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Abstract
Groundwater contamination due to improper waste disposal and storage is a
significant source of water pollution both nationally and globally. In a search for
alternatives to current groundwater treatment strategies, which are often prohibitively
expensive and ineffective, researchers are investigating the potential use of naturally
existing iron minerals to mitigate contaminants through reduction reactions. We
investigated the reduction of ferrihydrite, a common ferric iron mineral, in an effort to
determine the effects of solution and redox conditions on secondary mineralization
product formation. Using an electrochemical batch reactor, we created an experimental
method that mimics microbial reduction. We varied of ferrihydrite concentration,
electrochemical mediator concentration, and applied potential to determine the effect on
the transformation of ferrihydrite. Using this method, we collected data for mediator
concentrations of 20, 100, and 200 μM with iron additions of 10 and 20 mg at EH=-0.16V
vs SHE. We then chose the combination of 100μM mediator and 10mg Fe and collected
data at EH= -0.21V and -0.26V vs SHE. In all cases only a fraction of structural Fe3+ in
ferrihydrite added to the cell was reduced, and only a fraction of this reduction resulted in
Fe2+ ions in solution. As we increased mediator concentration, electrons transferred
increased, and Fe2+ in solution initially increased then decreased. Ferrihydrite and Fe3+
oxide in the residual solids decreased with increasing mediator concentration, and
increasing amounts of magnetite was seen for the 10mg Fe trials while magnetite and
goethite was found in the 20mg Fe trials. As we decreased electric potential we found an
increase in electrons transferred and Fe2+ in solution. Also, the solids contained less

ferrihydrite and Fe3+ oxide and increasing magnetite as potential decreased. This
experimental model can be used for further studies on ferrihydrite, other iron oxides, and
other mineral reductions.
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Chapter 1
Background and Introduction
1.1 Need for research
Water is one of our most precious resources, and we must prevent and mitigate its
contamination. In 2004, the Environmental Protection Agency estimated that over
300,000 contaminated sites exist, which will cost over 200 billion dollars to remediate(1).
Current remediation strategies, such as the popular “pump and treat”, are cost intensive
and often ineffective. Researchers are searching for alternative approaches to these
traditional strategies. One approach attempts to use natural occurring mineral phases of
iron to address water contamination issues.

1.2 Iron Redox Cycle
Iron, the fourth most abundant element in the earths crust, is present throughout soils and
sediments. It exists commonly in the +2 and +3 oxidation states and is redox active
under environmentally significant conditions.
𝐹𝑒 3+ + 𝑒 − ↔ 𝐹𝑒 2+
The reduction of iron minerals is facilitated by microbial respiration common in aquatic
environments. This cycle can be explained in the following figure.

Figure 1. Biogeochemical cycling of iron. Iron is biotically reduced and then available to donate
electrons to environmental contaminants.

In this redox cycle bacteria existing in the environment use Fe3+ as a terminal electron
acceptor, in a manner similar to the way humans use O2. Fe2+ produced by the reduction
of iron minerals containing Fe3+, can in turn act as a reducing agent for the environmental
contaminants (2). Many environmental contaminants display different properties
depending on the oxidation state. For example, uranium is soluble and mobile as U6+, but
is insoluble and immobile as U4+(3). In another redox reaction perchloroethylene, a
known carcinogen, is reduced to ethane, which is significantly more benign (4). The iron
redox couple can facilitate this reduction of groundwater contaminants.

1.3 Purpose of Study
Iron minerals exist in many different forms in the environment and can exhibit very
different reactivities with contaminants, with observed reaction rates varying by several
orders of magnitude (5). Many studies have been conducted to investigate the reactivates
of these different minerals, but no work has been able to quantitatively predict the rates
and extents of these reactions. We aim to develop an experimental model to replicate the
biotic reduction of iron minerals. This work concentrates on ferrihydrite, a commonly
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occurring Fe3+ hydrate with low thermodynamic stability. We created and ran a
quantitative model that utilizes mediated electrochemical techniques to reduce
ferrihydrite while varying electrochemical mediator concentration, iron concentration,
and electric potential. This model replicates the bacterial reduction of ferrihydrite to
analyze the process and products of reduction.

1.4 Literature Review
Iron oxides exist in many different forms. These forms differ in elemental composition,
structure, and thermodynamic stability. One of the most common and least
thermodynamically stable forms is ferrihydrite. This oxide, commonly represented as
Fe(OH)3, is studied for its potential in targeted mineral cycling due to its high availability
and reactivity. Iron exists in its ferric (3+) state in ferrihydrite and can be reduced to its
ferrous (2+) state. This reduction is facilitated by the presence of ferrous ions in solution
and by iron reducing bacteria. Work is being done to investigate the effects of these
conditions on the reductive transformation.
While ferrihydrite is stable while under oxidizing conditions, the presence of
ferrous ions facilitate complete transformations in the time scale of days. (6) It has been
found that the concentration of Fe2+ determines the products of reduction. While this has
been shown, it is uncertain how specifically ion concentration effects this reaction. At
low concentrations of Fe2+ (<1mM), the primary product was goethite with lower levels
of magnetite found(7). At higher concentrations magnetite was found to be the only
product, with no discernable intermediate phases(7). The higher concentration also
facilitated a faster transformation of ferrihydrite. In contrast, with even higher

3

concentrations of Fe2+, goethite was found as the only product (8). These findings do not
form a clear reason as to the effect of Fe2+ ions on the transformation results. It was seen
that in all cases a higher concentration resulted in a faster transformation. This indicates
that the process is controlled by the ion concentration in bulk solution and not the
concentration of ions sorbed onto the mineral surface, as concentration of adsorbed Fe2+
were similar for all concentration of ions in solution(6-9). Knowing this, it seems that the
reaction is not simply a dissolution, recrystallization mechanism and the bulk of
ferrihydrite acts as more of a semiconductor with electron exchange between aqueous and
sorbed Fe2+ (10).
Reduction of ferrihydrite in natural waters is also performed by iron reducing
bacteria. These bacteria control a large portion of iron cycling in the environment. Work
has been done to investigate the products of this reduction reaction. In a column flow
trial it was found that in the presence of bacteria ferrihydrite was initially reduced to Fe2+,
while later forming other iron mineral (9). When Fe2+ concentrations were lower the
primary product was goethite while where concentrations were higher the primary result
was magnetite. The initial reduction rate decreased dramatically with the onset of
secondary mineral formation (9). This study did not provide clarity as to the effect of
solution condition such as Fe2+ concentration on reduction products.
While work has been done to investigate the reduction of ferrihydrite in the
presence of Fe2+ and/or iron reducing bacteria, there is no quantitative model that predicts
secondary mineralization results based on experimental conditions. Our work aims to fill
this gap. In an effort to control conditions we use a potentiostat to mimic iron reducing
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bacteria. We investigate the transformation while controlling the applied potential (EH),
pH, and concentration of reduction mediator.
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Chapter 2
Methods and Materials
2.1 Ferrihydrite synthesis and Characterization
Ferrihydrite was synthesized using the procedure taken from Iron Oxides in the
Laboratory (12). 40 grams of Fe(NO3)3-9H2O were dissolved in 500 mL of deionized
(DI) water. Then 330 mL of 1 Molar KOH was added to raise the pH of the solution to a
value between 7 and 8. The last 20 mL of KOH was added drop by drop while constantly
monitoring pH to ensure the pH did not rise above 8. The solution was stirred vigorously
then centrifuged 3 times at 10,000 rpm to wash away any residual salts. After
centrifuging the solution was dried overnight using a vacuum pump freeze drier. The
solids were then taken into Nitrogen atmosphere glovebox and DI water was added to
create a solution suspension. The Fe concentration of this suspension was measured by
dissolution in HCl and measurement using the 1-10 phenanthroline method. The
ferrihydrite composition was confirmed by Mossbauer spectroscopy analysis.

2.2 pH Buffer Synthesis
A pH buffer was created to have concentrations of 25mM MOPS and 25mM KCL. One
liter of buffer was created by adding 5.233 grams of MOPS and 1.864 grams of KCL.
The pH of the solution was then raised to 7 by adding 3M KOH while monitoring the pH
level. This solution was then purged with Nitrogen gas for 2 hours to remove any oxygen
from solution and taken into the Nitrogen chamber.
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2.3 Electrochemistry
Electrochemical techniques are employed to gain insight into electron transfer reaction
thermodynamics and kinetics by manipulating electric potential or current. This data is
collected through the use of an electrochemical cell. Our cell is shown below.

Counter
Electrode

Reference
Electrode

Working
Electrode
Copper
Tape

Figure 2. Photograph of electrochemical cell used in our experiments. The glassy carbon
cylinder served as the working electrode and container for the solution. The larger glass cylinder
containing the metal coil was the counter electrode. The smaller glass cylinder was the Ag/AgCl
reference electrode. The copper tape enabled us to connect the working electrode to the
potentiostat.
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Dynamic electrochemical techniques require three electrodes to manage and record
solution conditions. Our experiments employed a technique known as
chronoamperometry, which sets a fixed electric potential for the cell and measures
current response. The WE, or working electrode, in our case the glassy carbon crucible,
sets an electric potential in reference to the reference electrode (RE). Our RE is a silver
wire in a silver chloride solution. This created the known redox couple :
𝐴𝑔𝐶𝑙 + 𝑒 − ↔ 𝐴𝑔 + 𝐶𝑙 −

𝐸 𝑜 = +0.22 𝑉

An electric potential is not an absolute measure and is only valid in reference to a known
value. Literature values for electric potentials are written versus the standard hydrogen
electrode, so we must account for the different reference value in our system. The
standard hydrogen electrode is based off of the following reaction
𝐻+ + 𝑒 − ↔

1
𝐻
2 2

𝐸 𝑜 = 0.00𝑉

Thus potentials in reference to silver/ silver chloride can be related to the standard
hydrogen electrode by the following relationship
𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 = 𝐸𝑆𝐻𝐸 − 0.22𝑉
The CE, or counter electrode, responds in direct opposition to the current response
observed in the cell to ensure a balance of electrons.

All experiments were conducted in a Nitrogen atmosphere chamber (MBRAUN
UnIlab) utilizing a platinum catalyst with oxygen levels lower than 1 ppm. An overhead
stirrer was used to reduce mass transport effects. Below is a picture of our experimental
setup.
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Overhead
Stirrer

Wires to
Potentiostat
Electrochemical
Cell

Figure 3. Photograph of our electrochemical reactor in the anoxic glovebox, connected to the
potentiostat and mixed with an overhead stirrer.

To set up the experiment 25 mL of the buffer solution was added to the cell. We
connected the electrode to our potentiostat, set the electric potential and began the
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experiment. The electrochemical analyzer software was set to the desired electric
potential with a 2 second time interval between data points, a 500,000s run length, and a
measurement sensitivity of 10-4 coulombs/second (c/s). After starting the electric
analyzer, and waiting until current dropped into the 10-7 c/s range, the desired amount of
mediator was added to the cell. This produced a current response. After once again
waiting until current to drop into the 10-7 c/s range, the desired amount of ferrihydrite
solution was added into the cell. After waiting again for current to plateau, the
experiment was stopped. Extent of electron transfer was measured using current
integration, Fe2+ in solution was measured using UV-vis spectroscopy, and iron solids
were analyzed using Mossbauer spectroscopy.

2.4 Current Integration
The rate and extent of reduction was analyzed using Igor Pro software. The
chronoamperometric data collected by the electrochemical cell was analyzed by first
subtracting background current, then integrating the current spikes produced from the
mediator and ferrihydrite addition. Current (Amperes) and time (seconds) were
multiplied to determine the total charge transferred.
𝐴𝑚𝑝𝑒𝑟𝑒𝑠 =

𝑐𝑜𝑢𝑙𝑜𝑚𝑏
𝑠𝑒𝑐𝑜𝑛𝑑

𝐴𝑚𝑝𝑒𝑟𝑒𝑠 ∗ 𝑠𝑒𝑐𝑜𝑛𝑑 = 𝐶𝑜𝑢𝑙𝑜𝑚𝑏

Coulomb * Faradays constant= moles of electrons

This data in Coulombs was then converted to moles of electrons transferred by
conversing using Faradays constant. (F= 9,6485 C/mol). The moles of electron
10

transferred during the mediator spike determined reduction of mediator and using the
Nernst equation confirms the electric potential set by the electrochemical analyzer. The
moles of electrons transferred during the ferrihydrite spike determined the extent of Fe
reduction.

2.5 Fe2+ analysis
Fe2+ in solution was analyzed using a U-Vis Spectrometer (Perkins Elmer Lambda 35).
The contents of the electrochemical cell were filtered in the nitrogen chamber. The
filtrate was the diluted to result in anticipated Fe2+ concentrations between 10-200uM.
This was achieved by adding x μL filtrate, 50μL 5M HCl, and (1000-x-50) μL DI water,
resulting in a 1.000 mL sample. The HCL was added to keep Fe2+ stable in the presence
of oxygen, and allowed for removal from the nitrogen chamber. After removal from the
chamber further dilution was achieved if necessary and Fe2+ content was measured using
the 1-10 phenanthroline method (12). 200μL of phenanthroline stock and then 200uL of
ammonium acetate buffer was added, the sample was mixed on a vortexer (VWR) and
stored in the dark for a minimum of 20 minutes to achieve maximum coloration.
Samples were then analyzed using the 510 nM absorbance function of the UV-Vis
spectrometer. Absorbance values were converted to Fe2+ concentration by comparison
with absorption results of Fe2+ standard solutions.
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2.6 Mossbauer Analysis

Figure 4. Photograph of our Mossbauer spectrometer.

Mossbauer analysis is recognized as the premier method in iron analysis. Iron oxidation
states and iron oxide identity can be determined in relative percentages through this
method. The technique employs gamma ray emission from a Cobalt-57 radioactive
source. This source is mounted on an oscillating platform that achieves velocities +12mm/s, which causes the gamma rays to exist in a range of energy levels owing to the
Doppler effect. These rays can be absorbed by Fe57, a naturally occurring iron isotope,
present in samples. This results in a spectrum that can be analyzed using the computer
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software Recoil using a VBF fit. This fitting determines the isomer shift, quadrapole
split, and hyperfine field of solids in a sample. The identity of the solids can be
determined using known values for different iron states.

The solids were removed from the batch solution during filtration and
characterized using Mossbauer Spectroscopy. The filter paper containing the solids was
placed in an aluminum sample holder and sealed with Kapton tape to prevent oxygen
intrusion. The sample was the removed from the Nitrogen chamber and run on the
Mossbauer Spectrometer at a temperature of 140K with a velocity range or +- 12 mm/s.
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Chapter 3
Results

3.1 Validation of Experimental Model
We first wanted to confirm the ability of our experimental method to model microbial
reduction of iron. To do so we wanted to prove that at sufficiently reducing conditions
we could reduce all of the structural Fe3+ in ferrihydrite to Fe2+ ions in solution. This
would be true if moles of Fe3+ initially added into the cell equaled the moles of electrons
transferred and moles of Fe2+ in final solution. We ran trials at strongly reducing
conditions with a high concentration of mediator and low ferryhidrite concentrations. By
adding a known amount of iron, integrating the current response, and measuring Fe2+ in
solution we were able to produce the desired result. We found that all of the Fe3+ added
was reduced to Fe2+ ions in solution. This confirmed that our experimental method could
analyze the reduction of iron in a reliable manner.

3.2 Electrochemistry
Experiments were run at mediator concentrations 20μM, 100μM and 200μM at a pH of 7
and EH=-0.16. For each mediator concentration, two trials were run with 10mg and 20mg
of Fe in solution by addition of Ferrihydrite. The combination of 100μM mediator and
10 mg Fe was also run at EH=-0.21 and -0.26. The extent of reduction was determined
by integrating the current response after the introduction of iron. Figure 1 shows the
current response for EH=-0.16, Fe=10mg, and a CMV concentration of 100μM.
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Figure 5. Current response versus time during electrochemical mediator and ferrihydrite spikes
(100μM CMV, 10mg Fe, EH= -0.16).

The first spike in current was due to addition of the electrochemical mediator into the
cell. The second spike was due to the addition of ferrihydrite. By integrating the area
under the curve, one can find the moles of electrons transferred. All other experimental
conditions produced a current response with similar characteristics but different values.
Graphs for these conditions can be found in Appendix A.

3.2.1 Data for Mediator and Ferrihydrite as Variable
The electrochemical data for the trials that varied mediator and ferrihydrite concentration,
along with Fe2+ concentration measurements found using the UV-Vis spectrometer are
summarized in Table 1.

15

Table 1. Electrochemical cell data for reduction trials at EH with varying CMV concentrations
(20μM, 100μM, 200μM) and ferrihydrite concentrations of 10 and 20 mg, including total iron
added, electrons transferred found through current integration, and Fe2+ measured in final
solution.

Mediator
Concentration
(uM)
20
100
200

Fe added (moles)

Electrons transferred
(moles)

Fe2+ in solution
(moles)

1.79e-04
3.58e-04
1.79e-04
3.58e-04
1.79e-04
3.58e-04

3.90e-05
4.57e-05
4.65e-05
6.03e-05
4.54e-05
6.447e-05

2.30 e-05
1.70e-05
2.35e-05
2.62e-05
1.65e-05
2.48e-05

This data is then represented in Figure 6.

Figure 6. Electrochemical cell data at EH= -0.16 with varying CMV concentrations (20μM,
100μM, 200μM) at ferrihydrite concentrations of 10 and 20mg, including total iron added,
electrons transferred found through current integration, and Fe2+ measured in final solution.
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Only a fraction of structural Fe3+ in ferrihydrite added to the cell was reduced to Fe2+.
The extent of reduction, quantified by moles of electrons transferred, was slightly higher
than the amount of Fe2+ in solution. This trend was expected and confirmed the
functioning of our experimental model. As moles of electrons transferred were greater
than Fe2+ concentration this means that the electron transfer caused solid phase reaction
products in addition to iron ions in solution. The rest of the electrons transferred must
have contributed towards a transformation of ferrihydrite to another iron oxide. The
identities of these oxides were determined by analysis of solids in the batch cell using
Mossbauer spectroscopy.

3.2.2 Data for Applied Potential as Variable
The electrochemical data for the trials that varied electric potential (EH= -0.16, -0.21, 0.26), along with Fe2+ concentration measurements found using the UV-Vis spectrometer
is summarized in Table 2. We varied the electric potential to determine the effect of
varying reducing conditions in the environment on secondary mineralization processes.

Table 2. Electrochemical cell data for 10mg Fe added and 100μM CMV with varied applied
potentials (EH= -0.26V, -0.21V, -0.16V), including total iron added, electrons transferred found
through current integration, and Fe2+ measured in final solution.

Electric Potential
vs SHE (V)
-0.16
-0.21
-0.26

Fe added (moles)
1.79e-04
1.79e-04
1.79e-04

Electrons transferred
(moles)
4.65e-05
5.89e-05
7.04e-05

Fe2+ in solution
(moles)
2.35e-05
3.85e-05
4.13e-05

This data is represented in Figure 7.
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Figure 7. Electrochemical cell data for varying applied potentials (EH= -0.26V, -0.21V, -0.16V).
Fe added was constant at 10mg and CMV concentration was constant at 100μM. Data for total
iron added, electrons transferred found through current integration, and Fe2+ measured in final
solution is shown.

Our electrochemical results for the trials that varied electric potential show increased
reduction with decreasing applied potential. This result is thermodynamically sound,
showing further reduction from Fe3+ to Fe2+. At lower applied potentials species are
more present in the reduced form. As we saw in the previous trials, only a fraction of
structural Fe3+ in ferrihydrite added to the cell was reduced to Fe2+, and only a fraction of
this reduction resulted in Fe2+ ions in solution. This again shows that the reduction of
ferrihydrite must have resulted in solid state products, not just reduction to Fe ions.
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3.3 Mossbauer Spectroscopy
As the extent of reduction exceeded Fe2+ ions in solution, we predicted that the additional
electron transfer resulted in solid state reduction products. The residual solid products in
the electrochemical cells were analyzed using Mossbauer spectroscopy.

3.3.1 Data for Mediator and Ferrihydrite as Variable
The fitting parameters for the trials varying mediator concentration and Fe added are
shown in Table 3. Iron phases were identified and assigned to our samples by matching
parameters for isomer shift, hyperfine field, and quadrapole split with known values.
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Table 3: Mossbauer parameters used for fitting of spectra and characterization of residual
solids from the trials at EH= -0.16 with varying CMV concentrations (20μM, 100μM, 200μM)
and total Fe added of 10mg and 20mg.

Mediator
Concentration
(μm)
20

100

Fe
added
(mg)
10

T
(K)
140

20

140

10

140

CS,
(mm/s)
0.47
0.50
0.49
0.47
0.39
0.36
0.54
0.46
0.43

QS,
(mm/s)
0.56
2.73
-0.11
0.54
6.16
-0.07
-0.11
0.65
3.25

H, T

Mineral

46.87
48.04
47.56
-

ferrihydrite
Fe3+ oxide
goethite
ferrihydrite
Fe3+ oxide
magnetite
goethite
ferrihydrite
Fe3+ oxide

RA
(%)
35.1
49.0
15.8
31.0
35.2
9.0
24.8
13.7
51.9

Oct,

200

20

140

10

140

0.36
0.63
0.47
0.45
0.50
0.40
0.47
-804.76

0.00
-0.03
0.58
0.374
-0.10
0.19
0.55
1611.28

50.55
47.65
47.33
48.84
-

Tet
Oct

3+.

Fe magnetite
Fe2.5+.magnetite
ferrihydrite
Fe3+ oxide
goethite
Fe oxide
ferrihydrite
Fe3+ oxide

8.6
25.8
13.7
61.9
22.0
2.4
4.3
36.4

Oct,

20

140

0.36
0.69
0.46
0.48
0.59
0.48

0.01
-0.02
0.58
2.21
-0.10
-0.03

50.65
47.93
46.92
48.04

Tet
Oct

3+.

Fe magnetite
Fe2.5+.magnetite
ferrihydrite
Fe3+ oxide
goethite
magnetite

22.0
37.2
19.9
33.2
26.4
9.0

These parameters are the quantitative data for the spectra shown in Figure 8.
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Figure 8. Mossbauer spectra of residual solids from the trials at EH= -0.16V vs SHE with
varying CMV concentrations (20μM, 100μM, 200μM) and total Fe added of 10mg and 20mg.
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As mediator concentration increased, we saw less remaining ferrihydrite in reduction
product solids for both iron concentrations. In all cases we found a Fe3+mineral that
increased in the solids as we increased CMV from 20um to 100um and then decreased at
200um. For the low iron concentration we found goethite at the lowest CMV
concentration and then two sextets for magnetite at the higher potentials. For all higher
iron concentration trials we found goethite and magnetite, except for at 100uM CMV
where we found a unidentifiable Fe oxide instead of magnetite.

3.3.2 Data for Electric Potential as Variable
The fitting parameters for the trials varying electric potential (EH= -0.16, -0.21, -0.26V)
are shown in Table 4.

Table 4: Mossbauer parameters used for fitting of spectra and characterization of residual
solids from the trials for varying applied potential (EH= -0.16, -0.21, -0,26V) with 10mg Fe
added and 100uM CMV.

Electric
Potential
(V)
-0.16

Mediator
Concentration
(μm)
100

T
(K)
140

CS,
(mm/s)
0.46
0.43

QS,
(mm/s)
0.65
3.25

H, T

Mineral

-

ferrihydrite
Fe3+ oxide

RA
(%)
13.7
51.9

Oct,

-0.21

100

140

0.36
0.63
0.50

0.00
-0.03
5.90

50.55
47.65
-

Tet
Oct

Fe3+.magnetite
Fe2.5+.magnetite
Fe3+ oxide

8.6
25.8
25.2

Oct,

0.36
0.67

-0.01
-0.03

50.17
47.53

Oct

3+.

Fe magnetite
Fe2.5+.magnetite

23.9
50.9

Oct,

100
-0.16

Tet

140

0.38
0.71

0.01
-0.03

49.87
47.23

Tet
Oct

3+.

Fe magnetite
Fe2.5+.magnetite

36.6
63.4
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These parameters are the quantitative data for the spectra shown in Figure 9.

Figure 9. Mossbauer spectra of residual solids from the trials for varying applied potential
(EH= -0.16, -0.21, -0,26V) with 10mg Fe added and 100μM CMV.
We found stoichiometric magnetite, represented in the two sextets, at all three potentials.
The original ferrihydrite remained only at the highest potential, and the Fe3+ mineral
decreased as potential decreased, until none remained at the lowest potential.
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Chapter 4
Discussion and Conclusion
Our control experiments validated our experimental model, and successfully mimicked
the microbial reduction of ferrihydrite. No abnormality was found when comparing Fe
added to electrons transferred and Fe2+ in solution. We found that total Fe exceeded
electrons transferred, which exceeded Fe2+ in solution for all trials. If this had not been
observed, there would have been an error in our experimental model. We then tried to
analyze the effects of ferrihydrite concentration, electrochemical mediator concentration,
and electric potential on the reduction trials.

Our first set of trials varied the concentration of mediator at two separate
ferrihydrite concentrations. At the lower ferrihydrite concentration (Fe=10mg), electrons
transferred increased from the low to middle CMV concentration, but then leveled out,
actually decreasing slightly at the high concentration. The Fe2+ concentration in the
solution increased slightly from low to mid CMV concentration but then decreased
significantly for the highest concentration. The Mossbauer analysis found less remaining
ferrihydrite as CMV concentration increased. The Fe3+ oxide found initially slightly
increased, then decreased significantly at the highest concentration. As mediator
concentration increased we found increasing amounts of magnetite.

At the higher ferrihydrite concentration, (Fe= 20mg) we found similar trends for
the electrochemical data. We then found the solids to contain less ferrihydrite as CMV
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concentration increased, with increasing amounts of goethite and magnetite. The Fe3+
oxide increased then decreased with increasing CMV concentration

Our second set of trails varied electric potential while keeping ferrihydrite and
CMV concentration constant. As electric potential decreased, the amount of electrons
transferred increased, and Fe2+ in solution increased. The solids showed deceasing
amounts of ferrihydrite and Fe3+ with and increasing amounts of magnetite as electric
potential decreased.

Our findings gave initial insight into the kinetics of this reduction reaction.
Increasing the concentration of mediator increased both the rate and extent of reduction.
A greater amount of electrons were transferred in a shorter amount of time. Decreasing
the potential increased extent of reduction but this reduction occurred in a similar time
interval. Thus it seems that mediator concentration has a greater impact on reduction rate
while electric potential determines extent of reduction. Mediator concentration increases
the speed of the reaction by increasing mass transport while electric potential increases
the extent by influencing the thermodynamics.

Analysis of the reaction products allowed us to gain further insight to the reaction
and comparison with earlier work. In the mediator trials, at the lower iron concentration,
the products were increasingly magnetite as mediator concentration increased. At the
higher concentration of iron, products were magnetite and goethite as mediator
concentration increased. This transition to magnetite is consistent with the literature
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finding of ferrihydrite changing to magnetite with high Fe2+ concentrations. Goethite
may still be present at the higher iron concentration because of the influence of greater
amounts of residual ferrihydrite when compared to Fe2+ concentrations. At lower electric
potentials, the products moved towards completely magnetite. This is concurrent with
that hypothesis, as there were greater levels of Fe2+ in solution and no ferrihydrite.
Further analysis of the solids can be done at a later date with lower temperature
Mossbuaer spectroscopy.

With these results and future work we will be able to predict what minerals form
under different environmental conditions. At the low iron loading, higher mediator
concentrations, which can be though of as a higher concentration of microbes, resulted in
the formation magnetite. At the high iron loading, higher mediator concentrations
resulted in the formation of magnetite and goethite. We then found that under more
reducing conditions, magnetite is only product formed. This can allow us to predict the
minerals formed in the subsurface with varying iron and microbial levels. Proper
prediction of what iron minerals are present, can determine the reactivity of iron products
with environmental contaminants, allowing for targeted remediation efforts (5).

Further work into iron oxide reduction experiments can now be carried out with
this electrochemical reduction model. We are able to vary the parameters to a greater
degree while introducing other variables such as mixing, initial Fe2+ in solution, initial
iron oxide, and others. This will allow us to further our ability to predict the products of
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iron oxides in different environmental conditions in an effort to remediate environmental
contaminants through managed redox chemistry.
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Appendix A: Electrochemical Data
10mg Fe
20 μM CMV

100μM CMV
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200μM CMV

20mg Fe
20μm CMV
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100μM CMV

200μM CMV
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Vary Potential
EH= -0.16V

EH= -0.21V
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EH= -0.26V
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