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Abstract—A combination of flow-injection analysis and kinetic analysis was used to examine the speciation
of iron(ll) and iron(l11) in fulvic acid solutions as a function of pH, ionic strength, and time. This methodology
was used to follow a shift in iron speciation from faster to slower reacting species over a timescale of several
days. This speciation data shows that both iron(ll) and iron(lll)—fulvic acid complexes are important iron
species in humic-containing natural waters and that their amounts and their rates of transformation to colloidal
iron are controlled primarily by the kinetics of thermal (dark) reduction and iron(ll) oxidation. The kinetic
analysis methodology also yielded the rate constants for the thermal reduction of iron by the fulvic acid. These
rate constants decrease with increasing pH and are independent of ionic strength. While thermal reduction was
found to be too slow to produce large amounts of steady state iron(ll) at circumneutral pH, it does provide a
mechanism for iron redox cycling in the absence of photochemical or biochemical proceSspgright
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1. INTRODUCTION DOM carbon radicals, which continued to act as an iron(lll)
reductant after irradiation ceased. They observed no iron(ll) in
The non-photochemical, abiotic reactions of iron in natural samples that had never been exposed to light. However, their
waters include iron(ll) oxidation, iron colloid formation, iro-  direct iron(ll) measurements would only have detected the net
n(I1)- and iron(lll)-dissolved organic matter (DOM) complex- jron(ll) produced at a rate faster than the oxidation of iron(ll),
ation and dissociation, and the thermal or “dark” reduction of |eaving open the question of whether or not thermal reduction
iron by DOM. These processes can all occur on roughly the jhgyced redox cycling occurs in the absence of light-exposure
same timescale, creating an interdependent network of reac- 4t circumneutral pH values. Nevertheless, the work of Emme-
tions that control the speciation of iron in natural waters. While negger et al. (2001) does suggest that the reaction of these
previous work has focused on photochemical and biochemical organic matter-derived radical species may be the underlying
iron(III_) reduction, studies _that examine the thermal iron(lll)  hemical mechanism for thermal reduction. An additional or
reduction by natural organic matter have been few. _ alternative possible mechanism is the reaction of iron(l1l) with
In the previous companion paper (Pullin and Cabaniss, g inone (i.e., Scott et al., 1998) or catechol-type functional

2003), a study of the effect of DOM on the kinetics of iron(ll) - 4.4n5 present in these substances (Stumm and Morgan, 1981).
oxidation indicated that this thermal iron(lIl) reduction reaction In this study, to better understand the magnitude of thermal

might be important in determining iron speciation in iron-DOM reduction and its effect on iron speciation, kinetic analysis was

?’Sﬁm‘:" llflog(g) Ex'dagot% (ixperlmebntskln thff prefsciacg of used to measure both the rate constants for this process and its
atp -0 showe at some back-reaction ot th€ o= g0 on iron-DOM speciation. This first use of this approach

n_(III) oxidation producF to for_m_ |_ron(ll_) was probably occur to study iron-DOM speciation was by Langford and coworkers,
ring. To follow up on this possibility, this study was undertaken L S - o
- . who used kinetic analysis with iron(ll) and iron(lll)-specific
to specifically measure the rates of thermal reduction and to . . A . .
L . - colorimetric ligands to measure the distribution of iron species
determine its effect on iron speciation. . . - - .
in fulvic acid-containing model solutions (Langford and Khan,

The thermal reduction of iron(lll) by fulvic acid has been ) .
noted by a number of researchers (Waite and Morel, 1984, _1975‘ Langford et al., 1977, 1981). They found evidence for

Voelker and Sulzberger, 1996; Emmenegger et al., 2001). |ron(lll? complexation by humic materials _and r_eported the
Voelker and Sulzberger (1996) found that Suwannee River formapon qf iron(1l) from th_e th_ermal redu_ctlon of iron(lll) by
fulvic acid rapidly reduced iron(lll) at pH 3 and 5 in the dark. a fulvic acid. Bgsed on dlfferlng redgctlon rfites, they con-
They observed an initially fast reduction, followed by a slower C¢luded that multiple iron(li)—fulvic acid species must exist.
process, suggesting either multiple binding sites or a slow Waite and Morel (1984), also using kinetic analysis, found
rearrangement of the fulvic acid to form stronger complexes. €vidence for multiple iron(lil)-fulvic acid species and were
Emmenegger et al. (2001) also noted thermal reduction and @Pl€ o show that one of these complexes acted as a primary

noted that it was stimulated by light exposure. This was attrib- chromophore, producing iron(ll) under illumination.

uted to the photochemical formation of superoxide and/or ~ While these studies have improved our understanding of
iron-DOM interactions, they have also left unanswered ques-

tions. One major difficulty is that the laboratory studies de-
*Author to whom correspondence should be addressed Scribed above generally allow a fixed amount of time for the
(mpullin@nd.edu). iron and fulvic acid to interact before beginning the kinetic
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analysis to determine the iron speciation. However, it is possi-
ble that the distribution of iron species will change over hours
and days, perhaps affecting the overall rate of thermal reduc-
tion. A second limitation is that most of the laboratory exper-
iments were conducted at pH values = 6.5 and at asingle ionic
strength. An additional concern is the interpretation of the
reactivity of iron(l11)-DOM solutions to the iron(ll) binding
ligands (ferrozine and 1,10 phenanthroline) frequently used for
kinetic analysis. The reduction of iron(l1l) in the presence of
DOM and the iron(I1)-specific ligand could be the result of
either the thermal reduction of iron(I11) by DOM or the induced
reduction of iron(I11) upon the binding of iron(l1) by the ligand.
The second possibility would imply that the reductive process
observed by the studies discussed above is simply an artifact of
the analysis technique employed.

The research presented here examines the effect of thermal
reduction on the speciation of iron in iron-DOM solutions.
Initial experiments validate the use of ferrozine for measuring
iron(l1) in the presence of iron(lll) and the use of kinetic
analysis for measuring iron(ll) reduction rates, although only
under certain conditions. Once this methodology is established,
the various species of iron present in iron—fulvic acid solutions
are quantified using kinetic analysis as a function of the time
elapsed after mixing iron(l1) or iron(l1l) with pH and ionic
strength buffered fulvic acid solutions. The kinetic analysis
data are supplemented with independent measurements of iro-
n(I1) and colloidal iron. The effects of pH, ionic strength, and
iron redox state on thermal reduction kinetics were al quanti-
tatively examined for systems which approximate fresh natural
waters.

2. EXPERIMENTAL
2.1. Materials

Glacial acetic acid (trace metal grade), sodium hydroxide (99.99%),
sodium perchlorate, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-dis-
ulfonic acid (ferrozine), redistilled (99.999+%) 70% nitric acid, a
1000-g/mL iron AA/ICP standard and the hemisodium salts of 2-(N-
morpholino)ethanesulfonic acid (MES) and N-(2-hydroxyethyl)pipera-
zine-N’-(2-ethanesulfonic acid) (HEPES) were obtained from the Sig-
ma-Aldrich Chemical Co. Suwannee River fulvic acid (SRFA) was
provided by Jerry Leenheer (U.S. Geological Survey, CO). Citric acid
(p.a) and certified ACS grade ferrous ammonium sulfate hexahydrate
was obtained from Fisher Scientific. before use, the iron(ll) salt was
warmed in an oven at 45°C for 1 h and stored in a desiccator until use.
All other chemicals were used as provided. Deionized water (=17.8
M{}) was used throughout.

2.2. Iron—Fulvic Acid Solution Preparation

To make the iron—fulvic acid solutions analyzed in these experi-
ments, pH 6.0 (MES) or 8.0 (HEPES) buffer, SRFA, and sodium
perchlorate (when used) were added from concentrated stock solutions
to a 50 mL polypropylene volumetric flask, diluted to ~40 mL with
deionized water, and mixed thoroughly. Next, either iron(ll) from a
freshly made ferrous ammonium sulfate stock solution (pH 2.0 from
HNQO;) or iron(l11) from the AA/ICP standard (1-2 wt.% HNO;) was
added, atimer was started, and the solution was diluted to volume and
mixed again. The fina concentrations were as follows: 10.0 mmol/L
buffer, 10.0 mg/L fulvic acid, 0.10 mol/L sodium perchlorate (when
used), and 10.0 uM total iron. For each kinetic analysis experiment, a
control solution was made in the same manner but without any added
iron. The solution preparation and analysis were conducted in near
darkness, with only the dim light from computer monitors and instru-
ment displays present. The sample flasks were wrapped in aluminum
foil once the final dilution and mixing were complete, further limiting

exposure to light. The solutions were stored in complete darkness
during incubation. Polypropylene volumetric flasks (Nalgene), PTFE
beakers, and polymeric pipetter tips were used for the handling of all
iron-containing solutions.

2.3. Kinetic Analysis for the Determination of Iron Speciation
2.3.1. Kinetic analysis theory

The kinetic analysis method allows a set of metal species to undergo
ligand exchange with an added excess of strong-binding ligand to form
a single, measurable, common product (Ridder and Margerum, 1977).
Ideally, each species initialy present in solution will exchange at a
different rate. The resulting common product concentration vs. time
data can then be numerically fit as the sum of pseudo-first order parallel
reactions, one reaction for each species present in the sample. The
fitting process yields two parameters for each species, an initia con-
centration and a rate constant. The combined initial concentrations of
al the metal-ligand complexes represent the metal’s speciation at the
time the kinetic analysis experiment began.

The physical meaning of arate constant measured by kinetic analysis
depends on the type of ligand exchange mechanism occurring (Lang-
ford and Gray, 1965; Hering and Morel, 1988, 1990). For the digunc-
tive pathway, the original metal complex (ML) dissociates before the
second added ligand (L") binds the metal (Hering and Morel, 1990):

ML+L =M+L+L =ML +L @)

In this case, the dissociation (first) step is generaly the rate limiting
step. When [L'] >> [L], the second step is essentialy irreversible,
leading to a “trapping” of the metal as it dissociates from the original
complex (Hering and Morel, 1990). Under these conditions, the con-
centration of the added ligand ([L']) has no effect on the observed rate
and the reaction is first-order with respect to ML (Olsen and Shuman,
1985). A ligand exchange reaction proceeds by an adjunctive pathway
if theinitial step is attack of the original complex by the added ligand,
followed by dissociation of the resulting ternary complex (Hering and
Morel, 1990):

ML +L =L'ML=ML"+L o)

In this case, the observed rate is dependent on [L'] (Hering and Morel,
1990).

Aslong as [L'] >> [L], the effect of changing the concentration of
L" on the observed rate can be used to determine which mechanism is
occurring in the ligand exchange. When it can be shown that ligand
exchange occurs by a disjunctive mechanism (independent of [L']), the
measured rate constant for the reaction is the conditional rate constant
for the dissociation of the original metal-ligand complex (Olsen and
Shuman, 1985).

While kinetic analysis yields the concentration (and possibly a
reaction rate) for each species present at the time L' is added, it does
not indicate whether a steady state distribution of species has been
reached at that time. The time between mixing the metal and ligand and
the addition of L' (termed “incubation time” here) may not have been
sufficient to reach an equilibrium distribution of metal-ligand species
(Hering and Morel, 1988). However, multiple kinetic analysis experi-
ments at varying incubation times can be used to test for equilibrium.
Varying incubation time can also be used to study preequilibrium
kinetic processes and to obtain rate constants for species transforma-
tions. For a heterogeneous ligand mixture (such as DOM), this ap-
proach can be used to determine if the metal-ligand complex dissoci-
ation rate changes with incubation time.

2.3.2. Experimental procedure

In preparation for the analysis, dry 1.00-cm optical glass cells were
placed in the reference and sample beams of a Hitachi U2000 double
beam UV-Vis spectrometer. The cell holder was water jacketed and
maintained at 25°C using a Neslab CFT-25 refrigerated recirculator.
The spectrophotometer was set to zero absorbance at 562 nm, the
absorbance maxima of the iron(l1)-ferrozine complex (Stookey, 1970).
Fifty microliters of 50.0 mmol/L ferrozine stock (pH 6.0 or 8.0) was
placed in the bottom of each of the cells, and 2.50 mL of the control
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Fig. 1. The effect of pH and iron form on the reduction of iron(l11) by ferrozine. One micromole per liter total iron added
as iron(l11). One millimole per liter ferrozine unless noted. pH 4.0 experiments used 10.0 mmol/L acetate buffer, pH 6.0
experiments used 10.0 mmol/L MES buffer, and pH 8.0 experiments used 10.0 mmol/L HEPES buffer. Note that no

ferrozine induced iron(l11) reduction occurs at pH 6.0 and 8.0.

solution (no iron) was added to the ferrozine in the reference cell. This
provides a stable reference that accounts for variations in lamp output
during the experiment aswell asthe small absorbance by the fulvic acid
and unreacted ferrozine (in 50-fold excess of the iron).

After the desired incubation time, the kinetic analysis experiment
was begun by adding 2.50 mL of the iron—fulvic acid solution to the
ferrozine in the sample cell, sealing the cells with PTFE stoppers, and
closing the sample compartment. The incubation time and initial ab-
sorbance reading were noted and the collection of the absorbance at
562 nm vs. time was started. For the pH 6.0 experiments, the absor-
bance was recorded every 12 sfor 12 h. For the pH 8.0 experiments, it
was recorded every 30 s for 24 h.

Experiments were conducted at pH 6.0 and 8.0, starting with either
iron(1) and iron(l11), and at varying incubation times which generally
included 2to 4 min, 1to 1.5 h, 6to 8 h, 24 to 26 h, and 44 to 56 h. The
ionic strength was varied by conducting the experiments with only the
10.0 mmol/L pH buffer and with the 10.0 mmol/L buffer plus 0.10
mol/L sodium perchlorate. No visible formation of a precipitate was
noted in any of the experiments.

2.3.3. Testing of the validity of the kinetic analysis methodology

Iron(l11) solutions at pH 6.0 and 8.0 with no complexing ligand,
whereiron is assumed to be in colloidal form, and iron(l11)—citric acid
solutions (pH 6.0, > 99% complexation of the iron) gave no reaction
with ferrozine over the time scale of the kinetic analysis experiments
conducted here (Fig. 1). These control experiments demonstrate that
there is no ferrozine induced reduction of iron(lll) from either its
colloidal or organically-complexed forms at pH 6.0 or 8.0 (Fig. 1).
However, iron(l11) reduction was observed to occur at pH 4.0 (Fig. 1).
Thisisin agreement with the results of Box (1984), who observed iron
reduction at pH 4.6. In general, the results presented here indicate that
the use of ferrozine to measure iron(l1) at pH values < 6.0 is invalid.

In this study, further experiments were limited to pH 6.0 and above,
where no ferrozine induced iron(l11) reduction was observed.

The observed rate of iron(l)-ferrozine complex formation in the
iron—fulvic acid solutions was found to be independent of the ferrozine
concentration, indicating a disjunctive pathway (see section 2.3.1).
Therefore, the rate constants presented here represent the either the
dissociation of iron(ll) from iron(ll)—fulvic acid complexes or the
thermal reduction of iron(l11)—fulvic acid complexesto form iron(l1). It
is unlikely that these observed rates arise from iron(ll)—fulvic acid
dissociation. Langford et a. (1977) observed that reaction of the
iron—fulvic acid mixtures with 1,10 phenanthroline (another iron[I1]-
specific colorimetric ligand) occurred at a rate slower than they mea-
sured for iron(lll) ligand exchange. Since the kinetics of iron(Il)
exchange are expected to be much faster than iron(lll) exchange
(Langford and Gray, 1965), they concluded that the reaction with 1,10
phenanthroline was the result of thermal reduction, not the ligand
exchange of iron(I1). Waite and Morel (1984) and Voelker et a. (1997)
also assumed that this reaction was the result of thermal reduction.

Any non-organically complexed or “inorganic” iron(Il) present in
the sample at the start of the kinetic analysis would also react rapidly
with ferrozine. This means that the iron(I1)-organic complexes would
be indistinguishable from inorganic iron(I1) on the seconds to minutes
timescale of the kinetic analysis experiments conducted here and else-
where (Langford et a., 1977, 1981; Waite and Morel, 1984). Iron(I1)—
fulvic acid and inorganic iron(l1) would be measured together in these
kinetic analysis experiments (termed “iron[l11]") as an initial jump or
time zero starting point in the iron(I1)-ferrozine complex concentration.
Any inorganic iron(l1) produced by thermal reduction after the addition
of the ferrozine will be “trapped” as the iron(l1)-ferrozine complex and
give rise to increasing absorbance at 562 nm as a function of time.
Furthermore, the measurement of trapped iron(l1) as a function of time
will give the actual rate of thermal reduction.
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2.3.4. Kinetic analysis data interpretation

The kinetic analysis data was fit as the sum of four components,
iron(l1) (X), colloidal iron (C), and two iron(I11)—fulvic acid species (A
and B) assuming parallel reactions and distinct rate constants. (The
chemical assignment of the components is discussed below.) When the
data were fit using only one iron(l11)-SRFA complex the fits were
obviously inadequate. Using three iron(l11)—fulvic acid components did
not improve the goodness of fit and the increased number of parameters
made the fit difficult to optimize, relative to two components. With no
congtraints, the inclusion of two iron(l11)—fulvic acid species, iron(ll),
and colloidal iron in the fitting gives a total of eight adjustable param-
eters, four initial concentrations and four rates, to be varied to fit the
data.

The independent measurement of iron(l1) and colloidal iron allowed
anumber of these fitting parameters to be fixed during the data fitting,
greatly increasing its reliability. The iron(ll) concentration was esti-
mated from the first data point measured in the kinetic analysis, fixing
one parameter. The reaction rate of iron(ll) with ferrozine (3.1 X 10™*
mol/L 2 s™%; Thompsen and Mottola, 1984) is instantaneous on the
time scale of our experiments and is therefore not included in the fitting
of our data, fixing a second parameter during the analysis. The colloid
concentration vs. time data from the companion paper (Pullin and
Cabaniss, 2003) were numerically fit. The resulting equations were
used to calculate the iron colloid component ([C]) concentration for the
desired incubation time. Since colloidal iron does not react with fer-
rozine (discussed below), its reaction rate is zero. This allows us to fix
two more parameters in the data analysis. The total iron concentration
(Fer) in the experiments is known, so that another concentration
parameter is fixed by imposing mass balance. Thus, the experimental
data is fit to a four component model using only three adjustable
parameters, one iron—fulvic acid complex initial concentration ([A], or
[B]o) and two iron—fulvic acid reaction rates (k, and kg). The equations
defining the four component model are

[Plo = [Alo(1 — &) + [Blo(1 — &™) + [X] ©)

[Alo = Fer—[X] - [Blo - [C] ©

where the time (t) is the independent variable and the measured
concentration of common product ([P]) is the dependent variable.

The data were fit by non-linear regression using Scientist (Micro-
Math Software, Salt Lake City, USA) running on a PC. This program
uses a modification of the Powell approach, a hybrid of the steepest
descent and Gauss-Newton algorithms. Multiple initial guesses as well
as refinement of these guesses using the simplex algorithm were used
to guard against convergence to local minima.

The values for k, and kg obtained for sets of kinetic analysis data at
varying incubation times, but with a single pH, ionic strength, and
initia iron redox state, were similar (within a factor of 2) and varied
randomly with incubation time. The non-systematic variation in the rate
constants is probably due to the uncertainty in fitting (including the
approximations in representing iron(l11)—fulvic acid as only two com-
plexes) rather than genuine changes in the nature of thermal reduction.
The values of k, and kg for a given set of solution conditions were
averaged for experiments with different incubation times and used to
refit that group of data. During this second fitting the averaged rate
constants were fixed, reducing the fitting problem to the optimization of
a single linear parameter ([B],) which is completed in a single mini-
mization step. This method forces all of the variation from one incu-
bation time to another to be expressed in the species initial concentra-
tions.

This model assumes that al of the observed change in speciation are
dueto shiftsin iron species concentrations, not time dependent changes
in the rate constants for thermal reduction. This assumption implies that
iron—fulvic acid binding is the result of complexation by a set of
discrete sites that do not change in binding ability over time. In a
practical sense, our approach is justified by the fact that even after
averaging the rate constants over incubation time reasonable fits are
still obtained for the experimental data in most cases, to within a few
percent of the measured data. In a few instances, the fit is notably
poorer. This may indicate that our assumption of discrete sites repre-
sents an oversimplification. A more realistic description of the iron—
fulvic acid interaction is probably a continuum of binding sites with a

varying affinity for iron. However, the discrete model used here rep-
resents the experimental data well and provides a simple conceptual
model for understanding changes in iron reactivity over time.

4. RESULTS

In all cases, the recovery of iron as iron(ll)-ferrozine, mea-
sured after 12 or 24 h, decreased as the incubation time in-
creased (Fig. 2, Table 1). More iron was recovered at pH 6.0
than at pH 8.0, even though the pH 8.0 experiments were
alowed to proceed for a longer period of time. Increased
recovery was observed in the systems starting with iron(Il)
relative to those starting with iron(l11), although this difference
decreased at longer incubation times.

lonic strength also affected the recovery of iron in the kinetic
analysis experiments. When starting with iron(l1), dlightly
lower recovery was observed for the higher ionic strength
experiments (0.10 mol/L NaClO,) at both pH values. The result
was the same when starting with iron(I1) at pH 8.0. However,
when starting with iron(ll) at pH 6.0 there was a much larger
effect of ionic strength, giving increased recovery at the higher
ionic strength experiments. Overall, the time to reach a stable
value of recovery as iron(ll)-ferrozine in dark iron—fulvic acid
systems at near-neutral pH was > 56 h, the longest time period
examined here.

To quantify the process of thermal reduction independently
from the other changesin speciation occurring in solution (such
asiron[l1] oxidation and iron colloid formation), the data were
fit to a four component model (see section 2.3.4 for details).
This analysis yielded first order rate constants for the thermal
reduction of iron(l11) contained in two SRFA complexes, de-
noted A and B (Table 2). As noted in section 2.3.4, no system-
atic variation in the rate constants with incubation time was
observed, and so the averaged values are reported here.

For a given pH, these rate constants were in good agreement
for the higher and lower ionic strength experiments and for the
experiments starting with iron(ll) vs. starting with iron(l11)
(Table 2). T tests indicate that in al but one case, there was no
difference in the rate constants (95% confidence level) due to
ionic strength. T tests did indicate that the values of k, and kg
for the experiments starting with iron(ll) were significantly
higher than those for the experiments starting with iron(l11).
However, when the values of k, and kg were averaged overall
experimental conditions excepting pH (incubation time, ionic
strength, and initial iron redox state) to give a single set of k,
and kg for each pH value, reasonable fits of the experimental
data could still be obtained (to within 5% of the experimental
data) (Fig. 3).

In addition to the thermal reduction rate constants, the kinetic
analysis also provides the concentrations of the two iron(l1)-
SRFA complexes (designated A and B) at a given incubation
time (Tables 3 and 4). When combined with the independently
measured concentrations of iron(ll) and colloidal iron, the
speciation of the iron can be plotted as a function of time and
experimental conditions (Fig. 4). This gives a “picture” of the
iron speciation as it evolves over time. Because our methodol-
ogy does not discriminate between free and fulvic acid bound
iron(I1) (see section 2.3.3), the picture is somewhat incomplete.
However, no previous report has provided such time-dependent
iron speciation data.

Figure 4 shows an overall trend of a shift in speciation over
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Fig. 2. Kinetic analysis raw data as afunction of incubation time, pH, ionic strength, and initial iron redox state. 10 mg/L
fulvic acid, 10.0 wmol/L iron, 10.0 mol/L pH buffer, 0.10 mol/L sodium perchlorate (high | only), labels indicate incubation
time. Note that the y-axis scale varies among the four plots. (a) Iron added asiron(l11) at pH 8.0. (b) Iron added asiron(l11)
a pH 6.0. (c) Iron added as iron(ll) at pH 8.0. (d) Iron added as iron(I1) and pH 6.0.

time from the faster reacting iron(Il) and iron(lI1)—fulvic acid
species (A) to the slower reacting iron(l11)—fulvic acid complex
(B) and colloidal iron. While the slower-reacting iron(lI1)-
SRFAg species is usually present in higher concentration than
iron(l11)-SRFA 4, both of the iron—fulvic acid species decrease
in concentration over time while the colloidal iron increases
with time. An exception is at pH 6.0 starting with iron(ll),
where iron(l11)-SRFA , increases up to the 6 h incubation time
and then decreases while iron(I11)-SRFAg and colloidal iron
increase with time (Figs. 4d and 4e).

The time dependent speciation is affected by both the redox
state of the iron at the beginning of the experiment and the
solution pH (Fig. 4). Colloidal iron concentrations are higher at
pH 8.0 than at pH 6.0. At pH 8.0, experiments starting with
iron(I1) (Fig. 4b) have higher colloidal iron concentrations with
correspondingly lower iron(ll1)-SRFAg concentrations than
those starting with iron(l11) (Fig. 4avs. Fig. 4b). At pH 6.0, the
formation of the iron(l11)—fulvic acid complexes and colloidal
iron is considerably slower in experiments starting with iron(I1)
than with iron(l11) (Figs. 4d and 4e vs. Fig 4c), presumably due
to the slow oxidation rate at that pH (see Pullin and Cabaniss,
2003). Additionally, significant amounts of iron(ll) are present
even after 56 h (Figs. 4c—4e) at pH 6.0. However, at pH 8.0 no
steady state iron(l1) was observed (Figs. 4a and 4b). The effect

of ionic strength on the speciation data is generally very small.
The exception is at pH 6.0 when starting with iron(I1) (Fig. 4d
vs. Fig. 4e).

Once the concentrations and thermal reduction rate constants
were known for the A and B iron(l11)—fulvic acid complexes,
the total rate of thermal reduction was calculated (Tables 3 and
4). During the pH 8.0 experiments and the pH 6.0 experiments
starting with iron(l11), this rate decreased with time. However,
a pH 6.0 and starting with iron(ll), the thermal reduction rate
initially rises over time (as iron(ll) is slowly oxidized to form
iron(l11)) and then fals after 6 h. The overal rates of thermal
reduction are approximately one order of magnitude faster at
pH 6.0 than at pH 8.0 and are dlightly faster at lower ionic
strength (at either pH value).

4. DISCUSSION

4.1. Time Dependent Iron-DOM Speciation in Model
Solutions

The use of the four component model allows us to interpret
the kinetic analysis data in terms of the underlying iron spe-
ciation, including the observed shifts in recovery. Increased
colloid formation over time decreases the amount of iron(l11)—
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Table 1. The recovery of iron as the 1:3 iron(l1)-ferrozine complex
in the kinetic analysis experiments.

Low | High |

Incubation time  Recovery (%)® Incubation time Recovery (%)

pH 8.0, starting with iron(I11)

3 min 12.9 25min 115
1hr 10.8 13hr 111
6 hr 9.0 6 hr 9.3
255 hr 6.5 255 hr 6.1
52,5 hr 4.7 55.06 hr 5.0
pH 8.0, starting with iron(I1)
2.25 min 337 2min 54.5
1hr 17.9 lhr 133
6 hr 115 6 hr 9.3
25 hr 9.7 248 hr 7.2
535 hr 7.2 54.2 hr 57
pH 6.0, starting with iron(l11)
4 min 39.8 25min 36.9
1hr 35.8 1.25hr 29.7
6.4 hr 27.6 8hr 251
25.7 hr 222 24 hr 211
55.4 hr 20.1 44 hr 17.9
pH 6.0, starting with iron(I1)
2 min 88.2 2.5min 91.0
1hr 83.8 1.07 hr 93.2
6.98 hr 66.9 6 hr 85.7
24.4 hr 432 256 hr 724
58.1 hr 373 56.9 hr 435

2The amount of iron(l1)-ferrozine complex, relative to total added
iron, measured after 12 hr for pH 6.0 and after 24 hr for pH 8.0.

fulvic acid present to undergo thermal reduction, slowing the
observed rate. Additionally, we observed a shift in iron specia-
tion from faster to dower reacting iron(l11)—fulvic acid com-
plexes over time. Both processes act together, resulting in a
decreased amount of iron recovered as iron(l1)-ferrozine over
time and at increasing pH. The decreased recovery of iron(l1)-
ferrozine at pH 8.0, relative to pH 6.0, is aso partialy due to
a decrease in the inherent thermal reduction rate constants.
As noted earlier, no effect of ionic strength on the thermal
reduction rate constants was observed. Therefore, the ionic
strength effects on iron(ll) oxidation, iron(I11) complexation,
and colloid formation are responsible for the observed differ-

Table 2. The first order rate constants, k, and kg, for the thermal
reduction of two iron(l11)-fulvic acid complexes (A and B). The values
were averaged over incubation time (see text for details).

Experimental ka = 1o
conditions (hr™) ks = 1o (hr)
pH 8.0
Iron(I11) High | 0.29 = 0.10  0.0048 * 0.0007
Low | 0.36 = 0.10  0.0048 = 0.0007
Iron(l1) High | 041+022 0010 = 0.002
Low | 0.51 = 0.25 0.018 =+ 0.006
pH 6.0
Iron(l11) High | 11+02 0.021 = 0.004
Low I 12*+02 0.024 = 0.002
Iron(Il) High | 1.7+02 0.10 = 0.04
Low | 18+ 04 0.064 = 0.029

ences in speciation between the high and low ionic strength
experiments. For example, the largest effect of ionic strength
on the speciation data is seen at pH 6.0 when starting with
iron(l1) (Figs. 4d and 4e€). In this system, the relatively slow
oxidation of iron(ll) controls the rate of formation of iron(I11)
and therefore the iron(I11)—fulvic acid complexes and colloidal
iron. Thus, the large effect of ionic strength on the oxidation
rate observed earlier (Pullin and Cabaniss, 2003) is propagated
through the formation of the iron(I11) species and their subse-
quent transformations. The effect of ionic strength is much
smaller under conditions where there is little iron(l1), such as
starting with iron(l11) (Figs. 4a and 4c) or when starting with
iron(I1) at pH 8.0 where oxidation is relatively rapid (Fig. 4b).

There is a notable effect of pH on the thermal reduction rate
constants, with the values at pH 6.0 being 2 to 4 times larger
than those at pH 8.0. However, given the 100-fold changein the
H™ concentration between the two pH values, this pH depen-
dence should not be taken as evidence for the direct involve-
ment of H* in the thermal reduction reaction mechanism. One
possible explanation for the pH effect is that increased pH
could lead to deprotonation of partially hydrolyzed fulvic acid—
bound iron(l1). Analogous to the situation with inorganic iro-
n(I1) hydrolysis species, this could lead to faster reoxidation of
the iron(l1) complex (before dissociation to form Fe**). How-
ever, this explanation is speculative and more study on the
exact mechanism of thermal reduction is clearly needed.

It is difficult to compare the thermal reduction rate constants
measured here to the kinetic analysis rate constants determined
by othersfor iron-DOM solutions. Most of the published values
were determined using colorimetric reagent solutions that were
either acidic or contained an added reductant (Langford et a.,
1977, 1981; Tipping et al., 1982; Sojo and De Haan, 1991),
conditions that induce the reduction of iron(l11). While these
experimental approaches still yield useful information regard-
ing the concentrations of the iron species in the sample, the
rates measured under these conditions are not for thermal
reduction alone (see section 2.3.3).

An exception are the experiments of Waite and Morel
(1984), who used 1,10 phenanthroline to trap thermally-re-
duced iron(l11) without added reductant or acidification. At pH
6.5, 10 mg/L Suwannee River fulvic acid, and 0.10 mol/L NaCl
they found two components that reacted with rate constants of
1.3 and 0.066 h™* after a 3-h incubation time. These values are
in reasonable agreement with our values of 1.1 and 0.021 h™*
a pH 6.0 and 0.10 moal/L NaClO, (Table 2). Similar values
were observed for a fulvic acid extracted from Grassy Pond
(Massachusetts), indicating that the results obtained using
SRFA are not anomalous.

Overall, the results presented here and in the companion
paper demonstrate that multiple iron—fulvic acid complexes can
drastically alter the speciation of iron in natural waters. Clearly,
complexation increases the amount of iron in the dissolved
phase, relative to what would be expected in non-organic ligand
containing solutions. Less obviously (but equally important),
this work indicates that organic complexation permitsiron(l11)
reduction, with slower rates at higher pH and higher rates in
newly made solutions. The former effect is due both to smaller
reduction rate constants and changes to speciation favoring
colloid formation a pH 8.0. The latter effect is purely a
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Fig. 3. An example of kinetic analysis raw (pH 6.0, iron[I11], 8 h) and model data. Two fits to the experimental data are
shown, before and after averaging the rate constants and refitting the data.

speciation effect, in which iron shifts to less reducible species
with time.

4.2. A Conceptual Model of Iron Speciation in Humic
Natural Waters

To summarize the results of this study, we propose a con-
ceptual model of iron speciation in humic natural waters (Fig.
5). The model contains inorganic iron(ll) and iron(ll1) (the
sums of their various hydrolysis species), one iron(l1)—fulvic
acid species, two iron(l11)—fulvic acid species (differentiated by
their thermal reduction rate constants), and colloidal iron. The
inclusion of two iron(l11)—fulvic acid species in the model was
determined by our inability to fit our kinetic analysis data using
only a single species (see section 2.3.4). The colloidal iron is
certainly a heterogeneous mixture, including a distribution of
particle sizes and reactivities as well as some fraction of the
organic materia in the system. However, since our methodol-
ogy only determines the total amount of colloida iron in the
system, it is represented here as one combined pool of iron. The
thermal reduction of iron(l11) is represented by reactions 5 and
8. While more complicated conceptual models could be postu-
lated, we believe that thisis the simplest model that can explain
our laboratory results. It is important to emphasize that in real
environmental systems additional reactions would be coupled
with this relatively simple scheme, notably including both the
photochemical and biochemical reduction of iron(l11) and bio-
logic oxidation of iron(ll).

Having proposed this conceptual model, we can use it to

explain the qualitative aspects of our data. For example, in the
companion paper (Pullin and Cabaniss, 2003) we propose that
in the presence of fulvic acid, the oxidation of Fe(ll)-SRFA
controlsthe overall rate of oxidation. In terms of the conceptual
model, this would mean that the sum of reaction 3 followed by
reaction 5 (reaction pathway 3, 5) is faster than reaction 1.

In a second example, one surprising result from this study is
that more colloidal iron is generated in iron—fulvic acid systems
that are made with iron(Il) than those made with iron(l11).
Thermodynamically, no difference in the iron speciation be-
tween these two systems should be observed at long times (in
presence of saturated O,). Thus, our data indicate that the ratio
of iron(l11)—fulvic acid to colloidal iron may be controlled by a
kinetic process.

This kinetic effect can not be explained if only one iron(l1)—
fulvic acid complex and one iron(l11)—fulvic acid complex
exist. However, if two iron(ll1)—fulvic acid complexes with
different reactivities are posited in the arrangement shown in
Figure 5, then the difference can be explained. If reaction
pathway 3, 5 (iron[l1] complexation followed by oxidation) is
faster than reaction 1 (inorganic iron[l1] oxidation), and reac-
tion pathway 3, 5, 6 (conversion of iron[I1] to iron[l11]-SRFA 5
and then to colloidal iron) is faster than reaction pathway 7, 9
(conversion of iron[l11] to iron[l11]-SRFAg and then to colloi-
dal iron), then starting with iron(l1) could initially lead to more
colloid formation than starting with iron(ll1). If the rates of
colloid dissolution were relatively slow compared to the cor-
responding forward reactions, then this initial difference in
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Table 3. Iron speciation as a function of time in iron—Suwannee
River fulvic acid mixtures at pH 8.0. Thetotal rate of thermal reduction
is also included. Results obtained using averaged and fixed rate con-
stants during the kinetic analysis (see text for details).

Table 4. Iron speciation as a function of time in iron—Suwannee
River fulvic acid mixtures at pH 6.0. Thetotal rate of thermal reduction
is also included. Results obtained using averaged and fixed rate con-
stants during the kinetic analysis (see text for details).

Total rate
of
thermal
[Fe(IN]® [Ale® [Blo> [colloid]®  reduction
Incubation time (M) (uM) (M) (uM) (uM/hr )
Iron(l11), high |
25 min 011 0.35 6.9 23 0.20
13 hr 011 0.35 5.9 32 0.19
6 hr 011 0.28 46 47 0.15
255 hr 011 0091 40 54 0.073
55.06 hr 0072 0076 36 58 0.064
Iron(l11), low |
3 min 0.072 0.60 6.2 2.8 0.29
1hr 0072 042 5.7 34 0.22
6 hr 0.072 0.35 4.1 51 0.18
255 hr 0072 0.18 33 6.1 0.10
525 hr 0.072 0.091 31 6.4 0.065
Iron(I1), high |
2 min 42 0.61 32 16 0.27
1hr 0.072 0.58 28 6.1 0.25
6 hr 0.11 0.25 2.7 6.6 0.12
24.8 hr 0072 0.17 20 73 0.086
54.2 hr 0.11 0078 18 7.6 0.048
Iron(Il), low |
2.25 min 17 0.41 49 2.7 0.21
1hr 0.15 0.65 25 6.3 0.28
6 hr 0.15 0.25 22 71 0.12
25 hr 0.15 0.27 13 79 0.12
53.5 hr 0072 0.16 13 81 0.075

@Measured as the t = 0 amount of iron(ll)-ferrozine during the
kinetic analysis.

b Measured by kinetic analysis.

¢ Measured using flow injection analysis.

colloid concentration would persist. This explanation is consis-
tent with the observation that the formation of the slower-
reacting iron(111)-SRFA g dominates in systems where iron(I11)
is the starting species (Figs. 4a and 4c) and that faster-reacting
iron(111)-SRFA , is relatively higher (at least initiadly) in sys-
tems where iron(I1) is the starting species (Figs. 4d and 4e).

4.3. Implications for Natural Systems

This study indicates that environmental conditions will de-
termine the importance of thermal reduction in natural waters.
Our results indicate that the inherent rate constants for thermal
reduction increase as the pH fals. Taken together with the
strong pH dependence on iron(l11) hydrolysis and the observa-
tion that thermal reduction does not act on iron colloids, our
results show that thermal reduction should be moreimportant at
relatively low pH values. While our results show that the rate
of thermal reduction falls over time, this process will be me-
diated by daylight-induced shifts in iron speciation in many
natural systems. Photoreduction of iron colloids and iron(l11)-
DOM complexes will shift the iron speciation back to iron(ll),
restarting the slow shift of the iron species to slow-reacting
Species.

Many studies of iron speciation in freshwater systems have

Total rate
of thermal
[Fe(IN]? [Aly® [Bl> [colloid]®  reduction
Incubation time  (uM)  (uM)  (uM) (uM) (uM/hr=1)
Iron(I1l), high |
2.5 min 032 20 5.7 14 32
1.25 hr 054 11 6.3 17 19
8 hr 061 064 57 2.7 12
24 hr 068 032 54 32 0.75
44 hr 054 019 56 33 0.57
Iron(I1l), low |
4 min 036 21 6.2 11 34
1hr 054 14 6.4 13 24
6.4 hr 047 081 6.1 22 15
25.7 hr 032 059 53 34 11
55.4 hr 029 049 53 36 1.0
Iron(Il), high |
25 min 9.0 0.066 0.31 0.25 0.11
1.07 hr 8.2 11 0.055 0.32 16
6 hr 6.7 12 11 0.69 18
25.6 hr 50 099 17 2.0 15
56.9 hr 19 0.075 41 35 0.32
Iron(ll), low |
3 min 8.6 0.018 11 0.0064 0.084
1hr 6.2 15 18 0.19 2.3
6 hr 34 16 34 12 25
24 hr 14 1.0 4.0 33 17
58.1 hr 079 14 23 51 22

#Measured as the t = 0 amount of iron(ll)-ferrozine during the
kinetic analysis.

b Measured by kinetic analysis.

¢Measured using flow injection analysis.

described the photochemical reduction of iron(l11), followed by
the oxidation of Fe(ll) in the dark (often biologically-mediated)
(McMahon, 1969; Miles and Brezonik, 1981; Collienne, 1983;
Waite and Morel, 1984; McKnight and Bencala, 1988; McK-
night et al., 1988; Sulzberger et al., 1990; Voelker et a., 1997;
Sivan et a., 1998; Emmenegger et al., 2001; McKnight et a.,
2001). However, it is important to realize that these observa-
tions are only the net product of the redox cycle. For example,
our results show that in the absence of light, significant iron(l11)
reduction occurs at pH 8.0, even though no net iron(l1) is ever
observed. Additionally, this thermal reduction may determine
the iron-speciation on which photochemical and biochemical
processes act. For example, Waite and Morel (1984) found that
one of two iron(ll1)—fulvic acid species they measured by
kinetic analysis was reduced in concentration during light irra-
diation, suggesting that it underwent direct photochemical re-
action.

While differences in experimental methods and environmen-
tal conditions make direct comparison difficult, it is clear from
these studies that rates of iron reduction due to photochemical
processes are considerably faster than the rates of thermal
reduction measured here. However, in subsurface systems or
systems where light penetration is relatively small due to high
turbidity or strong absorbance by organic matter, thermal re-
duction may be the primary mechanism that drives iron redox
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Fig. 4. Iron-Suwannee River fulvic acid speciation data as a function of incubation time as measured by kinetic analysis
and flow injection analysis. 10 mg/L fulvic acid, 10.0 wmol/L total iron, 10.0 mol/L pH buffer, 0.10 mmol/L sodium
perchlorate (as noted). Lines directly connect the data points for clarity only. Note that the y-axis scale varies among the
five plots. (&) Iron added as iron(l11) at pH 8.0. (b) Iron added as iron(l1) at pH 8.0. (c) Iron added as iron(l11) a pH 6.0.
(d) Iron added as iron(l1) a pH 6.0, high ionic strength. Iron(l1) uses the right y-axis while the remaining species use the
left y-axis. () Iron added asiron(l1) at pH 6.0, low ionic strength. Iron(I1) uses the right y-axis while the remaining species

use the left y-axis.

cycling. Even in surface waters with significant illumination,
thermal reduction may be important during the night or when
significant mixing below the phatic zone occurs. For example,
there have been reports of night time or predawn increases of
iron(l) in acidic systems (McKnight and Bencala, 1988;
Wieder, 1994; Sullivan et al., 1998; Sullivan and Drever,
2001). Thiswas attributed to biologic iron(l11) reduction and/or

sulfide (pyrite) oxidation, but could have also been due to the
thermal reduction of iron(l11). Additionally, several studies in
akaline systems have reported night time increases dissolved
and/or particulate iron concentrations (Brick and Moore, 1996;
Goulet and Pick, 2001), possibly due to thermal reduction of
iron(l11) to iron(l1) followed by the rapid reoxidation and
precipitation expected at that pH range.
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Fig. 5. A conceptual model of iron speciation and transformationsin
humic natural waters. This diagram represents the simplest possible
situation that could explain the data presented here. It ignores addi-
tional reactions, including photochemical and biochemical processes,
that could occur in the environment. (1) The oxidation of dissolved
inorganic iron(I1) to form dissolved inorganic iron(l11) (see mechanism
in introduction). The reverse reaction is negligible in the dark. The
exact iron(l1) and iron(I11) species in this reaction depends on the pH
and the identity and concentration of inorganic anions in solution. A
variety of iron(ll) species could undergo oxidation simultaneously, all
with different rate constants. (2) The formation of colloidal iron from
dissolved inorganic iron(l11) and the reverse dissolution reaction. (3)
The complexation of dissolved iron(ll) by SRFA to form iron(ll)-
SRFA and the reverse dissociation reaction. (4) The complexation of
dissolved iron(l11) by SRFA to form iron(l11)-SRFA , and the reverse
dissociation reaction. (5) The oxidation of Fe(l1)-SRFA to form Fe(l11)-
SRFA , and the reverse thermal reduction reaction. (6) The formation
of colloidal iron from Fe(l11)-SRFA 5 and the reverse dissolution reac-
tion. (7) The complexation of dissolved iron(lIl) by SRFA to form
iron(l11)-SRFAg and the reverse dissociation reaction. (8) The oxida
tion of Fe(l1)-SRFA to form Fe(l11)-SRFAg and the reverse thermal
reduction reaction. (9) The formation of colloida iron from Fe(l11)-
SRFAg and the reverse dissolution reaction.

Thermal redox cycling may also influence the bioavailability
of iron and phosphorous in freshwater systems. Primary and
secondary biologic production are not thought to be directly
limited by iron in most freshwater systems, although some
exceptions have been claimed (Jackson and Hecky, 1980;
Twiss et a., 2000). However, the strong phosphate binding
affinity of iron(ll1) colloids can have a large effect on the
speciation of phosphorus, which is typically the limiting nutri-
ent in freshwater lakes. Our work demonstrates that the extent
and rate of formation of these iron(l11)-colloids is drastically
affected by iron-DOM interactions.

Using gel-filtration chromatography and radioisotopes, a se-
ries of studies have concluded that a DOM-iron(l11)-PO, com-
plex existsin some humic freshwaters (Jones et al., 1988, 1993;
Cotner and Heath, 1990; Shaw et a., 2000). Additionally, the
simultaneous light-induced formation of both iron(I1) and or-
thophosphate (the biologically active phosphorus species) has
been demonstrated in some humic lake waters (Francko and
Heath, 1982; Cotner and Heath, 1990). This observation has
been postul ated to be the result of photoreduction of theiron in
the DOM-Fe-P complex (Francko and Heath, 1982; Cotner and
Heath, 1990; Maranger and Pullin, 2002). Thermal reduction of
iron(l11) could also be amechanism for the rel ease of phosphate
in systems where this complex occurs, thereby indirectly af-

fecting biological productivity. Thiswould be especialy truein
systems such as eutrophic lakes, where the extensive biological
reduction of iron(l11) colloids in the anoxic sediments is dis-
connected from the photic zone by thermal stratification.

5. CONCLUSIONS

1. The rate of thermal reduction of iron(l11) to iron(I1) can be
measured by ferrozine trapping of the product at pH values
= 6.0, since ferrozine does not “induce” iron(I11) reduction
and the overall reaction rate is independent of the ferrozine
concentration. However, a pH 4.0 ferrozine-induced iro-
n(I11) reduction does occur, limiting the kinetic analysis
method to the determination of iron species concentrations
only.

2. The rate of thermal reduction in iron—fulvic acid mixtures
slows with increased incubation time up to the limits of this
study (~50-60 h elapsed between the addition of iron to
fulvic acid solutions and the subsequent addition of fer-
rozine). More stable and less reducible iron(l11) species,
including iron(I11) colloids, are favored at the longer incu-
bation times, while the initial products of iron mixing with
fulvic are more easily reduced.

3. The rates of thermal reduction are faster and the apparent
rate constants are higher at pH 6.0 than at pH 8.0. Conse-
quently, the amount of iron(ll) remaining in solution after
~50 h of incubation a pH 6.0 (3-19%, depending on
conditions) is 10-fold higher than at pH 8.0 (0.7-1.1%). This
pH effect is due to both changes in the rate constants for
thermal reduction and in the amount of reducible iron(l11)—
fulvic acid complexes.

4. lonic strength affects the overall thermal reduction rate
significantly but indirectly, through the iron(I1) oxidation
and iron(l11) colloid formation reactions. lonic strength does
not directly affect the thermal reduction rate constants.

5. Theredox state of the iron at the time of mixing with fulvic
acid affects the iron speciation for periods up to the limits of
this study (~50-60 h). This indicates that in a typical
diurna cycle, the therma period following exposure to
sunlight is not long enough to reach steady state with respect
to iron redox state and complexation.
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