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ABSTRACT: Fe(II) has been extensively studied due to its

importance as a reductant in biogeochemical processes

and

contaminant attenuation. Previous studies have shown that ligands
can alter aqueous Fe(II) redox reactivity but their data
interpretation is constrained by the use of probe compounds.
Here, we employed mediated electrochemical oxidation (MEO) as
an approach to directly quantify the extent of Fe(II) oxidation in the
absence and presence of three model organic ligands (citrate,
nitrilotriacetic acid, and ferrozine) across a range of potentials (Ey)
and pH, thereby manipulating oxidation over a broad range of fixed
thermodynamic conditions. Fe(IIl)-stabilizing ligands enhanced

Fe(II) reactivity in thermodynamically unfavorable regions

(ie.,

low pH and E,) while an Fe(Il) stabilizing ligand (ferrozine)
prevented oxidation across all thermodynamic regions. We experimentally derived apparent standard redox potentials, Ef}, for these
and other (oxalate, oxalate,, NTA,, EDTA, and OH,) Fe-ligand redox couples via ox1dat1ve current integration. Preferential
stabilization of Fe(III) over Fe(Il) decreased Ef} values, and a Nernstian correlation between Ef, and log(Kg(rm)/ Kre(m)) exists across
a wide range of potentials and stability constants. We used this correlation to estimate log(KFe(m)/ KFE(H)) for a natural organic matter
isolate, demonstrating that MEO can be used to measure iron stability constant ratios for unknown ligands.
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Bl INTRODUCTION

Iron is one of the most abundant elements in earth’s crust and
exists primarily in (+II) and (+III) oxidation states in
environmental compartments.l Under oxic conditions, Fe(III)
predominates over Fe(Il) in the form of poorly soluble or
insoluble iron-oxyhydroxides,”* while Fe(Il) predominates in
anoxic or low pH environments.” i+ Aqueous, sorbed, and solid-
phase Fe(II) has been extensively studied due to its
importance as a reductant in biogeochemical processes and
contaminant attenuation.””’ Growing attention has been
specifically paid to Fe(II) complexes (Fe"—L), as complex-
ation of Fe(II) by ubiquitous natural organic matter in the
environment is prevalent and expected at most redox interfaces
including soils, sediment porewaters, and water column
redoxclines.””""

Both inorganic and organic ligands (L) have been shown to
alter the redox reactivity of Fe(II).”'*~'* Soluble Fe(II)-
organic complexes, such as those present in dissolved organic
matter (DOM), can alter the reactivity of Fe(Il) as a
reductant.”'*">'® Organic ligands that preferentially stabilize
Fe(IlI) as opposed to Fe(Il) decrease its standard state
electron reduction potential (Ej;) and can increase its ability to
reduce inorganic and organic contaminants, e.g., chromium,"?
nitroaromatics,'”'® and pesticides.'* The decrease in EY; of the
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Fe"L/Fe''L redox couple is caused by the larger thermody-
namic stability constants for Fe(IIl) relative to Fe(1l) (ie.,

logKe(m) > 10gKge(m)) (eq 1).1718

KFe(III)L]
KFe(II)L (1)
Fe(III)-stabilizing ligands induce a high spin iron electron
configuration'”*” and are typically comprised of low molecular
weight acids, which include functional groups rich in oxygen,
(carboxylates, catecholates, hydroxymates, and pheno-
lates),'”*' ™" sulfur (cysteine, thiol),'***™*° and nitrogen
(porphyrins).”" Some strong ligands, such as nitrilotriacetic
acid (NTA) and ethylenediaminetetraacetic acid (EDTA) have
both oxygen and nitrogen components.'”**** Fe(II)-stabiliz-
ing ligands, such as ferrozine and phenanthroline, are known to
have bipyridyl moieties in their structure and contain only N

Ej = 0.77 = 0.059 log(
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Figure 1. Overview of experimental spiking scheme and ligands chosen for Fe(II) oxidation experiments. (a) Experimental spiking scheme for
MEO experiments. Green represents the addition of a mediator, while blue and red colors represent ligand addition and triplicate iron additions to
the cell, respectively. Ligands were not electroactive resulting in a lack of current response upon addition to the cell. (b) Structures of organic
ligands used in our study, divided by both ligand atom-donor properties, as well as the ligands Fe(III)- or Fe(II)-stabilizing properties. Ligands used
to profile the extent of Fe(Il) oxidation across Ey and pH conditions are highlighted in red. (c) Previously reported standard one-electron
reduction potentials and coordination positions of some common Fe(II) complexing ligands that are present in our study. The asterisk by ferrozine
denotes the value we obtained using mediated potentiometry (Supporting Information Section S9).

ligating atoms and induce low spin iron.'”***> Recent studies
have either modeled or experimentally determined that the
majority of Fe(II) complexed to DOM binds to carboxylate
and phenolate groups due to their abundance in DOM.
Conversely, while sulfur and nitrogen containing ligands are
stronger, they are much less abundant in DOM.*"**

While results from previous studies have shown how organic
complexation can alter the abiotic and biotic reactivity of
Fe(I) as a reductant,™'*>~'8267283637 the effects of complex-
ation on the oxidation of Fe(II) remain unclear. Most studies
employ probe compounds, which link calculated metal—ligand
stability constants (and henceforth, Ej;) to experimentally
derived, compound specific reduction kinetics to produce
linear free-energy relationships.>'>'”'® Kinetics indicate
reactivity, but often times, redox kinetics do not match
expected rates calculated from linear free energy relationships
due to the nature of the electron transfer (i.e., inner vs. outer
sphere).'>'*?® Furthermore, probe experiments are limited in
their ability to profile Fe(1l) oxidation over a range of oxidizing
potentials because these compounds have a single, fixed
potential.'»' ¥ #1518 Limiting the experimental potential
range over which Fe(II) oxidation can occur constrains our
ability to holistically interpret the redox reactivity of Fe(II) in
the environment.*'**%*

For our study, we applied mediated electrochemical analysis
(MEA) to directly investigate and compare the effect of model
organic ligands on Fe(II) redox properties. This approach has
been previously used to study the reactivity of humic
substances and mineral phases,"' ~** and redox reactions can
be controlled under highly constrained thermodynamic
conditions (i.e., fixed Ey; and pH) inside the electrochemical
cell.”® Specifically, we used mediated electrochemical oxidation
(MEO) to study Fe(Il) oxidation in the absence and presence
of two model organic Fe(Ill) stabilizing ligands, citrate and
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NTA, as well as one model Fe(II) stabilizing ligand, ferrozine,
across a range of oxidizing Eyy and pH, which can be controlled
by the applied potential to the cell and the buffered conditions
within the cell, respectively. In MEO, a reduced species
undergoes oxidation within the cell in the presence of a
mediating compound** and its ability to donate electrons is
quantified by integrating the oxidative current peaks.*”** To
the best of our knowledge, this is the first study that provides
direct experimental evidence on how organic ligands alter the
redox properties of Fe(II) under different E,; and pH
conditions. We believe our work complements previous
Fe(IIl) reduction work by Aeppli et al. as we complete the
investigation of Fe redox transformations across the Ey-pH
stability region.” Following our profiling work with citrate,
NTA, and ferrozine, we used Fe/Fe!! ratios obtained via
current peak integration*****" [i.e, number of electrons
transferred from Fe(II) to Fe(Ill)] to determine apparent
reduction potentials, EH<D,44’46’47 of other model organic iron-
ligand complexes in the electrochemical cell. Redox potentials
measured via MEO formed a linear, Nernstian relationship
when plotted versus known thermodynamic stability constants
and allowed us to estimate unknown iron-DOM stability
constants for Suwannee River Natural Organic Matter
(SRNOM).

B MATERIALS AND METHODS

Chemicals. A complete list of chemicals used in our
experimental work can be found in the Supporting Information
(SI Section S1).

Solutions. Solutions were prepared from deionized water
and deoxygenated by purging with argon (99.9% purity) on a
heat plate at 100 °C. All MEO experiments, as well as cyclic
voltammetry experiments, were performed in aqueous
solutions containing pH buffers [all 0.01 M; acetic acid for
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Figure 2. (a) Overview of experiments. Darker green areas in panel 1 represent experiments where peak response (qg.(n)) was generated. gg.qy) in
Fe(II) -alone, citrate, and NTA experiments increased at higher E}*°and pH due to a more favorable Gibbs free energy of oxidation (A,G,,

denoted by arrows) that is caused by applying a higher E}{"°

to the electrode or by a decrease in the reduction potential of the iron redox couple

and introduction of ligating hydroxide species at higher pH. (b) gy versus EMEO at pH 4. Note that Gre(nmax (gray dashed line) refers to the
maximum number of electrons expected to be donated from the total number of Fe(II) atoms [i.e., if every mol of Fe(II) was oxidized to Fe(III)].
Fe(II) (donated by the green symbol) represents scenarios where Fe(Il) is added to the cell in the absence of an organic ligand. (c) gge() versus
EMEO at pH 7. (d) qre(m) Vversus pH at EMEC +0.3 V. All experiments were performed with a ligand-to-Fe(II) molar ratio of 10:1.

pH 4 and 5; 2-(N-morpholino) ethanesulfonic acid (MES) for
pH 6, 2-[4-(2-hydroxyethyl)piperazin-1-yl]-ethanesulfonic acid
for pH 7 and 8, and CHES for pH 9] in a background
electrolyte of 0.1 M KClL

Mediated Electrochemical Oxidation. MEO of Fe" in
the presence and absence of organic ligands was performed
using well-established chronoamperometric methods.*>**~*
Electrochemical experiments were performed inside an anoxic,
N,-atmosphere glovebox (Plas Labs, Lansing, MI) (95% N/5%
H). We used electrochemical cells comprised of 40 mL glassy
carbon cylinders (GAZ 4, HTW Germany), which served both
as the reaction vessel and working electrode (WE). The
solution in each WE cylinder was stirred continuously with a
Teflon-coated stir bar. Potential (EME®) measurements were
determined against Ag/AgCl reference electrodes (BASi) and
are corrected to the standard hydrogen electrode (SHE) and
reported as such hereafter. Each cell contained a platinum wire
counter electrode (BASi) that was separated from the WE
compartment by a porous glass frit (PORE E tubes; ACE
glass). The cells were controlled by Bluetooth-enabled
potentiostats (Dropsens, Metrohm). Current data were
collected with a 4 s sampling frequency.

The extent of Fe(II) oxidation was profiled (triplicate
experiments) in the absence and presence of citrate, NTA, and
Ferrozine at fixed ENM"° and solution pH. We chose these
ligands to profile Fe(II) oxidation, as they can bind Fe' across
a wide range of pH values (i, they have low pK, values),
contain a different number of ligands that occupy a range of
Fe(II) octahedral coordination positions (2—6), have different
ligand donor atoms (oxygen and nitrogen donors), and
represent both Fe(III)- and Fe(Il)-stabilizing complexes
(Figure 1).13"15 In addition to citrate, NTA, and ferrozine,
we added oxalate, EDTA, and SRNOM as ligands for the
experimental determination of iron-ligand redox potentials
(see below) to complement our profiling work and provide
more variation in ligand binding modes. Further, at pH 4 and
S, our acetate buffer also acted as a very weak ligand for Fe(II).
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After filling the WE cylinder and counter electrode
compartment with 32 and 4 mL, respectively, of one of the
pH-buffered solutions, experiments were initiated by applying
a constant EN™C to the WE. After the background current in
the cell decreased and stabilized to values close to 0 yA, an
electron transfer mediator was spiked into the WE cell (Figure
la). We investigated five mediators (Figure S1) and chose 4
(2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) diammo-
nium salt, hydroquinone, 2,6-dichlorophenol-indophenol, and
hexaammineruthenium(II) chloride (Ru), to cover our range
of experimental E}{*° (+0.3 to +0.77 V at pH 4, +0.1 to +0.3 V
at pH 7; Figure 2a). The choice of mediator reflected both the
EYFO controlled by the cell and other factors discussed
elsewhere (Supporting Information Section S2.1, S2.2, and
S$2.3). Total mediator concentrations within the cell (300—450
M) in all experiments were always in excess of the total Fe(II)
to be added into the cell and were effective at facilitating
electron transfer in our experiments (Supporting Information
Section S2.4). Following addition of the mediators, the target
organic ligand was spiked directly into the cell (Figure 1a). For
profiling work across multiple EN"C and pH, the ligand
concentration in the cell was selected to be 10 times (~300
UM) in excess of the initial Fe"" to be spiked into the cell (~30
uM) in order to ensure complete complexation of Fe(II). In
other speciation experiments, added ligand concentrations
were adjusted to experimentally determine reduction potentials
of both mono and bis complexes (Supporting Information
Sections S3 and S4). Apart from SRNOM, all model ligands
added to the cell were not electroactive, resulting in no change
of current (Figure la). Fe(Il) was added to the cell in three
triplicate spikes following ligand addition to the cell. The
reduction of the oxidized mediator by Fe(II) caused a current
response that was a result of the change in the ratio of the
oxidized to reduced mediator within the cell. The current
response was analyzed for the number of electrons donated by
Fe(II), qéFe”)’ and represents the extent of Fe(Il) oxidized at a
fixed EN™C and pH.
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Data Analysis. The extent of Fe(II) oxidation, g [mol
e~ ], was quantified as the number of electrons transferred from
Fe(II) as it was oxidized to Fe(IIl) (on a per mass basis) and
was calculated by integrating the area underneath the current
peak and is represented by eq 2

- l/tmd 1(t)dt
q(Feu) B FJy, (2)

where I(t) is the baseline-corrected oxidative current in
amperes (A), F is the Faraday constant (96,485 J/mol), and
toy and t,,4 are the initial and final integration boundaries of the
individual current peak (in seconds). Integration was
performed using the peak analyzer tool in Origin 2019.
Because our FeCl, stock solution concentrations were
approximately 10 mM, injecting 110 uL of FeCl, into the
cell resulted in a total mass and gy, that equaled 1.1
umoles of electrons if every mole of Fe(Il) was oxidized to
Fe(III). For profiling experiments across multiple EY"° and
pH, triplicate experiments of Fe(II) oxidation peaks were all
analyzed and averaged for qg.".

Thermodynamic Calculations and Modeling. Known
stability constants from the literature were checked using the
Visual MINTEQ_database under our solution conditions
(Supporting Information Sections SS—S7). From these values,
redox potentials for iron ligand (FeL) complexes were
calculated using the Nernst equation (Supporting Information
Section S8). For ferrozine, we measured the redox potential of
the FeL; complex using potentiometry as it has never been
reported (Supporting Information Section S9). This potential
was used to calculate the thermodynamic and conditional
constant for the Fe'—L, complex as the conditional constant
for the Fe"—L, complex is known (Supporting Information
Section $10, Tables S3 and S4).>* We determined reduction
potentials for Fe(II)-ligand complexes in our experiments by
combining Visual MINTEQ_ calculations of speciation and
stability constants with experimental results from Fe(II)
oxidation peaks. Using MINTEQ_calculations, we first chose
specific experimental parameters (ligand concentration, pH,
EMEC) where our targeted Fe(II)—ligand complex would be
both redox-active (i.e., oxidizable) and present as the abundant
species (i.e, our stability constants are thermodynamic as
opposed to conditional, Supporting Information Section S4).
Following triplicate Fe(II) additions into the cell, the first
Fe(II) oxidation peak only was analyzed for g, as any
Fe(III) generated upon oxidation from the first peak alters the
reduction potentials inside the cell (Supporting Information
Section S11).** Reduction potentials for each Fe'—L/Fe''~L
complex were obtained from integrating the current response
of peaks using eq 2 above and calculation via the Nernst
equation (see Supporting Information Section S11 for sample
calculation). Integration of the peaks yielded (g, provided
the ratio of Fe"'—L to Fe"'—L (%), which was then used in the
Nernst equation to calculate Ef:

N {Fe")

{Fel)

RT

%zﬂ—F

©)

where (E) (volts) is the apparent standard reduction
potential of the redox couple under our solution conditions,
which includes ligand complexation at a given pH. R(J/(mol
K)) is the universal gas constant, T(K) is the absolute
temperature, F is the Faraday constant (96,485 C/mol), and
{Fe"} and {Fe"} denote activity, respectively. We assumed
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q(rc"y was equivalent to moles of Fe(IIl) generated upon the
oxidation of Fe(II).

B RESULTS AND DISCUSSION

Profiling Fe(ll) Oxidation Extent. The extent of Fe(Il)
oxidation was measured in the absence and presence of citrate
and NTA across multiple EM*® and pH, thus manipulating
Fe(Il) oxidation over fixed thermodynamic conditions (Figure
2a). Figure 2 shows qg") profiled across a range of E}{"°, +0.3
to +0.77 V at pH 4 (Figure 2b), and +0.1 to +0.3 V at pH 7
(Figure 2c), as well as a range of pH, 4—8, at a fixed EN™°
(+0.3 V) (Figure 2d). Trends show that an increase in gg,"
occurs when moving from a less-positive to a more-positive
oxidizing potential, EN*° (i.e. AG < 0, Figure 2a), regardless
of whether or not Fe(Il) existed as a hexa-aquo species
[Fe(H,0)¢*"] or was complexed by other ligands [e.g.
Fe(H,0),(OH)*, Fe(H,0),(Cit)]. This trend exists because
oxidation becomes more favorable as EME© increases toward or
above the half-potentials of the Fe'/Fe'—L redox couples.
The exception to this was experiments with ferrozine (Fz),
where ¢g,") remained zero at all conditions tested (Figure 2b—
d). A lack of Fe(Fz),*" oxidation at various Ep'C was
anticipated because nitrogen donor groups on ferrozine and
other bipyridyl compounds stabilize Fe(II) through its low
spin electron configuration.'”***>*** The resulting redox
potential of the low spin ferrozine complex is much higher than
Fe''/Fe"' (Ey; = 0.97 V at pH 5, Figure 1c), which makes
Fe(Il) oxidation thermodynamically unfavorable.”®*” Increas-
ing pH also increased g(z." (Figure 2d), for both Fe(H,0)*
species and complexes with citrate and NTA [e.g, Fe-
(H,0);(cit)™, Fe(NTA),* ]. At pH 7, under our experimental
conditions [total Fe(II) concentration = 30 uM], Fe(H,0)4**
is stable only over a lower Ey range (Ey < +0.3 V) and
therefore is readily oxidized in the absence of ligands at applied
redox potentials within + 120 mV of + 0.3 V (Supporting
Information Section $12).°>*" Additionally, hydroxide (mono
and di) plays an important role in Fe(II) oxidation at higher
pH’" as the complexes [Fe(H,0);(OH)*, Fe(H,0),(OH),]
possess redox potentials as low or lower than many organic
ligands [e.g.,, Fe(H,0),(OH), = —0.1 V] that promote rapid
oxidation. ™™

Differences between ligands were apparent, where at pH 4,
q(re"ywas larger in NTA experiments than citrate at potentials
from +0.3 up to +0.61 V (Figure 2b). This indicates that
Fe(H,0),(NTA)” was more reactive relative to Fe-
(H,0),(Cit)~ or Fe(H,0),(HCit) across these EMEC and
correlates well to what would be expected from lower redox
potentials for Fe'"'/Fe" ligand complexes with NTA (+0.31 V
vs SHE for Fe(H,0),(NTA)”) vs citrate (+0.33 V for
Fe(H,0),(Cit)”™) (Supporting Information Section S13).">"
Further, previous literature shows that NTA more stronzgly
stabilizes Fe(TII) than Fe(II) with respect to citrate,'>'?>>>?
Increasing pH from 4 to 6 opens up available binding spots in
both citrate and NTA, assuring more complete oxidation of
Fe(II) species as these ligands become increasingly deproto-
nated and more able to complex Fe(II). This effect is
noticeable even at lower EM™® (+0.3 V), where the higher
degree of Fe(Il) binding on citrate and NTA at higher pH
leads to larger q(g,") than Fe(H,0)4*" alone (Figure 2d).

We decided to further investigate g at lower EMEO and
pH 7 since many natural waters are close to circumneutral
(Figure 2c). Fe(II) in the absence of organic ligands is readily
oxidized at this pH even at potentials as low as +0.15 V (Figure
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2c). This is not surprising due to the presence of hydroxide
complexes [e.g., Fe(H,0);(OH)" as well as polymeric
species], which are strong 7 donor ligands that enhance Fe'
oxidative reactivity (Figure 3c). NTA produced a smaller gg,")
than Fe(II) alone when oxidized at +0.15 and +0.2 V (Figure
2¢). Because carboxyl ligating groups in NTA have smaller 7
donating effects than hydroxide, the higher (i.e., more positive)
redox potentials of Fe(II) measured in our NTA experiments
relative to [Fe(H,0);(OH)]" at pH 7 indicate that the Fe(II)
speciation in our NTA experiments was Fe(NTA),"", as the
presence of a hydroxide ligand with NTA would likely enhance
reactivity beyond Fe(H,0)(OH)* alone.'"” 2:1 NTA to Fe
complexes would bind Fe(II) with oxygen atoms in all six
octahedral positions and prevent binding from strong
hydroxide groups that form complexes with low Ey
values.'>'”3>%%5% Finally, citrate enabled q(re"y across all
potentials at pH 7 (Figure 2c). The high reactivity of Fe(II)
is surprising, if one assumes that all Fe(II) bound to citrate at
pH 7 would be in the form of a 1:1 Fe(H,0);(Cit)~ complex
(En ~ +0.34 V), but the presence of strong hydroxide ligands
at pH 7 and the lability of citrate (i.e., weaker logK compared
to NTA) enhances the reactivity of Fe(II) through 7 donor
effects with OH™."” Several studies of Fe-citrate complexes
have either suggested or shown the formation of strong
complexes influenced by hydroxide, including ternary bi-
nuclear complexes resulting in lower than anticipated Ey; values
for ([Fe,(OH),Cit]).>>~> Under our experimental conditions,
formation of these Fe(Ill) complexes would be likely upon
Fe(II) oxidation given the circumneutral pH and excess ligand
added. Additionally, rapid formation of Fe'-hydroxides upon
oxidation are possible due to the weaker stability of Fe''-citrate
complexes compared to NTA, which could promote
heterogenous Fe(Il) oxidation.”***® While precipitation of
Fe'"_hydroxides is possible in both the absence and presence of
citrate. and NTA at pH 7 and 8 due to supersaturated
conditions with respect to Fe(IIl) (i.e, Visual Minteq
saturation indices positive for all Fe'-hydroxides in all pH 7
and 8 experiments), we did not observe precipitate formation
and feel that this is unlikely due to the time frame of our
experiments [e.g, Fe(II) current response from oxidation
occurs within 60 min] and the lack of Fe"-hydroxides present
in the electrochemical cell at the onset of the experiment [i.e.,
Fe'-hydroxides have to be formed first though oxidation of
Fe(11)].

Effect of Speciation on Fe' Oxidation. Variations in
Qre(m) can be explained by examining the effects of citrate and
NTA on Fe(II) speciation. Using Visual Minteq, we predicted
Fe(Il) speciation conditions in the absence and presence of
different concentrations of citrate and NTA and at different
pHs and then linked these calculations directly to experimental
data where we directly manipulated ligand-to-iron ratios and
pH (Figures 3 and 4).

Oxidation experiments in the absence of any organic ligands
were performed from pH 4—8 at E}{*© = +0.3 V in order to
model the effect of inorganic ligands (i.e., hydroxide species)
on Fe(Il) oxidation current response. From pH 4—6, no
current was generated at EMEO = 103V (Figure 3a), indicating
that the dominant species present was Fe(H,0)s*. This
matched speciation modeling (Figure 3c), which resulted in no
electrons being donated (Figure 3b). At pH 7, a sharp current
response was observed, indicating an increase in Fe(Il)
reactivity at Ej*° = +0.3 V (Figure 3a) and qg" (Figure
3b). Speciation modeling at pH 7 showed nM concentrations
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of Fe(H,0)(OH)* (Table S7), which would greatly influence
Fe(Il) oxidation as stated earlier (Supporting Information
Section S14). A sharper response was visible at pH 8 (Figure
3a), which corresponded to higher concentrations of
Fe(H,0);(OH)* (~550 nM, Table S7) based on our
speciation modeling.

For citrate, Fe(H,0),(Cit)” and Fe(H,0);(HCit) are the
two main complexes expected to be in abundance under
varying solution conditions (Figure 4ij). At pH §,
Fe(H,0),(Cit)™ is important relative to Fe(H,0)** only at
ligand-to-iron ratios greater than 10:1 (Figure 4i). Across a pH
range from 4 to 8, Fe(H,0);(Cit)” dominates as the main
complex at or above pH S (Figure 4j). Although speciation of
Fe(H,0);(Cit)~ and Fe(H,0),(HCit) varies across solution
conditions in both cases, a visual comparison of current peaks
and experimental data with trends in Fe(II) speciation suggests
a parallel between g(g,") and Fe-Cit species (Figure 4e,f). This
suggests that Fe(H,0);(Cit)~ is the main complex responsible
for Fe(Il) reactivity (oxidation) across most experimental
parameters, although Fe(H,0);(HCit) may contribute to
qg(re"at higher ligand-to-Fe(1I) ratios at pH S (Figure 4e).
Increased q values at higher pH in the absence of
Fe(H,0),(HCit) correlate with the appearance of OH™ and
indicate its influence as a ligand for Fe(II) (Figure 4bfj) as
stated previously.”” ™" This is more likely with citrate than
NTA because of the liability of citrate only occupying 3 out of
6 octahedral coordination positions of Fe(Il), as opposed to
NTA or NTA,, which can occupy 4 and 6.

Additionally, qualitative analysis of current generated from
Fe(II) oxidation shows an increase in peak size, corresponding
to a reported increase in gy (Figure 4e,f) with citrate
concentration and pH (Figure 3a,b). While we did not analyze
current response in this study for oxidation kinetics, it is
interesting to note that peak heights increase with increasing
ligand concentration and pH, that is, peaks became sharper
with less tailing. This likely indicates changes in Fe(II)
oxidation kinetics that are parallel with these increasing
experimental parameters (particularly pH), which would
match previous work looking at Fe''citrate oxidation
kinetics, 15225759

For NTA, our modeling showed that the most predominant
complex present across solution conditions was a mono
Fe(H,0),(NTA)~ complex, with bis Fe(NTA),*” complexes
appearing at pH 7 and increasing in abundance at pH 8
(Figure 4k,l). Unlike citrate, the 1—1 Fe(H,0),(NTA)~
complex prevailed over free Fe(II) at lower ligand-to-iron
ratios (Figure 4k). While citrate and NTA are both
tricarboxylic acids, the nitrogen in NTA increases the ligand
stability and allows NTA to occupy four coordination positions
on Fe(I) ina 1 to 1 Fe(H,0),(NTA)~ complex as opposed to
three for citrate.’” This is reflected in its higher stability
constant (log Kpeny = 10.18) than citrate (log Kgeny = 5.89)
(Table S2). A comparison of experimental data with trends in
Fe'-NTA speciation suggests a parallel between q(re"y and
Fe(H,0),(NTA)~ (Figure 4gh). Fe(II) oxidation extent and
current peaks associated with NTA experiments do not
increase with increasing NTA concentration (Figure 4c,g), as
it does in the case with citrate (Figure 4e), which is due to the
1-1 Fe(H,0),(NTA)” complex being the only abundant
complex present in all solution conditions. While increasing
pH increased gy and oxidation peak sizes in our NTA
experiments (Figure 4d,h), our modeling shows that peak size
increases are due to the formation of reactive Fe(NTA),*"
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Figure S. Relationships between experimental data obtained and reduction potentials measured for individual ligand complexes. (a) Nernstian
relationship between experimental Ef; and known stability constants of model ligands (green circles). Some error bars are small and hidden within
the plotted points. Solid and dotted lines represent the linear regression through the data and the 95% confidence interval, respectively. The fit
yielded a slope of —0.056 =+ 0.002, a y-intercept of +0.76 + 0.02, and * = 0.99. Fe-SRNOM logK values at pH 4 were experimentally derived using

the Nernstian relationship and plotted (black square). (b) Current response derived from

E}EO experiments at +0.61 V, pH 4 with six ligands.

Increases in peak response correlate with calculated reduction potentials of Fe—L complexes.

complexes (logK = 12.62) with increasing pH, which differs
from citrate experiments at higher pH, where modeling
confirmed an influence from OH’ ligands (Figure 4j). 2—1
NTA complexes coordinate Fe(1I) in all six positions with
oxygen donor atoms thereby preventing interaction with OH",
which increases Fe(II) oxidation.”>°

Relationship between Experimentally Derived Redox
Potentials and Stability Constants. We used our data to
develop a correlation between the redox potentials of iron-
ligand complexes and the thermodynamic stability constants of
the complexes based upon the Nernst equation. Measurements
of q(g"jindicate the ratio (%) of Fe(Il) initially added to the
cell that was oxidized to Fe(Ill). Quantifying the ratio of
Fe(1l) and Fe(Ill) in our system enables us to calculate Ef
using eq 3 above (Supporting Information Section S11). Our
measured redox potentials correlated with previously reported
redox potentials in the literature (Table $6)."”">" Figure 5a
shows that redox potentials obtained experimentally for
multiple complexes were linearly correlated with the ratio
between Fe(1Il) logK e and Fe(II) 1ogKryem. This indicates
that ligands that are more strongly inclined to complex Fe(III)
with respect to Fe(I) decrease the Ey of the Fe'/Fe!" couple,
which matches previous studies that have found the same
relationship using probe compound reduction ki-
netics.'>"”'*** Our correlation shows that the effect of ligands
on Fe(Il) and Fe(Ill) potentials is approximately Nernstian
with a slope of —0.056 + 0.002, which is not significantly
different from the theoretical slope of —0.059 for a one
electron transfer; thus, any kinetic effects are minimal.®" The ¥y-
intercept, +0.76 + 0.02, also corresponds to the standard one
electron reduction potential of the Fe''/Fe'" couple (+0.77 V).
Experimentally determined potentials were primarily at the
lower pH values (5) or at explicitly chosen conditions (i.e., Ey,
pH, ligand-to-iron ratio) to capture thermodynamic stability
constants. Further, measured redox potentials of iron
complexes with highly labile ligands, such as oxalate and
citrate, are easily influenced by side reactions involving
hydroxide ligands, which preclude their measurement at high
pH," while weaker 1:1 complexes tend to have higher
potentials, bis-oxalate and bis-NTA were among two of the
strongest Fe(II)-ligand organic complexes with lower poten-
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tials in our experiments. Stronger bonding from more 7 donor
ligands enhances metal basicity, which forces Fe(II) to donate
its electron thereby stabilizing Fe(I1).*” This effect may be
analogous to Fe(Il) complexation in the aquatic environment,
where 2—1 or 3—1 complexes are formed with oxalate or other
low molecular weight carboxylic acids when ligands (e.g., those
present in DOM) exist in excess of Fe(II).62

We used our linear relationship to predict the ratio of
unknown stability constants of iron with an aquatic DOM
isolate, Suwannee River Natural Organic Matter at pH 4. We
chose pH 4 to capture the binding behavior of carboxylic
(Type-A) functionalities based on DOM acid-base titration
data®~® and humic binding models developed by Tipping et
al.®>* The experimental Ef; value for the SRNOM-complexed
Fe''/Fe"" couple was +0.583 + 0.036 V, which correspondingly
yielded a log(Kg(1)/ Kge(r)) value of 3.06 + 0.60. This value is
similar to other iron-humic or iron-fulvic acid values in the
literature®>* and indicates that the ligand sites responsible for
Fe(Il) binding at pH 4 are weak in nature and similar to
acetate in binding strength. Additionally, the data indicates that
in the presence of SRNOM at pH 4, Fe(1I) oxidation extent is
increased only very modestly (slightly more than acetate). Our
observation suggests that Fe-SRNOM is a weak reductant at
this pH.'7°*®” We are currently using the generated relation-
ship to work with other fulvic and humic acid standards as well
as from a variety of surface water DOM collected globally to
elucidate their stability constants.

Previous work utilizing MEA to investigate the reducibility
of solid-phase Fe'-species were able to link reduction kinetics
pseudo-first order rate constants from current response [i.e.,
kobs (s™)] in addition to the amount of Fe(III) reduced (g¢s",
extent) obtained by peak integration.”> While our study did
not attempt to fit current kinetics from oxidation peaks in a
similar manner, it is interesting to note that a qualitative
relationship between peak height and redox potential was
observed at low pH (Figure S5b) with Fe(1I)-ligand species and
with increasing pH (Figures 3a and 4b,d). Good correlations
between potentials of iron-ligand redox couples obtained in
our experiments versus calculated potentials and potentials in
the literature (Table S6) indicates that electron transfer obeys
Marcus theory (eq 4)
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where a is the transfer coefficient, E is the potential (V) of
complexes found in our experiment, E° is the potential (V) of
complexes reported in the literature at standard conditions, F is
the Faraday constant, and 4 (J mol™) represents the
reorganization energy associated with the electron transfer
from the Fe'—L complex to the oxidized mediator."”** Due to
the good agreement between expected and measured
potentials (Table S6), the maximum value of the transfer
coefficient term, @, was estimated to be 0.512 from the tytoe,
absorption peak (or 1) of Fe(H,0)** (1000 nm or 119, 640 J
mol™!, Supporting Information Section $15)'? and the
maximum AE of 0.03 V for Fe(NTA), from Table S6. All
other Fe(II) absorption peaks are higher energy indicating that
the second term approaches 0 and that « is close to 0.5 (Figure
S6, Supporting Information Section S15). An a value of 0.5 is a
typical value that indicates the measure of symmetry of the
energy barrier at the electrode;” in our case, the a value
indicates small internal reorganization () of the Fe(II)—
complex upon oxidation by the oxidized mediator species,
which is suggestive of an outer sphere electron transfer.'”*®

Environmental Implications. This work provides the first
direct experimental evidence of the effect of organic ligands on
the extent of Fe(II) oxidation under constrained Ey and pH
conditions. We were able to directly measure Ef} of our target
complexes, corroborating previous studies' >~ >'71 %2222 that
indirectly link calculated redox potentials of Fe complexes to
the reduction kinetics of probe compounds. Our approach
enables us to both measure the effects of ligands on iron redox
reactions and determine the relative strengths of the Fe(II) to
Fe(III) complexes.

Our findings in this study have a few important implications.
First, our work highlights the flexible capability of ligands to be
able to effect Fe(II) reactivity across a range of thermodynamic
conditions, including those conditions which are known to
stabilize Fe(II) against abiotic oxidation (i.e., low Ey pH).***
Depending on the Ey of the electron acceptor, certain ligands
may promote or enhance abiotic electron transfer under these
unfavorable circumstances, which enables abiotic Fe(II)
oxidation to outcompete biologically mediated Fe(II)
oxidation.*®*’ Additionally, we show that some Fe(III)-
stabilizing chelates, such as NTA, may stabilize Fe(II) species
against abiotic oxidation at higher pH higher due to the
inhibition of hydroxide ligands from forming complexes with
Fe(II) (Figure 2c). These processes along with reduced
moieties in DOM”* may play an important role in stabilizing
Fe(II) in (sub)oxic environments at circumneutral pH.%*”°

Further, we were able to accurately measure the Efy of
complexes from our experimental data, to build a Nernstian
relationship that directly correlated Ef; to stability constant
ratios of several model ligands. This relationship spans a large
range of redox potentials and stability constant ratios and
allows us to use this scale to estimate stability constant ratios of
other unknown ligands, especially those associated with
DOM.”" We anticipate the use of MEA in the future to help
us better understand redox processes in the environment,
particularly iron redox systems such as iron adsorbed to
mineral surfaces or Fe'™ complexed to DOM. Thus, MEA has
the potential to help us better understand the role that iron
plays in many important biogeochemical and environmental
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reactions ranging from greenhouse gas emissions to the
remediation of redox sensitive contaminants.
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