enhance detection limits.
Although the results did not show the expected Nernstian slope found at
the HMDE, a linear chelate scale was determined. The slope for the Pb?*
study was 0.0560 V, and for the Cu®>" study 0.090 V.

To illustrate the assumptions used in eq. 21, Fig. 2 shows chelate
scales for known ZnL complexes. Fig. 2A shows the original 8 data points
from Lewis et al. (1995a) plotted as upward triangles. The slope for the
Nernst eq. 21 is 0.420 V with an o value of 0.69. Four of the 8 ML
complexes are labile and have a value of log Kherm < 6. Since that paper,
we have determined Ey, vy, for 4 more inert ZnL complexes (see Table 4).
Fig. 2A shows that the inclusion of all data for the twelve ZnL complexes
(squares) now gives a Nernst slope of 0.0364 V. Fig. 2B replots all the
data in Fig. 2A, but also gives a regression for only inert ZnL complexes
(downward triangles). The Nernst slope is now 0.0321 V with an a value
of 0.91, which documents that eq. 21 is most reliable for inert ML
complexes. Based on the K¢,,q data obtained from environmental sam-
ples using metal titration experiments, strong inert MLypknown COmplexes
are expected. The linear regressions for all plots show that the data
follow Nernstian behavior, but it is advisable to use data for only inert
ML complexes to generate a chelate scale.

Figs. 3A-C are composed from the data in the Appendix Tables 5-7
and show similar Nernstian behavior for various ligands with Ccu?t
(Croot et al., 1999), pPb%* (Rozan et al., 2003) and ca*t (Tsang et al.,
2006) in seawater, respectively. The linear regressions for these plots
also show that the data follow Nernstian behavior according to eq. 21.
Cd?*, Zn?* and Pb%" show the smallest kinetic effect (highest « values)
as these are soft metals (Pearson, 1988) that form amalgams easily. The
Cd?* and Pb?" chelate scales were performed with inert complexes and
only one labile ML complex; regressions of the scales with and without
the one labile ligand are not statistically different. The values for the
intercepts in these equations indicate the approximate potential for the
reduction of the metal ion in seawater, which includes the metal bound
to labile inorganic ions (e.g., water, chloride, sulfate, carbonate,

hydroxide, etc.).

3.3. Information from chelate scales

All chelate scales are from soft metals and show that log Kinerm in-
creases as the number of ligating atoms per molecule increases (increased
denticity; Luther, 2016); e.g., for a 1:1 complex, M(EDTA)?~ > M(NTA)~
> M(oxalate). EDTA binds with 6 atoms, NTA with 3 or 4 atoms and
oxalate with 2 atoms. Log Kherm also increases as N and S atoms replace O
atoms as the ligating atoms; e.g., the bidentate complexes follow the
order M(pencillamine; N,S atoms) > M(glycine, N,O atoms) > M(oxalate,
2 O atoms). For Zn®", a reduction potential for the EDTA and CDTA
complexes could not be obtained as Zn?t is small (88 pm) and has a
maximum of 6 coordination. Thus, an inner sphere electron transfer from
the electrode to the Zn?' cannot occur. Cu?® exhibits Jahn Teller
distortion so can easily contact the electrode surface to be reduced even
though its size is 87 pm. Cd%* (109 pm) and Pb?" (133 pm) can expand
coordination numbers to larger than 6 allowing for easier reduction of the
M2* in the ML complex at the electrode surface. These data give a
rationale for the lack of a reduction wave for the Zn?* complexes of EDTA
and CDTA, and indicate these complexes are inert to ligand dissociation.

At a HMDE, pseudovoltammetry experiments can be performed to
about —1.7 or — 1.8 V versus SCE as Na™ reduction can interfere beyond
that; if a sample is acidified, the reduction of H* will occur at more
positive potentials and can also interfere. Thus, the highest Kierm, values
that can be determined are related to being able to discriminate the ‘s’
shaped ML reduction peak from Na™ reduction interference. As depo-
sition experiments are performed every 20 to 25 mV, the most negative
E1/2, v that can be determined is about —1.627 V [see Table 1 for Zn
(pencillamine),]. Using the equations in Figs. 3A-D, the highest value for
10g K¢herm that can be evaluated is near 19.8 for Zn?*, 37.2 for Cu®*, 40.2
for Pb" and 32.2 for Cd%.

Some MLynknown cOmplexes cannot be destroyed at the electrode. For
example, metal sulfide clusters and nanoparticles ranging from 0.50 to 3
nm size cannot be destroyed by anodic stripping pseudovoltammetry
experiments (Luther III et al., 1999; Rozan et al., 2003; Tsang et al.,
2006) as M3S3 (~0.50 nm, Luther III et al., 1999) and higher order
clusters have log Kierm values exceeding 50. Fig. 4A shows pseudo-
voltammograms for Pb?" in the surface, mid-depth and bottom waters of
the Chesapeake Bay (modified from Rozan et al., 2003). The bottom
water plot shows no ‘s’ wave or current from M?" reduction as free
sulfide was 15 pM so outcompetes all organic ligands for the Pb2*,
However, the surface sample shows one PbLynknown complex (L;) at
—1.48 V whereas the mid-depth showed two weaker PbLypknown COmM-
plexes (Ly,L3) at —1.28 and — 1.05 V.
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Fig. 3. Chelate scales for A) Cu®", B) Pb?>", C) Cd*" and D) Zn?* (includes only inert complexes from Fig. 2B). The dashed lines in each indicate the 95% confidence
limit. See Appendix Tables 5-7 for the data and Appendix Figs. 9-11 for the structures of the compounds. Note that the voltage scales differ because the working range

varies based on the reduction potential of the free ion (M2").

On the addition of 1 nM Pb2* to a surface sample containing 0.08 nM
of only one strong PbLynknown complex (L;) -1.48 V, Fig. 4B shows that
the added Pb>" reacts with three other unknown weaker ligands (Lg, Ls,
L) in the sample at higher potentials that are in excess to L;. Assuming a
1:1 ML complex, the concentration of the unknown ligands equals the
increase in the measured M concentration between Fig. 4A and B. These
data indicate that a CLE-CSV or ASV Pb®" titration experiment would
provide information mainly on the excess ligands (Ly, L3, L4) and not the
actual ligand (L;) binding Pb?* in the sample.

Several workers (e.g., Baars and Croot, 2011; Croot et al., 2000; Kim
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etal., 2015, 2016; Nicolau et al., 2008; Rozan et al., 2003) showed that
total metal concentrations in a sample can be higher than the sum of the
concentrations for MLypknown complexes determined by pseudovoltam-
metry in some surface waters, which do not contain free sulfide. Thus,
these samples have MLypknown Organic complexes that are inert and
cannot be destroyed at the electrode, so other methods are needed to
determine those actual very strong MLypknown cOomplexes in natural
waters. Nevertheless, pseudovoltammetry experiments on natural wa-
ters provide much information on the nature of actual MLypknown COm-
plexes as well as excess ligands that can be titrated with M2,

12

1| =5— Swrfacewater— 1nM Pb
0O Surfacewater

10

0.8

0.6 —

0.4

Potential (V) vs SCE

Fig. 4. A) Pseudovoltammograms of PbLynknown complexes from 3 different water masses of the Chesapeake Bay. B) Pseudovoltammogram of the surface water
sample from Fig. 4A with and without the addition of 1 nM Pb?**. Note the change in the y-axis scales between the figures.
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Fig. 5. Chelate scale for Fe(III) performed in bistris buffer (0.1 M NacCl, pH 7)
with no deposition. The dashed lines in each indicate the 95% confidence limit.
See the Appendix Table 8 for the data and Appendix Fig. 11 for the structures of
the compounds.

4. Fe(IIIL chelate scales

Unfortunately, in a seawater sample, the pseudovoltammetry
approach cannot be used to directly provide information on Kgerm for
metals that do not form an amalgam. These metals include Fe(III), Co(1l),
Ni(II) and Mn(III), which must be experimentally determined by CLE-
adCSV or spectrophotometric speciation methods. Thus, other ap-
proaches are needed to provide information beyond [L] and Kcong M1/
Nevertheless, a FeL. chelate scale has been determined at micromolar
concentrations.

In these cases, there is reduction of a metal complex to a lower
valency without metal-ligand dissociation as for Fe(IIl) in eq, 22.
Formally, this reduction potential is determined by an adCSV experi-
ment.

Fe’*L+e~ o Fe’'L (22)

Ey,, w1 should be proportional to the ratio of the stability constants of
the reduced [reaction of Fe?' with L to form Fe(IDL] and oxidized
complexes [reaction of Fe®* with L to form Fe(IINL] and not just that of
the oxidized reactant according to eq. 23, which is expanded to eq. 23a
(Taylor et al., 1994).

2.303 RT K«

Evr = By omaric — onF log K_d 23)
2.303 RT 2.303 RT
E%.ML = E%, M .matrix lOg Kred - = lOg Kox (233)
nF nF

Kox and Kieq are the thermodynamic stability constants of the
oxidized (Fe®*") and reduced (Fe®t) forms of the complex, respectively. If
the K;eq values for all complexes are similar (for many Fe?'L, log Ktherm
= 19), then the K¢q term and o can be incorporated into the intercept
(eq. 24):

2.303 RT
nF

2.303 RT

E.,, = intercept —
LML D F

log K, = intercept — log Kiperm

(24)

As K,y is the Kiherm for the reaction of Fe3* with L, these are pH in-
dependent constants for a given binding mode or structure. In this
instance, the electrode processes are reversible (check by CV or SWV)
because the complex does not dissociate or become destroyed, and Ey; w1,
is independent of ligand concentration (check by titrating the metal with
ligand until no further change in Ey, vy, is observed).

Taylor et al. (1994) and Lewis et al. (1995b) have used eq. 24 to
develop and use a chelate scale (Fig. 5) to determine the Kiperm for Fe(ZIIL
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complexes. The scale has ligands containing 0 to 3 catechol functional
groups. This scale could be used for an unknown Fe(III)Lynknown COmMplex
if the electrochemistry of the complex could be verified at low (sub)
nanomolar concentrations via an adCSV experiment with deposition and
no competitive ligand added. In fact, Laglera and van den Berg (2009) and
Hassler et al. (2016) performed CSV experiments with deposition to
detect and quantify humic substances bound to Fe(IIl) in a similar way.
Unfortunately, ligands with hydroxamate functional groups do not
conform to eq. 24, but ligands with p-hydroxyaspartate functional groups
do (Holt et al., 2005). Nevertheless, Spasojevic et al. (1999) have devel-
oped a scale based on hydroxamate functional groups that relates pFe
with Ey, mi.. Generally, the more negative the value for Ey, y, correlates
with higher denticity (larger number of ligating atoms) of the ligand.
Knowledge of Fe(II)L reduction potentials is also important as some or-
ganisms use Fe(III)-reductases to acquire Fe(IIl) as Fe(II) from Fe(IIl)
complexes. (e.g., Maldonado and Price, 2001).

5. Kinetic approach
5.1. Full recovery of the metal from an actual (natural) MLynknown in a
sample to determine kg (only)

There are few marine chemistry studies, which employ the stoi-
chiometric mechanism approach outlined by Langford and Gray (1965),
and Fe was the metal normally studied (e.g., Hudson et al., 1992; Wu
and Luther III, 1995; Witter et al., 2000; Gerringa et al., 2007; Croot
et al., 2011; Croot and Heller, 2012; Rose and Waite, 2003a; Gonzalez
et al., 2019). The following discussion is pertinent for any Lcomp that is
desired for use. The dissociation rate constant, kq, can be determined
using the steady state approximation from the associative reaction (eq.
25) to recover Fe from FeLypknown into Leomp to form FeLeomp. This
process can be broken into two elementary reaction steps; the dissociation
of the natural organic ligand complex to form Fe’ (eq. 26), where Fe’
represents the inorganic forms of Fe at ambient pH; and the reaction of
Fe’ with Leomp (eq. 27). As the method measures only FeLcomp, Which has
a specific reduction potential, there is no consideration of a mixed ligand
or associative reaction that would form FeLynknownLcomp-

Kobs
FELunknuwn + mep _I) FeLCOmp + L/unkm)w" (25)
ky
Fe +L, .. 2 FeLuuom (26)
kq
k:
Fé' + Lepmy = FeLeomy 27

The Fe’ concentration will always be very small, and we can write
the rate equation (eq. 28) for Fe’ by applying the steady state
approximation:

d / ,
E [Fe/] =0= kd [FELunknown } - kf [Fe ][L/unknown] - kz [Fe ] [L“”’"P] (28)

Solving for Fe’, gives eq. 29:

ka[FeLinown |
k/ [L:mknown ] + ks [Lt‘mnp}

[Fe'] = 29

Eq. 30 is the rate law for the formation of FeLcomp (eq. 27).

d d
7 [FeLeowy| = ka[Fe'] [Leomp) = — 71 (FeLuaon] = Kons [FeLuoonn] — (30)

Substituting eq. 29 for [Fe’] into eq. 30 gives eq. 31.

_ k2 [Lcamp] kd [FeLunknmm]

d d
— - [FeLuon] = — [Fe(Leomp) | = L] o (L]

dt S8

If ko[Lcompl is very large or ke[’ unknown] is very small, the Fe’ in-
termediate does not react readily with L’ yyknown to reform the reactant,
FeLynknown, and eq. 31 reduces to kops = kg; thus, the rate depends on
[FeLynknown] and Fe-Lynknown bond breaking or dissociation. Typically,
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the value of ka[Lcomp] has been determined to be much greater than
ke[L’ unknownl- Thus, eq. 31 reduces to eq. 32.

_ ky [Leomp) ky[FeLimonn]

d [FeLunnonn] d [FeLcom) kq[FeL ]
—— " eLlunknown| = - [L"€Lcomp| = = €Lunknown
dt k dt » ky[Lcomp] a k
(32)
After integrating, eq. 32 becomes eq. 33.
In [FeLunkm)Wn] = 7kdt = 7k0b.x [mep}t (33)

A plot of In [FeLynknown] Versus time allows calculation of kq. Section
5.2 and Fig. 6 show an example.

When k3 [Leomp] and ke[L’ ynknown] have similar values, the full form
of kops is eq. 34 (from comparing eqs. 31 and 32).

k2 kd [Lt‘omp}
kf [Ll,uwnown] +k [Lr:ump}

kops = (34)

5.2. General procedure for recovery of a metal from MLynknown

To perform a recovery experiment, Leomp is added to a sample and
MLcomp is detected over time. Fig. 6a shows an experiment with 7 data
points. To determine kq values for more than one MLynknown cOmplex in a
sample, more data points are needed. Typically, ~10 mL of sample are
needed to assay for MLcomp. To achieve 20 data points, the desired
concentration of Leomp can be added to 200 mL of sample in a trace metal
cleaned bottle so that 10 mL aliquots can be taken for measurement at
convenient times. The experiment is done at the natural pH of the
sample, and any reagents that are needed for the MLcomp assay are added
only at the time of measurement in the voltammetry cell.

Madison et al. (2011) provided an example for micromolar concen-
trations of Mn(IIDLynknown cOmplexes in porewaters where a diode array
UV-Vis spectrophotometer was used to collect data points every 6 s over
15 min by continuously monitoring the formation of Mn(IIDLcom, after
addition of Leomp to the sample in the cuvette.

5.3. Partial recovery of the metal from FeLynknown With achievement of
equilibrium. Determination of 4 parameters in a sample: Kconamy/
Keondmrrs kq and kf

f less Leomp is added so as not to obtain 100% recovery of Fe from
FeLynknown, then equilibrium is achieved between FeLypknown and
FeLcomp. It is now possible to calculate Krecovery (€q. 35) from the mass
balance of the following eq. 25a (related to eq. 25 above). For strong
FeLynknown complexes, the assumption is a 1:1 stoichiometry of Fe and
Lunknown- HOwever, many competitive ligands are bidentate ligands
which bind Fe to form complexes of form Fe(Lcomp)x where x can be 2 or
3. For ligands that are quadridentate and higher x is 1.

Fe’ Lunnown + X Leomp= Fe™* (Leomp ), + Lingnown (25a)

[Fe* Loy | [L4

‘unknown ]

[F€3+Lunknawn} [Lcamp]l

Eq. (36) Relates Kiecovery to the conditional thermodynamic con-
stants, KFeLcomp’ and KFeLunknown'-

(35)

Krecovery =

[Fe Leow] [FE™'] [Lipgapnn]

omp
‘unknownd KFeLcump

Fe** Luguoun) [FE*] [Leomp)” Kretuntnown

Krecovery = [ (36)

Because these metal-ligand complex equations are a function of the
free metal ion concentration, these conditional constants (K¢ong mr/) are
already corrected for the side reaction coefficient of the metal. Thus, if
calculations described in section 5.1 (eq. 33) and eq. 36 are performed
from the same experiment, the value of k¢ can be evaluated from egs. 10
and 10a as Keongmry and kq can be determined from the same experiment;
also, age is known (1 0'°, Hudson et al., 1992). Likewise, Keond w1y can be
calculated from the same equation.
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108K cona myy = 108K cona wir + logoyy = logky — logky +logoyy  (10a)
thus, logk; = l0gK cong mr + logka — logoyy

and logK cong mrry = 108K cona iy — logouy

To demonstrate these relationships, Fig. 7A shows data from Wu and
Luther III (1995) regarding the recovery of Fe from FeLenterobactin With
the competitive ligand 1N2N. FeLepterobactin Was formed by the reaction
of 7 nM Fe(IlI) added to 20 nM of enterobactin in seawater. At equi-
librium (after 60 h), the concentrations were [FeLenterobactin] = 3 X 107°
M, [Lenterobactin] = 17 x 10~° M, [FeLinon] = 4 x 10~° Mand [Linan] =
1.36 x 107> M. Using eq, 25a with x = 3, Krecovery Was calculated as 9.01
x 108,

[Fe3+ (IN2N), ] lent]  Kre(vawys

— =9.01x10°
Fe™ —ent] [IN2N]'  Kre-enr

Krecovery = [

As Kpe(in2nyz = 6.31 X 1027, KFre.ent is calculated to be 7.00 x 10% or
log Kpe.ent' = 20.84. As noted in section 5.1, Fig. 7B shows the calculation
of kg for the Fe**Lepy complex using the first 5 data points. Thus, kq and
log kq are evaluated to be 3.80 x 1075 57! and -5.42, respectively. From
eq. 10a, kf and log k¢ are calculated to be 2.63 x 10°M~!s7! and 5.42,
respectively (see section 5.4 for experimental methods to determine kg).
Thus, log K ge/.eny = 10.84. These calculations indicate that an equilib-
rium experiment can provide all the information needed to determine
Kre-ent's K Fe'-ent’> K¢ and kg; a fifth parameter, oy, is known. Thus, 5 of 7
unknown parameters in eq. 13 (13a) can be determined in one
experiment.

The only 2 terms not known from eq. 13 are log Kiherm and log ay,
which are in bold font below. Witter et al. (2000) evaluated k¢ (from
section 5.4) and kq (from section 5.1) for several Fe(IlI)-siderophore
complexes in Table 3. Here, we used those kinetics data, the known
ape and known Kiperm values to calculate their log oy values (see
Table 3).

logKtherm = long‘and wr + 1080‘M‘ + lOg o,
= logk; — logk, + logoy, + log oy, (13)

Because Kqond M can be evaluated as above, eq. 13 is rearranged to
eq. 13a.

108K herm — logoy = 108K cona iy = logky — logky + logayy (13a)

or logoy = 10gK erm — loghky + logky — logoyy

Many oceanographers perform CLE-CSV experiments to obtain Keond
wr once a Lypknown is isolated from a sample by chromatography with
mass spectrometry detection (e.g., Bundy et al., 2018). However, more
information can be ascertained as log a1 only) can be calculated from
an acid-base titration in a sodium chloride solution to obtain the pro-
tonation or acid dissociation constants for Lynknown (S€€ €Gs., 2a, 5a and
8a). Reid et al. (1993) calculated Kiperm for the Fe(IIDalterobactin-A
complex in this manner from eq. 14 after performing equilibrium K.
covery €Xperiments between Fe(IIDEDTA and Fe(IIDalterobactin-A in
varying concentrations of each ligand to determine Kgeqir.a’ (from eq. 36
for Keond m1)- In their experiments, ML concentrations were followed by
their characteristic UV-Vis peaks.

108K herm = 108K cona mr> + 10801 (11 onty) (14)

If not enough material can be isolated by chromatography with mass
spectrometry detection for complete structural analysis and determi-
nation of log a4 only), the functional group(s) can be determined. For
example, Boiteau et al. (2019) isolated and identified several side-
rophores containing hydroxamate groups from seawater samples as well
as siderophores that were not identified. The isolated Lynknown can be
reacted with Fe(IlI) to determine log Kherm from the Fe(II) chelate
scales for catecholate and f-hydroxyaspartate functional groups (Taylor



G.W. Luther III et al. Marine Chemistry 234 (2021) 103998

5 5 - -19.5 -
1 (A) : :
4 5 - -20.0 —5
g ] - E -20.5 —:
2 3] L = ]
N’ ] B x ]
=" L = B
= ] B = -21.0 7
) . - ]
S 2 - -2 .
E ] [ 2 215
1 ] L ]
: ; 220 3 2_q90 _
1 i { y=-1916-2.86x10"t
0 "l R ' Trorr I L LR B I L5 I I ] ] R I | B i -22.5 T T T ] T T T l T T T
0 10 20 30 40 50 60 0.0 4.0e+4 8.0e+4 1.2e+5
time (hrs.) time (s)

Fig. 6. Recovery of Fe from FeLyninown Using a competitive ligand, Leomp. In Fig. 6B, e+4 and e+5 indicate 10* and 10°.

10 -18.6 — - 5

o 9 Recovery of Fe from Fe-enterobactin i\ In FeLen¢ = -18.85 -0.0137 (time); r= = 0.967
= <100 % recovery 188 # . kg =00137hr ]/ 3600 sec =380 x 100 sec’);
g 8 8 ™~ logky=-5.42

& 7 - - g 1904 ~

(= g ~
5 ¢ S 102 ]
v 5 ] &
o g 104
— -19.4
S 4] P — R
e ] T <
s 3 - B -19.6
< -
S 24 // =
< -19.8 -
& 148" (A) B)

0

J T T T T T T -20.0 T T T T T T
0

20 40 60 80 100 120 0 10 20 30 40 50 60 70
time (hrs.) time (hrs.)

Fig. 7. A) Recovery of Fe>* in the Fe>"enterobactin complex using 1N2N as the competitive ligand; horizontal line indicates the Fe added. B) Linearization of the first
5 points (before equilibrium is reached) is used to calculate kq for the Fe®*Leny complex; dashed lines indicate 95% confidence limits.

g 8 3 'g le+9
g 74 ) 1 12=0.997

] g 1 . _
g‘ &3 [ML] = [M'T4—g - [M'Jgime o 8er8 4 y=-437x10"+4303x107 ¢t
o 1 E :
.E, 53 T sers 1 k=430 x 10 ML min or
S 4 £ . 4 -1 -1
OO Z Tk=717x10% ML
6 ] S deg
g 34 4.1nM=[L] = ]
5 3 7.0 nM = [M] =
$ 3 g 2e+8
g 14 g ]

0 L T ) R S H ) R E E‘J 0 R LR G R LR R R B R R

0 50 100 150
time (min)

0 20 40 60 SO 100 120 140

time (min)
Fig. 8. A) Determination of M’ after addition of excess Fe’ (7 nM total) to a sample from the NW Atlantic Ocean (sample from Witter and Luther III, 1998) containing
4.1 nM excess ligand; each time point represents a separate aliquot from a sample previously treated with the competitive ligand. B) Integrated rate equation for a

second order reaction versus time to determine kg; points 2-5 are used for the calculation as the first data point indicates the addition of Fe’ and not an experimentally
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et al., 1994) or for hydroxamate functional groups (Spasojevic et al.,
1999). If desired, both log K¢ond M1 and log Kiherm are now known so log
ary can be calculated from eq. 14a once a separate experiment is per-
formed to form FeLynknown and determine K.ong M1 in seawater.

logoys = 10gK jperm — 108K cona mry (14a)

Similarly, obtaining oy, for an unknown ligand in MLynknown for Cu2+,
Zn%", Cd?*, Pb?* is possible by performing 2 experiments and without
isolating the Lypknown- First, a pseudovoltammogram can be performed
on the sample to give log Kherm- Second, a kinetics experiment as in this
section can be performed to follow the loss of every ‘s’ wave in the
pseudovoltammogram (e.g., Fig. 4A) with a competitive ligand and/or
the increase of a MLcomp peak until equilibrium is attained to measure
Krecovery- Thus, log Keond Mr can be obtained from eq. 36, and log oy
calculated from eq. 14a. Many values of log o/ in Table 3 were deter-
mined by this approach. The value of log oy for a Lypxnown can be
compared to known ligand values (Table 3) to give information on the
type of functional group(s) binding the metal. Thus, for cu®*, Zn?t,
Cd?*, Pb2*, only two experiments (section 3 and this section) are needed
to determine all 7 parameters in egs. 13, 13a.

5.4. Determination of the rate of formation, ks, of ML (for xs Lynknown i @
sample or for a Lxnown that has been isolated from the sample or a culture)

Unfortunately, the k¢ of a natural MLypknown complex cannot be ob-
tained unless the Lynrnown can be isolated and reacted with Fe’. However,
natural samples contain excess L’ ynknown (Or several) to the total Fe; thus,
ke of those MLypknown complexes can be experimentally determined in
addition to the value calculated from experiments in section 5.3 (eq. 10a).
The formation of an ML complex is a second order reaction (egs. 37a, b).

ky
M +L > ML (37a)

LML) = k(M L] 37b)

d

The kinetics can be determined by adding a small excess M’ to a
solution or sample containing xs L’ ynknown in sSeawater (or the medium of
interest) and determining M’ over time (by taking an aliquot of the
sample and reacting with Leomp).

5.5. General procedure for ky determination

The desired concentration of M’ can be added to 200 mL of sample in
a trace metal cleaned bottle so that 10 mL aliquots can be taken for
measurement at convenient times. For Fe(IIl), it is important to add Fe at
a slight excess (< 50%) to the concentration of the excess ligand in the
sample to avoid formation of iron colloids that can react with the
competitive ligand; thus, complicating the interpretation of the experi-
mental data. The experiment is again done at the natural pH of the
sample. Leomp and any other reagents that are needed for the MLcomp
assay are added to the aliquot only at the time of measurement in the
voltammetry cell.

Fig. 8A shows a plot of the loss of [M'] over time as MLynknown forms.
In this case, M’ is detectable as MLcomp, but the complex MLynknowns
which forms rapidly, is not detectable because the Lcomp is added to an
aliquot of the solution and run quickly after the aliquot is taken (Lcomp
has little time to compete with MLynknown)- In Fig. 8B, the integrated rate
expression, eq. 38, can be used to calculate the second order rate con-
stant k¢ from a plot of t versus the entire right side of eq. 38, which gives
a straight line.

ket (38)

I B { [Lo)([M°o] — (ML) }
[M’o] — [L] ([L70] — [ML])[M]
Mg and L' indicate the initial concentrations of M’ and L’ ynknown. AS
[ML] = 0 at time 0, total [L'g] for a 1:1 complex is the difference between
the [M'] added minus the [M'] measured at the end of the experiment.
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Fig. 8 is an example of the reaction rate for oxidized Fe’ with an excess
L unknown- If L’ unknown can be isolated from the sample by chromato-
graphic methods and its structure determined, it becomes Lynown. Like-
wise, M’ can be added to a Lypown solution to determine the k¢ of
MLknown-

6. Brief comments on filtration and reactivity

Researchers have typically used 0.2 or 0.4 pm filters to separate
suspended particles prior to trace metal analysis. However, 20 nm and
3-10 KDa filters (Sanudo-Wilhelmy et al., 1996; Schlosser and Croot,
2008) have been used to separate colloidal material that passes through
the 0.2 or 0.4 pm filters. As a result, some researchers indicate that the
material coming through these smaller filters is “truly dissolved” (e.g.,
Fitzsimmons and Boyle, 2014; Fitzsimmons et al., 2014; Gerringa et al.,
2016). Classification of a chemical species as “truly dissolved” when
passing through 20 nm filters is not favored terminology as size does not
determine reactivity at an electrode or during metal uptake by an or-
ganism. We now provide examples.

The size classification of nanoparticles ranges from 1 to 100 nm
(Hochella et al., 2019); thus, nanoparticles can pass through 20 nm
filters. However, molecules and nanoparticles smaller than the filter or
ultrafilter size may not all pass through the filter due to their polariz-
ability and interaction with the membrane (Schlosser and Croot, 2008)
or due to clogging of pores by larger particles (Yiicel et al., 2011). Also, a
nanoparticle containing 500 Pb and 500 S atoms has a diameter (size) of
2.62 nm with a length of 1.515 nm, a volume of 3.48 nm?, and a mo-
lecular mass of 119.6 kD (Luther, 2016), which can pass a 20 nm filter;
however, it is not electroactive in a pseudovoltammetry experiment
(Rozan et al., 2003).

In contrast, Taylor et al. (1994) observed that Fe(III) bound to the
numerous catechol groups (15 mol% of total amino acids; Zeng et al.,
2010) in the >100 kDa foot protein of Mytilus edulis are reduced to Fe
(ID)-catechol at the Hg electrode. The minimum diameter of a 100 kDa
protein is 3.05 nm (Erickson, 2009). Thus, despite the similarity in
molecular mass and size with the 2.62 nm PbS nanoparticle, these
chemical species have entirely different reactivity. The protein would be
considered “truly dissolved’, but the PbS nanoparticle would not.

Two examples of smaller complexes, which behave like the protein
and could be considered ‘truly dissolved’, are provided. A decapeptide,
which contains 2 ligating atoms, is on the order of 1 kDa. Thus, when 2
decapeptides complex a single metal ion, which acts as a cross linking
material, the molecular mass doubles to 2 KDa plus the mass of the
metal. A siderophore bound to a metal can have as many as 6 ligating
atoms binding a metal ion. Siderophores and their metal complexes
commonly have a molecular mass < 1 kDa. From Erickson (2009), a 1
kDa complex has a minimum size of 0.66 nm and a 3 kDa complex a size
of 1 nm. In summary, the size of a chemical constituent does not convey
information regarding its reactivity, which is more important than
describing whether a constituent is dissolved or not.

We note that Purawatt et al. (2007) found that phytic acid (myo-in-
sitol hexakisphosphate, a major component of eukaryotic cells) reacts
with Fe(III) to form colloidal material in the 1-500 kDa size range at pH
7. The phosphate groups likely act as bridging groups to bind with and
increase Fe(III) solubility. This behavior is different from that described
above for the foot protein of Mytilus edulis. These data and the crossflow
ultrafiltration work of Schlosser and Croot (2008) on the Fe-phytic acid
system were done at total Fe concentrations that were an order of
magnitude higher than a previous study by Witter et al. (2000), but
indicate that phytic acid is not a strong Fe(III) chelator.

7. Suggested protocols for analysis of ML complexes in samples

Appendix Fig. 12 is a flow chart for the protocols and variables,
which can be measured, that are described in the next two sections.
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7.1. Metals that form an amalgam for which a ‘chelate scale’ has been
developed

Two voltammetry experiments can provide information on all 7 ML
parameters.

(1) For complexes of cu®*, Zn?*, Ccd?* and Pb?*, the Kiherm can be
obtained via a pseudovoltammetry experiment (section 3).

(2) A kinetics experiment to achieve equilibrium with a competitive
ligand to form and measure MLcomp as in section 5.3 provides
Keond ML’ (eq. 36) and kq (eq. 33); Keond my and k¢ can then be
calculated by eq. 10a. As oy is known for these metals, oy’ can be
calculated from eq. 14a.

If there is more than one natural ligand bound to the metal, several
pseudovoltammetry experiments would be needed to follow the kinetics of
these ‘s’ waves by following the decrease in current (concentration) of each
MLynknown rather than measuring the MLcomp signal alone. Adding a
competitive ligand to follow the original waves would allow following the
loss of current for each unknown ML complex via pseudovoltammetry at
each time point. Because MLcomp may have its own wave, it should not be
added in too much excess as the wave may interfere with the MLynknown
waves; thus, a siderophore with six ligating atoms might be useful. Once
equilibrium is achieved, then Kyecovery (€q. 35), Keond Mr/ (€q. 36) and kq (eq.
33) can then be determined as in section 5.3; Keond m1 and k¢ can then be
calculated by eq. 10a. As oy is known for these metals, o, can be calculated
from eq. 14a. For MLynknown complexes that are fully recovered, only kyg
(section 5.1, eq. 33) can be determined. Several (4-7) pseudovoltammetry
experiments at different time points would be needed to follow the kinetics
of each of these waves.

Also, kinetics experiments can be performed on excess ligands by
adding the metal to the sample and doing a second series of pseudo-
voltammetry experiments (Figs. 1C, 4B) to follow the increase in current
for each ‘s’ wave representing an individual MLynknown. If the reactions
are not too fast, k¢ can be evaluated for each complex using eq. 38 in
section 5.4. After all excess MLynknown complexes form to completion, a
competitive ligand can be added to determine the recovery of every
MLynknown complex into MLcomp by following the decrease in current for
each MLynknown Wave with time simultaneously. Calculations can then
be performed as noted at the end of the previous paragraph.

7.2. Metals that are reduced to a lower valency at the electrode (do not
form an amalgam)

Fe(II) and many other metals are in this category, but all metals can
be determined using this approach. We describe two separate methods
to determine the 7 parameters for ML complexes.

First, one voltammetry kinetics experiment on the sample and an
isolation of the ligand to determine its protonation or acid dissociation
constants followed by a second voltammetry kinetics experiment are
needed.

(1) A kinetics experiment to achieve equilibrium with a competitive
ligand in seawater as in section 5.3 provides K¢onq M1/ (€q. 36) and
kq (eq. 33); Keond iy @and kg can then be calculated by eq. 10a
(section 5.3). Although ayy is known for these metals, o/ cannot
be calculated unless the ligand is isolated.

(2) Upon isolation and characterization of the ligand (Lisolated OF
Lknown), the protonation or acid dissociation constants of the

ligand can be determined to give 1; ligand and o/ onty) in @ non-
complexing medium (e.g. sodium chloride, see egs. 2a, 5a and 8a).
(3) Reacting the isolated ligand with the metal in seawater as out-
lined in section 5.5 forms MLisojated; then, use of eq. 38 provides
k¢, which can be compared with the calculated value of k¢ in the
first experiment. Using this solution upon complete reaction to
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form MLisolated, @ Second kinetics experiment to achieve equilib-
rium with a competitive ligand as in section 5.3 provides Kc¢ond mr/
(eq. 36) and kq (eq. 33). Kiherm is then evaluated using eq. 14
(section 5.3).

To calculate o/ in seawater (see egs. 2b, 5b and 8b), Keond My from
experiment 1 and Kiper from experiment 3 are used in eq. 14a.

Second, if a chelate scale is available as for Fe(IIl)-ligands (section
4.0), one voltammetry kinetics experiment on the sample and an isola-
tion of the ligand prior to performing a second voltammetry experiment
using the chelate scale data are needed.

(1) A kinetics experiment to achieve equilibrium with a competitive
ligand in seawater as in section 5.3 provides Kcond M’ (€q. 36) and
kq (eq. 33); Keond my @nd kg can then be calculated by eq. 10a
(section 5.3).

(2) Upon isolation of the ligand, the ligand is reacted with the metal
to form MLisojateq in the solution matrix that is used to generate
the ‘chelate scale;” and Kiherm determined. The og; in seawater is
then calculated using eq. 14a (section 5.3).

(3) If desired, react the isolated ligand with the metal in seawater as
outlined in section 5.5 to form MLiselated; use of eq. 38 provides kg,
which can be compared with the calculated value of k¢ in the first
experiment.

In contrast to the pseudovoltammetry protocol in section 7.1, isola-
tion of the ligand is required to obtain all seven ML parameters for these
metals. Also, after isolating a ligand, a separate kinetics experiment to
determine K¢ong mr/ (€q. 36) and kq (eq. 33) is needed to show that the
isolated ligand is the natural ligand initially determined in the sample
experiment (1) for both methods above.

Obviously, a CLE-CSV metal titration experiment can be performed.
This provides the total ligand concentration [L] and the conditional
stability constant, Keong v/, of the metal unknown ligand complex,
MLynknown- However, this information may be primarily for excess un-
known ligands as shown in the metal addition experiment of Fig. 4B. A
second separate kinetics experiment to obtain K¢ong M and kg can be
performed from which k¢ can be calculated. A third experiment is needed
to determine either Kiherm OF 0y/.

8. Note concerning electrode materials, detection limits and
adsorption artefacts

For samples from some oligotrophic regions, trace metal concen-
trations may be too low so HMDE experiments may not be sensitive
enough to perform pseudovoltammetry experiments. Vibrating elec-
trode methods (Gibbon-Walsh et al., 2012; Bi et al., 2013) have
excellent detection limits so could be used, but the upper limit for the
determination of Kierm values will be about one-half of the Log K value
of HMDE experiments. Glassy-carbon rotating disk electrodes (RDE)
with a thin Hg film also have excellent detection limits but have not
been used for the determination of a ‘chelate scale’. Lewis et al. (1995a,
1995b) noted that RDEs are susceptible to adsorption artefacts from
organic material in coastal waters whereas such artefacts are not a
problem in open ocean waters (Bruland, 1989). Nevertheless, Bi et al.
(2013) note that proper conditioning of the electrode can prevent
organic matter adsorption artefacts in coastal waters. Recently, Padan
et al. (2021) added Triton_X-100 to seawater samples and found that
this prevented adsorption artefacts when analyzing for Cu speciation.

There have been many improvements in detection limits for compet-
itive ligand work that can be applied to kinetics experiments, and we note
the ligands TAC (2-2(2-thiazolylazo)-p-cresol) by Croot and Johansson
(2000) and DHN (dihydroxynapthalene) by van den Berg (2006).

As we prepared this manuscript, we also found that pH, pH scale and
temperature of speciation analyses were not always specified in detail.
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9. Other analytical methods

Trace metal concentrations can also be determined by other methods.
UV-Vis methods have been used to determine information on known Fe(III)
L complexes (e.g., Reid et al., 1993; Rose and Waite, 2003b) and unknown
Mn(IIDL complexes (e.g., Luther IIl et al., 2015) at micromolar levels. Liquid
core waveguides that are 1 to 5 m in path length can be used to determine
(sub)nanomolar concentrations depending on the molar absorptivity of the
MLcomp complex (e.g., Waterbury et al., 1997 for Fe(Il); Thibault de Chan-
valon and Luther III, 2019 for Mn(III)). The data from these and other
methods (e.g., HPLC-ICP-MS) can be combined with the equations above to
determine the 7 ML thermodynamic, kinetic and speciation parameters
(Ktherms Kcondmr’s Keondmrrs ke kg, oy, o). The experimental procedures
would be those described in the first part of section 7.2.

Appendix A. Appendix Tables
Appendix Table 5
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Data used to generate the cu®* chelate scale. Ktherm data from Martell and Smith
(1974,1977,1982,1986); T = 25 °C and corrected for the ionic strength of seawater.

Ligand, stoichiometry

UV seawater

NTA, CuL

DFOB, CuL

1,5,9- triazacyclododecane, CuL
dopamine, CuL
benzoylacetome, CuLy
DOPA, CuL
1,4,7-triazacyclononane,CuLy
NTA,CulLy

EDTA,CulL
Dimethylglyoxime,CuLy
Nioxime,CuLy
Ethylenediamine, CuLy
DTPA, CuL

CDTA, CuL

Trien (2,2,2-tet), CuL.

cyclen, CuL

cyclam, CuL

log Ktherm E1/2, ML
-0.25
12.37 -0.29
13.35 —0.32
13.2 —0.35
14.04 —0.31
14.10 —0.30
14.4 —0.33
15.84 -0.39
17.13 —0.43
17.94 —0.46
18.05 —0.47
19.11 —0.50
19.60 —0.53
20.43 —0.59
21.24 —0.62
20.97 —0.59
23.3 —0.68
26.50 —0.82

Appendix Table 6

Data used to generate the Pb%* chelate scale. Kiherm data from Martell and Smith
(1974, 1977, 1982, 1986); T = 25 °C and corrected for the ionic strength of

seawater.

Organic ligand, stoichiometry

Oxalate, PbL
Glutamate, PbL
NTA, PbL
Cysteine, PbL
Glutamate, PbLy
Cysteine, PbLy
EDTA, PbL
CDTA, PbL

log Kinerm Ei1/2, ML
4.2 —0.531
10.6 -0.711
11.4 —0.740
12.21 -0.771
15.0 —0.860
18.57 —0.944
18.0 —0.946
20.38 —1.040

Appendix Table 7
Data used to generate the C
Smith (1974, 1977, 1982, 1986).

42+

chelate scale. Kiherm data from Martell and

Ligand, stiochiometry

IOg Ktherm E1/2, ML
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Appendix Table 7 (continued)
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Ligand, stiochiometry log Kiherm E1/2 ML
Salicylic acid, CdL 5.55 —0.760
Glutathione, CdL 10.18 —0.880
NTA, CdL 9.78 —0.890
penicillamine, CdL 10.90 —0.930
cysteine, CdL 12.88 —0.995
NTA, CdL, 14.39 —-1.026
Glutathione, CdL; 15.35 -1.029
EDTA, CdL 16.50 —1.067
Cysteine, CdL; 19.60 -1.213
CDTA, CdL 19.93 —1.240
Penicillamine, CdLy 20.33 —1.260

Appendix Table 8

Data used to generate the Fe(III) chelate scale. Ent = enterobactin. All data from Taylor et al. (1994).

Complex, data # for Fig. 5 pH E1/2, ML Log Ktherm
[FeCDTA], 1 7 -0.145 30.0
[FeNTAtiron] ~, 2 7 -0.182 31.7
[FeNTAcat]?, 3 7 -0.211 32.9
[Fe(cat)s]~, 4 7 -0.354 347
[Fe(4Ncat)3]®~, 5 7 -0.440 40.0
[Fe(cat)s]*", 6 10 -0.680 43.7
[Fe-ent]®~, 7 7 -0.924 49.0
Appendix B. Appendix figures
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Experiment 1: Kinetics (section 5.3).
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Appendix Fig. 12. Flow chart highlighting the protocol text in sections 7.1 and 7.2. Note that kinetics experiment 2 in pseudovoltammetry (A) is the same as
experiments 1 and 3 in (B). oy in seawater is a known quantity.
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