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Abstract 201 

The mixed and variable valence of iron in magnetite (Fe(III)tet[Fe(II),Fe(III)]octO4
2− ) give this 202 

mineral unique properties that make it an important participant in redox reactions in 203 

environmental systems, but the variability in its stoichiometry and other physical properties 204 

complicates the determination of its effective redox potential. To address this challenge, a robust 205 

method was developed to prepare working electrodes with mineral powders of diverse 206 

characteristics and agarose-stabilized pore waters of controlled composition. This second-207 

generation powder-disk electrode (PDEv2) methodology was used to characterize the 208 

electrochemical properties of magnetite samples from a wide variety of sources (lab-synthesized, 209 

commercial, and magnetically separated from environmental samples) using a sequence of 210 

complementary potentiometric methods: chronopotentiometry (CP), linear polarization resistance 211 

(LPR), electrochemical impedance spectroscopy (EIS), and then linear sweep voltammetry 212 

(LSV). The passive method CP gave open-circuit potentials (EOC) and the active method LPR 213 

gave corrosion potentials (E0,LPR) that agree closely with each other, but vary over a wide range 214 

for the magnetite samples tested (ca. 520 mV, from −267 to +253 mV vs SHE). The active 215 

method LSV gave values of E0,LSV that become increasingly more negative than EOC for the 216 

samples with more positive potentials (by up to 189 mV). This effect is consistent with the 217 

cathodic polarization applied at the beginning of the LSV scan and suggests there is convergence 218 

of substoichiometric magnetites to the potential of stoichiometric magnetite after polarization. 219 

By all methods, lab-synthesized magnetites gave more negative potentials and smaller 220 

polarization resistances (Rp) than magnetite from commercial sources or magnetic-separation of 221 

environmental samples. This is consistent with the common notion that freshly synthesized 222 

minerals are more reactive, but clear correlations were not found between the measured redox 223 

potentials and surface area, iron stoichiometry, or magnetic susceptibility. All the measured 224 

potentials for magnetite fall in a range between calculated thermodynamic values for redox 225 

couples involving relevant iron species, which is consistent with the measured values being 226 

mixed potentials. The wide range in effective redox potential of magnetite is likely to influence 227 

its role in biogeochemistry and contaminant fate. 228 

Reproduced with permission from ACS Earth Space Chem. 2019, 3, 5, 688–699. Copyright 2019 229 

American Chemical Society. https://pubs.acs.org/doi/10.1021/acsearthspacechem.8b00200230 

https://pubs.acs.org/doi/10.1021/acsearthspacechem.8b00200


 

 

Chapter 1: Background 

While Fe(III) oxides are the most ubiquitous iron minerals in critical zone environments,1, 2 

mixed-valent iron oxides containing Fe(II) and Fe(III)—including magnetite and green rust—are 

of special interest.3 Magnetite (FeIIFeIII
2O4) is the most stable mixed-valent iron oxide, and it is 

abundant in ferrigenous rocks, soils, and sediments.4 Magnetite also plays important roles in 

corrosion of ferrous metals (making up much of the passive film on metallic iron surfaces), 

magnetic storage/recording media,5-7 biology (e.g., in magnetotaxis),8 medicine as a contrast 

agent in MRI imaging9 and in cationic liposomes for drug delivery,10, 11 nanotechnology (e.g., for 

functionalization of carbon nanotubes),12, 13 and catalysis (e.g., synthesis of ammonia in the 

Haber-Bosch process).14, 15 In all of these contexts, magnetite is a characteristically stable phase, 

but it participates as a conductor and/or electron donor in a variety of environmentally important 

redox processes such as corrosion of iron,16, 17 metabolism by iron bacteria,18-20 and abiotic 

reduction of contaminants.21-27  

Among common environmental minerals, magnetite has the smallest band gap,28 the 

highest conductivity,29 and the lowest reduction potential.3, 4 The conductivity of magnetite stems 

from the mixed-valence of iron in the mineral, which has an inverse spinel structure with Fe3+ in 

the tetrahedral sites and Fe2+ and Fe3+ in the octahedral sites (cartoon depiction in Figure 1). 

However, Mossbauer spectroscopy has shown that electrons from Fe2+ and Fe3+ in the octahedral 

sites delocalize, giving each iron atom a net charge of +2.5.30, 31 Stoichiometric magnetite has a 

Fe2+/Fe3+ ratio (x) equal to 0.5, but magnetite from the environment is commonly 

substoichiometric (x < 0.5) because Fe2+ is oxidized by dissolved or atmospheric O2 and 

microbial respiration.32-34 Other elements can replace the Fe2+ or Fe3+ in the magnetite structure, 

including magnesium, zinc, and nickel.29 Among these dopants, TiIV is the most common 

impurity in natural magnetite, where it preferentially replaces Fe3+, which results in magnetite 

that is superstoichiometric (x > 0.5).23, 35 These differences in magnetite stoichiometry are 

expected to influence its properties related to material electronic structure, including magnetic 

susceptibility, conductivity, and redox potential.21 Determining the appropriate redox potential to 

describe magnetite in biogeochemical systems is complicated by its irregular particle size, shape, 

and composition (e.g., doping); surface modifications by adsorption and weathering; and direct 

and/or mediated intraparticle interactions. 
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Figure 1. Cartoon representation of magnetite structure. Large blue spheres represent oxygen, 

teal spheres are in the tetrahedral position and are all Fe3+, bright green spheres are in the 

octahedral position and are a combination of Fe2+ and Fe3+ (1:1 in stoichiometric magnetite). 

Theoretical redox potentials for pure mineral phases can be calculated from 

thermodynamics,36, 37 but the effective redox potential of natural materials is affected by other 

factors and therefore must be measured.38 The redox potential of mineral samples can be 

measured by indirect methods, such as chemical reactivity probes (CRPs) with 

spectrophotometric detection39 and electron-transfer mediators with potentiometric detection40 or 

directly by using working electrodes prepared from the mineral samples.30, 34, 41, 42 Electrodes 

made from polished bulk natural magnetite have been used to study open circuit potential,30, 34 

polarization resistance, and dissolution rate,30, 41, 43 oxidation/reduction products,30 and the effect 

of applied potential and electrolyte composition on surface stoichiometry.34 Electrodes made by 

depositing (mostly) magnetite passive layers directly onto iron or steel rods have been used to 

study the effects of redox activity and coating integrity on corrosion processes.44, 45 Composite 

magnetite electrodes, made with mixtures of magnetite and a conductive binder like graphite 

paste or carbon black, have been used to study the electrodissolution of magnetite,42, 43, 46 and the 

capacitive behavior of magnetite in aqueous electrolytes.47   
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Additional methods have been used to study the electrochemisty of particulate materials 

other than magnetite, ranging from thin films of fine particles spin-coated onto disk electrodes to 

porous beds of coarse particles packed into columns.48-50 In order to characterize intact nano- to 

micro-sized zerovalent iron (ZVI)—without grinding, polishing, sintering, etc.—we developed a 

“powder disk electrode” (PDEv1) wherein ZVI samples could be dry-packed into a millimeter-

sized cavity in a cap covering a conventional rotating disk electrode.51, 52 Electrochemical 

methods have been used with PDEv1 to characterize many aspects of the reactivity of granular 

ZVI, including the effects of electrode design and operational factors,51 solution chemistry on the 

passive film,53, nano-scale effects,52, 54 aging and stability of zerovalent iron nanoparticles 

(nZVI),54, 55 sulfidation of nZVI,56, 57 effect of organic coatings,58 and deposition of nZVI as a 

surface coating.59 A much more limited amount of work has been done using PDEv1 to 

characterize iron minerals, mostly for control experiments to compare with ZVI,52, 59 and just one 

study included PDEv1 measurements to characterize the redox properties of granular 

magnetite.21 

Despite the success of prior work using PDEv1, the method has several limitations, 

including: (i) the material must pack well enough to stay in the cavity by compression alone, 

which precludes studying coarse materials, and (ii) packing dry particles into the PDEv1 and 

then immersing them into electrolyte results in unknown and possibly variable amounts of the 

pore space becoming filled with fluid. While we have not found that these limitations 

significantly complicate the interpretation of results, filling the pore space with a stabilizing fluid 

of controlled composition should make the electrode performance more robust and open up 

additional experimental opportunities, such as studying coarse particles, effects of pore solution 

chemistry, in situ deposition of secondary phases, etc. For this study, a modified method 

(PDEv2) was developed that involves packing the electrode with a wet slurry of the sample 

particles in a fluid composed of aqueous electrolyte and a non-reactive polymer to cause 

gelation. Agarose was chosen as the stabilizing polymer, based—in part—on a previously 

published method for making and studying model soil aggregates.60 The PDEv2 method, which 

is first described here, produces a stable electrode that is able to withstand rotation up to 2000 

rpm, pore fluid chemistry controlled by the recipe used to prepare the agarose, and an easily 

retrievable “puck” for further characterization after the completion of electrochemical 

experiments (Figure 2E).  
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The unique features of PDEv2 should eventually allow electrochemical characterization 

of biogeochemical redox processes at mineral-water interfaces, including the adsorption of Fe2+, 

precipitation of iron oxides (or sulfides), mediation of electron transfer by shuttle compounds, 

long-range electron transfer via interparticle interactions, etc. However, the results reported in 

this study are limited to initial characterization of PDEv2 response using a relatively stable iron 

oxide (magnetite), simple solution chemistry (borate buffer), and a range of common 

potentiometric and voltammetric electrochemical methods. The results are used to address two 

process-level objectives: (i) clarification of the relationship between various definitions of 

“effective redox potential” and their application to (suspended, porous, or packed) particulate 

materials, and (ii) the relationship between redox potential of minerals and their impurities, 

particle size, surface coatings, etc. With respect to (i), this work appears to be the first systematic 

comparison of direct electrochemical methods for measuring redox potentials of mineral (and 

other material) powders, and demonstrates the diagnostic value of comparing passive and active 

potential measurement methods. With respect to (ii), the wide range of magnetite samples 

characterized, bracketed with data on more reduced and oxidized iron-based materials (i.e., Fe0 

and Fe2O3, respectively), provides a unique perspective on the sources of variability in these 

measured values, which allows identification of significant differences (e.g., due to passivating 

surface coating formed in the environment) and indeterminant variability due to sample 

heterogeneity, etc. One of the most significant differences observed was between relatively fresh 

magnetite synthesized in the laboratory and relatively-aged magnetite either purchased as 

chemical reagents or magnetically separated from sediment. While these differences in electrode 

potential measurements should be indicative of the material’s reactivity, it was not possible to 

resolve the measured mixed potentials into the contributions of specific interfacial redox 

reactions. 

  



5 

Chapter 2: Experimental Section 

2.1 Electrochemical system 

Experiments were performed in a three-electrode cell, using 100 mL of 0.1875 M borate buffer 

at pH 8.4 (mainly for consistency with our prior work using PDEv1 and ZVI). The cell was 

sparged with N2 throughout the experiment, at a flow rate of approximately 0.5 L/min. The 

working electrode was based on a ChangeDisk electrode from Pine Research Instrumentation 

(Durham), with a customized steel and Teflon-lined disk cavity (Figure 2A), which was filled 

with sample as described below and further in the supporting information. The Ag/AgCl (4M 

KCl) reference electrode and Pt coil wire (approximate surface area 4.7 cm2) counter electrode 

were also from Pine. A steel and aluminum foil Faraday cage was used to minimize electronic 

noise. (Figure 2B) Experiments were run and data collected/analyzed with an Autolab 

PGSTAT30 potentiostat from Metrohm, running Nova 1.10 software.  

 

Figure 2. Configuration of the electrochemical cell used in this study. (A) Schematic of the PDE 

tip. (B) Photograph of the cell within the Faraday cage. (C) PDE surface, cut flat with a razor 

blade. (D) PDE surface left convex. (E) Recovered disk after experiment. 
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2.2 Custom working electrode 

A variety of working electrode configurations and assembly protocols were investigated before 

settling on the method used in the study. Some of the preliminary results obtained during the 

development process are included in Appendix A. The powder disk electrodes (PDEs) were 

made by filling the cavity with the material of interest by suspending the sample in 1.5 to 2 wt% 

agarose gel (Fisher Agarose Low Melting, BP1360) made with the same buffer used in the cell. 

Agarose with a low melting temperature was used to avoid having to expose the samples to 

temperatures greater than 50ºC. The suspension was pipetted into the well of the ChangeDisk 

RDE tip (to slightly overfill the 30 μL cavity), and the tip was centrifuged for 15 minutes at 3200 

rpm to ensure the sample was well-packed and had good connection to the steel shaft at the base 

of the well. After the primary centrifugation step, the surface was cleaned of debris and 

resurfaced with a thin layer of agarose gel to create a smooth, slightly convex interface with the 

electrolyte (Figure 2D).  

2.3 Magnetite samples 

A summary of all the magnetite samples used in this study—with standard materials properties 

and references to prior work with each material (when available)—is given in Table 1 of 

Appendix B. Three commercially-sourced samples of magnetite were chosen as reference 

materials because they are readily available and have been characterized in prior studies: micron-

sized magnetite powder from Bayferrox/Lanxess (Cologne) and nano and micron magnetite 

powders from Sigma-Aldrich (St. Louis). Several samples prepared with a (sub)stoichiometric 

ratio of Fe2+/Fe3+ were obtained from M. Scherer’s laboratory at the University of Iowa (Iowa 

City). Magnetite samples provided by C. Pearce (Pacific Northwest National Laboratory, 

Richland, WA) had been magnetically separated from sediment at the Hanford nuclear plant in 

Washington State, and samples from M. Villalobos lab (National Autonomous University of 

Mexico) had been isolated from iron ore deposits at the Pena Colorada mine in Mexico. 

Additional magnetically separated magnetite samples were obtained from a commercial supplier 

(Prospector’s Choice, Surprise, AZ). We also magnetically separated magnetite from sediment 

samples collected from several locations in the Willamette river (Oregon) that had been dried 
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and size-fractioned. Maghemite (Fe2O3) from Alfa Aesar (Heysham), reference iron samples, and 

electrodes made with agarose alone were included for comparison. 

2.4 Electrochemical experiments 

The PDE was placed in the electrochemical cell containing 0.1875 M borate buffer (pH 8.4) as 

electrolyte and chronopotentiometry (CP, 0 A applied current) was performed by monitoring the 

open circuit potential (EOC) while rotating the electrode at 2000 rpm. In early studies, CP was 

performed for 60 minutes and the EOC at that time was recorded, but this period was extended to 

14 hr (or more) in order to ensure that the electrodes had reached a consistent degree of 

equilibration. After CP, linear polarization resistance (LPR) was performed by measuring current 

(i) while applying a potential sweep—at a scan rate of 1 mV/s—from 10 mV below to 10 mV 

above the last recorded EOC. LPR was repeated at least once, separated by 10-60 min of CP, to 

verify sample stability. After CP and LPR measurements,  electrochemical impedance 

spectroscopy (EIS) was performed using a 10mV amplitude excitation signal over a range of 

frequencies from 10 kHz to 10 mHz. Finally, linear sweep voltammetry (LSV) was performed by 

applying potentials from 200 mV below to 200 mV above the last measured EOC, at a scan rate of 

1 mV/s. All potentials were measured versus Ag/AgCl reference electrodes, but are reported 

versus the standard hydrogen electrode (SHE). All polarization resistance (RP) and corrosion 

current (iCOR) values were normalized to the geometric surface area of the exposed disk. More 

discussion on the use of surface area for normalization of data obtained with porous electrodes 

can be found in Appendix A. 

2.5 Non-electrochemical characterization 

To determine magnetite stoichiometry,61-64 approximately 15 mg of sample was dissolved in 1 

mL of HCl; commercial and collaborator-synthesized magnetite was dissolved in 5 M HCl, while 

magnetically separated samples required 12 M HCl for complete dissolution. The samples in acid 

were stored in an anaerobic glove box and were sampled by diluting 5 μL aliquots in 1 mL of 1 

M HCl (Fe2+) or 1 mL of 1.4 M hydroxylamine hydrochloride in DI water (Total Fe). The diluted 

samples were removed from the glovebox and further diluted into 1.5 mL cuvettes containing DI 

water, then 0.5 mM ferrozine in 0.5 M sodium acetate buffer was added. The ferrozine binds 

with the Fe2+ in solution to produce a magenta color with a maximum absorbance at 562 nm. 

Using a calibration curve, the total Fe and Fe2+ concentrations were determined and the Fe3+ 
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content of the original sample was calculated to determine the sample’s Fe2+:Fe3+ ratio. Sampling 

was done in triplicate with at least one replicate preparation. 

To verify the commercial and magnetically separated samples were primarily magnetite, 

X-ray diffraction (XRD) analysis was performed using a Rigaku MiniFlex600 X-ray 

diffractometer with 40 kW/15 mA radiation (Willamette river samples used 40 kW/44 mA 

radiation). Diffraction patterns were collected over a range of 10 to 80º of 2Ɵ, using a step size 

of 0.04º and time per step of 0.5 s. The three samples that had not been previously characterized 

in other literature, magnetically separated magnetite from Prospector’s Choice and two size 

fractions of magnetite from Willamette river sediment, were also characterized by scanning 

electron microscopy with energy dispersive X-ray detection (SEM-EDS) using a Zeiss Sigma VP 

FE-SEM. 
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Chapter 3: Results and Discussion 

3.1 Chronopotentiometry (CP) 

After each freshly-prepared PDE was first immersed into electrolyte, EOC was recorded for up to 

17 hours. Representative examples of this chronopotentiometric data (Figure 3A) show that EOC 

became relatively stable (drift < 5 mV/hr) after about 3 hr of equilibration. EOC was monitored 

until drift was < 2 mV/hr. No evidence for other changes—such as Flade potentials (also called 

passivation potentials) due to passive film breakdown53—were seen with any of the materials 

studied. Averages of the final values of EOC across replicate measurements (subsamples of the 

same material in independently prepared PDEs) shows the expected overall trend of increasingly 

positive EOC with magnetites that are less pure and/or more oxidized (Figure 3B). ZVI samples 

(presumably with a largely magnetite outer coating)52, 54, 65, 66 had the lowest measured EOC, 

while the laboratory synthesized magnetites that had been stored in an anaerobic chamber gave 

EOC values that ranged from −267 mV for (nearly)stoichiometric magnetites to +159 mV for 

substoichiometric magnetites. Reagent grade magnetite that was purchased commercially (and 

not stored anaerobically) and magnetite that was magnetically separated from river sediments 

both gave measured values of EOC that were similar to maghemite (Figure 3A,B).  

 

Figure 3. Representative potential measurements using PDEs: (A) EOC by CP during the first 12 

hr, (B) Average EOC (passive), E0,LPR (active), and E0,LSV (active) values with standard deviations, 

and (C) Polarization by LSV at the end of each experiment shown in (A). Current in (C) was 

normalized to the geometric surface area of the exposed disk. 
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The error bars on the average values of EOC (final) in Figure 3B reflect variability in all 

the data for each material type. The full set of data is summarized in Figure 4A (and tabulated in 

Table 2 in Appendix B), where the x-axis represents the material sample used to prepare the 

PDE, with categories of material distinguished by color and ordered by expected degree of 

oxidation. For most materials, replicate measurements agree to within about 50 mV, which is 

similar to the consistancy obtained in prior work using single crystal magnetite electrodes.30 In 

contrast, about one third of the samples included one or more final EOC values that differ by up to 

200 mV. This combination of generally consistent with occasional outlier measurements 

suggests one or more operational variables in the PDEv2 protocol are not well controlled. One 

possibility is inconsistency in the quantity of sample contained in the PDE cavity, but no 

relationship was seen between EOC and the mass of sample material recovered from the PDE 

(Figure 4B). A second possibility is oxygen intrusion into the electrochemical cell, which is 

difficult to avoid completely even with continuous sparging with N2.59 While the PDE was 

prepared in an anaerobic chamber, electrochemical measurements were made on the benchtop 

and the sample material may have been exposed to varying amounts of oxygen during the 

transition. A third possible source of variability could be heterogeneity of the samples, both 

particle to particle and in the surface coating of the particles. To better understand the source and 

significance of the variability in EOC measured passively by CP, these data are compared to 

potentials measured using the active methods introduced below. 
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Figure 4. (A) Final EOC measured by CP for each sample used in this study, showing the 

variability in redox potential over all samples. (B) Final EOC measured by CP and divided by the 

mass of the recovered disk. Each marker represents a new electrode preparation. X-axis gives 

sample ID numbers that correlate with those listed in Tables 1, 2, 3, and 4 in Appendix B. 
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3.2 Linear Polarization Resistance (LPR) 

After the passively measured EOC was judged to be sufficiently stable (drift <2 mV/hr), the active 

but presumably nondestructive technique of LPR was performed by measuring current (i) while 

polarizing the electrode over a narrow potential range (±10 mV) relative to the last measured 

EOC. Under these conditions, the response of current versus potential was linear and the data was 

fit by linear regression (example data and analysis is shown in Figure 5) to obtain the potential 

at i = 0 (E0,LPR). Figure 6A shows that E0,LPR by the active method LPR agreed very well with 

EOC obtained by the passive method CP. The strong correlation between EOC and E0,LPR confirms 

that the potential applied during LPR did not significantly alter the samples, the individual 

methods contributed negligible indeterminant error, and there was no systematic bias between 

the two methods. The distribution of the different classes of samples along the correlation in 

Figure 6A demonstrates that the overall trend in potentials is ZVI < stoichiometric synthesized 

magnetite < substoichiometric synthesized magnetite < extensively aged or weathered 

magnetite/maghemite. However, within each class of materials there is considerable variability 

in potentials (ca. 200 mV) and across all the magnetite samples tested that range in potentials 

was quite large (~500 mV).  

The slope obtained by regression on the current vs potential data from LPR was used to 

calculate the polarization resistance (RP,LPR) of the electrode and sample. Plotting these data 

versus sample ID number (Figure 7) shows a pattern similar to that seen in the EOC data (Figure 

4A), and a (semi-log) plot of RP,LPR versus EOC gives an overall correlation that appears to be 

significant (Figure 6C). However, this correlation is defined by clusters formed by the categories 

of materials, and does not seem to apply to the data within individual clusters. This result 

suggests that the main factor controlling RP is bulk material type, which differs from the usual 

intepretation of RP for a conventional electrode, where it reflects mainly the resistance to current 

flow across the electrode/electrolyte interface.67 Before interpreting this result further, it is 

necessary to determine if RP determined by LPR is as free of indeterminant error as the potential 

measurments. This is done in sections 3.3 and 3.4 by comparing RP,LPR to RP determined by EIS 

and LSV. 
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Figure 5. Example raw data with LPR analysis: (A) Magnetite synthesized by collaborators (x = 

0.49), (B) Bayferrox magnetite. 

  

A 

B 
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Figure 6. Comparison of redox potentials determined by different techniques and the 

relationship between redox potential and polarization resistance: (A) Active (y-axis) vs passive 

(x-axis) measurements of the redox potential, separated by sample type. (B) Polarization 

resistance (RP,LPR) determined by LPR plotted against EOC. 

  



15 

 

Figure 7. Polarization resistance (RP,LPR) measured during first (A) and second (B) LPR for each 

sample used in this study, data normalized to the geometric surface area of the exposed disk. 

Each marker represents a new electrode preparation.  

  



16 

3.3 Electrochemical Impedance Spectroscopy (EIS) 

As with LPR, EIS uses a perturbing signal of ±10 mV that is not expected to change the sample. 

This alternating potential was applied to the sample at varying frequencies (from 10 kHz to 10 

mHz) and the resulting current signal was monitored to determine impedance (the ratio of 

potential to current) and phase shift (the lag of the current signal wave behind the applied 

potential wave). To aid in the analysis of the EIS data, an Equivalent Circuit Model (ECM) was 

selected. The ECM chosen for our cell configuration is shown in Figure 8 and includes a resistor 

representing the resistance of the electrolyte and electrical connections of the potentiostat (RS), a 

resistor representing how easily charge can pass between the electrolyte and sample, or 

polarization resistance (R1), a Constant Phase Element (CPE) that represents the buildup of 

charge at the electrolyte/sample interface (CPE1), and a CPE representing the diffusion of charge 

through the sample (CPE2). CPE impedance is dependent on frequency, values reported here 

were calculated at 1 kHz. Examples of the raw data and ECM fit are shown in Figure 9, and 

analysis results are tabulated in Table 4 of Appendix B. 

 

Figure 8. Equivalent Circuit Model chosen to analyze EIS data. 

The resistance of the electrolyte and connections was not expected to vary significantly 

over time and between sample preparations, and was typically in the range of 300-500 Ω. The 

full set of data is summarized in Figure 10A, normalized to the geometric area of the electrode, 

and tabulated in Table 4. As seen in the figure, all preparations of the Willamette River sample 

had resistance values that were orders of magnitude greater than all other samples. It is not clear  
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Figure 9. Example raw data showing ECM fit (red and blue lines) from EIS analysis: (A) 

Magnetite synthesized by collaborators (x = 0.49), (B) Bayferrox magnetite. 

B 

A 
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Figure 10. EIS/ECM determined values for (A) electrolyte resistance and (B) polarization 

resistance. 
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what caused this variation; possible causes include poor connectivity between the sample and the 

steel post at the base of the PDEv2 sample cavity, or a coating on the sample particles that is not 

accounted for in the ECM.  

The polarization resistance determined by ECM analysis (RP,EIS) was even more variable 

than that determined by LPR, and a significant portion of the magnetically separated samples had 

RP,EIS as low as some of the cast iron samples. Figure 11 shows that around half of the sample 

preparations had good agreement between RP,EIS and RP,EIS, a smaller portion was offset 

approximately an order of magnitude from the 1:1 line, and a cluster of the magnetically 

separated sample preparations were about 3 orders of magnitude lower. The pattern of iron 

samples < laboratory synthesized magnetite < commercial magnetite < magnetically separated 

magnetite seen in the CP and LPR data is absent in Figure 11.  

 

Figure 11. Polarization resistance determined by EIS and equivalent circuit analysis compared 

to polarization resistance determined by LPR, separated by (A) sample category and (B) 

specific sample. 

The impedance values calculated for CPE1 and CPE2 are summarized for all samples in 

Figure 12. The outlier behavior of the Willamette River sample seen in the electrolyte resistance 

(Figure 10A) continues with the impedance of CPE1 in Figure 12A. On average, the laboratory-

synthesized magnetite samples had the lowest CPE1 impedance, followed by the iron and 

commercial magnetite samples, and finally the magnetically-separated magnetite samples with 

the greatest impedance, on average. As CPE1 is thought to reflect the buildup of charge at the 

interface between the particles and the electrolyte, greater impedance could be an indication of a 

rougher surface that builds up more charge. However, plotting this value against the sample’s 
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Figure 12. Constant Phase Element values calculated at 1 kHz, (A) CPE1 (B) CPE2. 
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total surface area (Figure 13) does not show a convincing correlation. Impedance of CPE2 

(Figure 12B) was similar in magnitude to that of CPE1, with the Willamette River samples once 

again having the greatest impedance. Interestingly, the commercial magnetite samples also had 

greater CPE2 impedance on average than the other sample types. Further analysis of the CPE 

elements will be performed in the next section, as their impedance values are plotted against 

parameters determined by Linear Sweep Voltammetry. 

 

Figure 13. Impedance of CPE1 (before normalization by surface area) versus surface area 

(determined by multiplying the mass of the recovered dried sample disk by the sample’s specific 

surface area, usually determined in lab by BET analysis), separated by (A) sample category and 

(B) specific sample. 
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3.4 Linear Sweep Voltammetry (LSV) 

In contrast to LPR and EIS, the range of applied potentials used for LSV (from 200 mV below to 

200 mV above the last measured EOC) is large enough to significantly alter the sample, therefore 

it was applied at the end of the sequence of electrochemical methods used in this study. The 

LSVs shown in Figure 3C are representative of results obtained with the samples tested in this 

study and are typical of materials that exhibit reductive dissolution followed by oxidative 

passivation during cathodic to anodic polarization (including iron and iron oxides52, 68). The 

sharp peaks in Figure 3C occur at the potential where the net current switched from positive to 

negative (E0,LSV), which should be equivalent to the potential represented by EOC and E0,LPR. 

However, careful comparison of the three types of potentials in Figure 3 suggests that the values 

from LSV tend to be lower than those obtained by CP or LPR. 

The relationship between E0,LSV (obtained from the LSV data where i = 0) and potentials 

determined by the non-destructive methods of CP and LPR is illustrated for EOC in Figure 14A. 

In contrast to the strong 1:1 agreement between EOC and E0,LPR, the data for E0,LSV show a 

deviation that becomes increasingly negative as the potentials become more positive. This 

deviation is the expected result of cathodic polarization of the electrode during the initial portion 

of the LSV scan (which was started at −200 mV and held for 5 s, then scanned anodically at 1 

mV/s), but the size of this effect and its relationship to other properties of the electrode materials 

is of interest. To explore this further, we calculated the difference in potential due to polarization 

(ΔELSV/OC = E0,LSV − EOC) and plotted it vs. EOC in Figure 14C. The overall trend in this figure 

shows that more oxidized magnetites are more susceptible to reduction, and additional 

experiments (not shown) confirmed that this effect becomes larger when polarization was 

performed at more negative potentials. The magnitude of ΔE probably reflects both bulk (e.g., 

stoichiometry) and surface characteristics (e.g., polarizability) of the material, both of which are 

discussed further below. Very similar results and identical conclusions would be obtained by 

comparing E0,LSV with E0,LPR, instead of EOC, so only the comparison to EOC is shown. 

The LSVs obtained on each sample were further analyzed by linear regression on i vs E 

at ±10 mV vs. E0,LSV (analogous to the method used on LPR data) and Tafel analysis (example 

raw data with Tafel slope fitting is shown in Figure 15). The linear regression method gave 

resistivity (RP,R) from the slope, and these data are summarized in Table 2 of Appendix B for all 

samples. Conventional Tafel analysis involves fitting the anodic and cathodic forms of the 
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Figure 14. (A) Active (y-axis) vs passive (x-axis) measurements of the redox potential, 

separated by sample type. (C) The difference in potential (E0,LSV minus EOC) vs EOC. 

Butler-Volmer equation to linear regions just below and above EOC on log absolute current vs 

applied potential plots, 69-72 but many datasets do not show well-defined linear regions, so Tafel 

analysis is often criticized for being subjective. 73, 74 The data obtained in this study with PDEs 

were not well suited for Tafel analysis (e.g., Figure 3C, Figure 15), but application of additional 

criteria (e.g., that βa and βc should be less than 1 V/decade) resulted in a set of Tafel fits that 

seemed consistent within each LSV and across all the samples analyzed. The anodic and 

cathodic Tafel slopes (βa and βc), iCOR (Figure 18A) determined from the intersection of the two 

slopes at E0,LSV, and Equations 1 and 2 were used to calculate RP,T. 
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Figure 15. Example raw LSV data with Tafel analysis: (A) Magnetite synthesized by 

collaborators (x = 0.49), (B) Bayferrox magnetite.  

A 

B 
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The resulting values of RP,T (Figure 16A, Table 3) are validated by the strong 1:1 correlation 

between RP,T and RP,R, which is shown in Figure 16A.  

 

Figure 16. (A,B) Polarization resistance determined by Tafel analysis plotted against 

polarization resistance determined by the regression of the i vs E curve ±10 mV vs. E0,LSV. (C,D) 

Comparison of corrosion current calculated from the potential shift and polarization resistance to 

the corrosion current determined by Tafel analysis. 

While Tafel slopes for simple corroding materials typically are in the range of 10’s to 

100’s of mV/decade,75 the values of βa and βc obtained in this study with magnetite PDEs ranged 
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from 14 up to 946 mV/decade (Table 3 in Appendix B). Previous work that applied Tafel 

analysis to LSV data from electrodes made from freshly polished, bulk natural magnetite also 

noted a large range for anodic Tafel slopes (293-562 mV/decade), which the authors interpreted 

as evidence for transformation to oxidized surface phases.30 Our previous work using packed 

powder disk electrodes (PDEv1) made of granular ZVI gave Tafel slopes in the range of 260-300 

mV/decade, and we concluded that this range should be typical of porous and/or relatively 

resistive electrode materials.56 The very wide overall range of Tafel slopes obtained in this study 

is consistent with the wide range of materials included in the scope as well as the non-ideal Tafel 

behavior of these materials, and non-ideal electrode characteristics of PDEs (compared with 

conventional polished disks). 

The Rp values we calculated from the Tafel analysis agree well with the values 

determined by regression analysis (Figure 16A) and increase with the expected degree of 

oxidation, from an average RP,T of 8.1 kΩ·cm2 for ZVI to 1.5 MΩ·cm2 for maghemite (Figure 

18B). As expected from eq 1, the associated iCOR values show the opposite trend, with an average 

iCOR of 38 nA·cm−2 for magnetically separated magnetite to 33 μA·cm−2 for collaborator-

synthesized magnetite (Figure 18A). Inspection of Figure 18 shows that there is roughly twice 

as much scatter in the data from the collaborator-synthesized magnetites as there is for the 

commercial or magnetically-separated magnetites. This pattern might reflect differences in the 

composition of the surface passivation layers of these two groups: (i) the commercial and 

magnetically separated magnetite samples likely were highly passivated due to extended 

exposure to atmospheric oxygen, and this would cause all the sample coatings to converge to the 

most stable composition; whereas (ii) the collaborator-synthesized magnetites should be 

minimally passivated because they were stored anaerobically and only briefly exposed to oxygen 

during transfer of the electrode from the glove box to the electrochemical cell, so small 

variations in exposure during this period might produce large differences in their less-well 

established passivation layers. 

To compare with the corrosion current data we obtained from the Tafel analysis (iCOR), 

we also calculated corrosion current (iCALC) with Ohm’s law (I = E/R) using the observed shift in 

potential due to polarization (ΔELSV/OC) and the resistance obtained from regression analysis of 

the LSV data (RP,R). The resulting values of iCALC are given in Table 2 and the correlation 
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between iCALC and iCOR is shown in Figure 16C. This correlation shows significant scatter and 

deviation from the 1:1 line, in contrast to the very tight 1:1 correlations between E (Figure 6A) 

and RP (Figure 16A) obtained by complementary methods. If a significant portion of this scatter 

is indeterminant error, it must come from the difference in potential (ΔELSV/OC) used to obtain 

iCALC, because Figure 16A shows there is negligible uncertainty in RP,T and RP,R. Instead, it is 

likely that the scatter and deviation from 1:1 slope in Figure 16B simply reflect the lack of a 

direct relationship between RP and β.  

One notable feature of Figure 16 is the overlap between RP and iCOR for synthesized 

magnetite vs. ZVI, which even results in some synthesized magnetites having lower RP and 

higher iCOR than ZVI. This relationship contrasts with the potential measurements (Figure 6A 

and Figure 14A), which show a wide separation between the ZVI samples and the magnetite 

synthesized by collaborators. An implication of this unexpected result is that synthesized 

magnetite could be more reactive than ZVI with some solutes under some conditions (since RP 

and iCOR are related to ease of interfacial electron transfer76, 77). 

To further compare parameters determined by complementary methods, the CPE 

impedance determined by EIS is plotted against iCOR in Figure 17. Although the scale is skewed 

by the outlier data points, the expected trend of higher impedance correlating with lower current 

can be seen for both CPE1 and CPE2.  
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Figure 17. Constant phase element impedance values at 1 kHz compared to corrosion current. 

(A,B) CPE1, (C,D) CPE2. 
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Figure 18. (A) corrosion current determined by Tafel analysis (B) polarization resistance 

determined by Tafel analysis 
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3.5 Non-electrochemical characterization 

To advance the interpretation of the electrochemical results described above, additional 

characterizations were performed on the material’s structure and composition. A variety of 

characterization methods can be useful for this purpose, as exemplified by prior studies on redox 

properties of nZVI,52 iron oxides,78 green rust,79, 80 clays,81 etc. In this study, we used just two 

bulk characterization methods: (i) XRD to verify that the magnetically-separated material from 

river sediments was magnetite, and (ii) acid-digestion followed by colorimetric determination of 

ferrous and total iron to determine stoichiometric ratio (x). A few other physical properties 

(particle size and specific surface area) were determined and are summarized in Table 1 of 

Appendix B, but more advanced characterization methods were left for future work. 

The XRD analyses (Figure 24, Appendix B) confirmed that all samples—including the 

commercial and magnetically separated materials, but excluding ZVI—were predominately of 

the magnetite family (including magnetite, maghemite, and magnetite substituted with titanium 

or magnesium for Fe3+ because these closely-related phases can not be distinguished reliably by 

XRD82-84). The three samples that had not been previously characterized at all were analyzed by 

SEM and EDS (Figure 25-Figure 27, Appendix B). The SEMs showed that the Prospector’s 

Choice sample was relatively diverse in grain size and shape, but the two samples from the 

Willamette River were notably uniform in morphology. Overall, the particles were blocky with 

irregular facets suggesting crystal faces, which is consistent with weathered detrital magnetite in 

other studies,22, 85-87 and somewhat different than laboratory synthesized magnetite, which tends 

to feature a more regular and stable crystalline [111] structure.88, 89 EDS performed on randomly-

selected spots gave the elemental compositions tabulated in Part B of Figure 25-Figure 27 and 

summarized in Figure 28 (Appendix B). The EDS data show that (i) the amount of iron near the 

surface varied greatly (1-82%) between spots (faces), (ii) oxygen varied much less (9-52%), and 

(iii) the third most variable element was Ti (0-32%). The magnetically separated material from 

Prospector’s Choice showed very little Ti content, and the non-magnetite impurities appeared to 

be mostly aluminosilicates. Both size fractions of magnetically separated material from local 

Willamette river sediment had significant Ti content along with Si and Al.  

At the outset of this study, it was hypothesized the Fe/Fe stoichiometry (x) would be a 

controlling factor in the electrochemical properties of magnetite, so we measured x by a acid 

digestion and colorimetric method that was optimized and validated in previous work.61-64 In that 
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work, it was determined that this protocol gave results comparable to Moessbauer spectroscopy, 

despite being based on very different procedures and principles; and none of the samples used in 

this work came from sulfidic conditions.90 One advantage of the protocol used here is that the 

digestion process gave some qualitative indications of sample purity. So, while the commercially 

purchased and collaborator synthesized magnetites dissolved fully and readily in 5 M HCl, the 

Bayferrox magnetite left a fluffy black residue that was unaffected by a magnet. Previous studies 

have noted the impurity of Bayferrox magnetite, and suggested it was mostly SiO2 and Al2O3 (< 

3%), based on XRD analysis,91 but other studies using this material have ignored its impurity.39, 

92 For most of the magnetically-separated samples, 12 M HCl was needed to dissolve all the 

magnet-responsive material, after which there was a small residue of undigested white sandy 

material. This includes the sample Villalobos 948, although the “extra grind” of this sample 

(Villalobos “948-fine”) left a fluffy black residue which is more similar to the result seen with 

the Bayferrox sample.  

Since the residues that could not be dissolved presumably were not iron minerals, this 

material should not bias the determination of x, and control experiment (not shown) indicated 

that the method was accurate and precise. The resulting stoichiometries measured on of all 

magnetite samples studied are documented in Table 2 of Appendix B, and summarized in Figure 

19. The error bars in Figure 19 result from three or more fully independent measurements on 

each sample (unless otherwise noted), and suggest an overall relative standard deviation of about 

6%, which is small compared with the total range of measured x values. Figure 19 also includes 

the data for x that were available from other sources (red squares), and they are consistent with 

the new data (blue circles), except for one outlier (Pearce: Sandy Fine). The outlier may or may 

not be spurious because it also fits the overall trend of new x values being lower than old values, 

which is the expected result of aging and/or oxidation over significant time periods. The highest 

values of x are for the magnetically-separated materials (Peña Colorada mine and Willamette 

river), with the former presumably representing naturally pure, stoichiometric magnetite without 

significant aging and the latter being Ti-enriched magnetite (Figure 25-Figure 27) from 

relatively reducing environmental conditions. Most of lowest values of x are from the 

commercial magnetite samples suggesting they were more oxidized than any of the magnetically 

separated materials. This is consistent with oxidation during aerobic storage, which might have 
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been accelerated by their relatively small particle size (all samples with even smaller particle size 

were stored anaerobically. 

 

Figure 19. Stoichiometry determined by acid dissolution of samples, error bars are standard 

deviation of averaged multiple preparations. Y-axis is sorted by measured stoichiometry. 

Using the measured values of x for each sample (Table 2) and corresponding values of 

the various electrochemical properties (Table 2 and Table 3) an extensive correlation analysis 

was performed (Figure 20). While no combination of properties produced an overall correlation 

indicative of the hypothesized structure-property relationship, the data form well-defined clusters 

based on material category. One consistent pattern in the distribution of these clusters is that the 

commerically-purchased and magnetically-seperated samples give similar values of EOC, 

ΔELSV/OC, RP,R, and iCOR (regardless of x), whereas the samples synthesized by collaborators 

generally cluster at higher or lower values. This difference is unsurprising because freshly 
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precipitated minerals often are found to differ from aged minerals,93, 94 but the specific factor(s) 

responsible for the effect in this case are unclear. 

 

Figure 20. Correlation analysis of measured magnetite stoichiometry (x) vs (A) EOC, (B) 

ΔELSV/OC, (C) RP,R, (D) iCORR. 
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Chapter 4: Conclusions  

Redox reactions at mineral-water interfaces are among the most interesting chemical 

processes that occur in aquatic environmental systems, primarily because of their importance in 

soils, sediments, aquifers, rivers, lakes, and water treatment systems, but secondarily because 

they are challenging to study and understand.95 A major aspect of this challenge is the 

measurement and interpretation of redox potentials, especially those that apply to the mineral-

water interface in environmental systems that are heterogeneous and dynamic. For such complex 

systems, measured redox potentials are necessary, which can be easy to implement but difficult 

to interpret. Many aspects of this dilemma are illustrated by a recent study of redox potentials 

measured with Pt working electrodes in suspensions of fine-grained iron and iron oxides.59 One 

broadly-significant conclusion from that study is that such measurements are mixed potentials 

that reflect not only specific redox couples, but also the influence of much less well-defined 

factors such as particle (dis)aggregation and deposition onto the electrode surface.  

The approach taken in this study eliminates the complications caused by colloidal 

materials by consolidating the analyte material into a uniformly packed bed working electrode. 

Although the response of this electrode could be complicated by other factors (e.g., 

discontinuities at interparticle interfaces and gradients in pore water chemistry), the conditions 

used in this study appear to have produced electrodes with response that is dominated by the 

original sample material. The resulting apparent potentials are mixed potentials in that they 

reflect the overall bulk and interfacial composition of the material, but the relative contribution 

of each redox couple is not known. To clarify this, we calculated formal potentials for relevant 

redox couples using thermodynamic data from the literature and solution conditions for our 

experiments (Table 5) and compared them to the potentials we measured for each sample in 

Figure 21.  

As expected for a mixed potential, the calculated potentials bracket the measured 

potentials, but the aged magnetite samples (commercially-purchased and magnetically separated) 

align near or above the redox couples involving magnetite that have the most positive calculated 

potentials (e.g., α-FeOOH/Fe3O4). This suggests the measured mixed potentials are dominated by 

these redox couples and not the more commonly invoked half-reactions like Fe3O4/Fe2+. Another 
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Figure 21. Passive (Open Circuit Potential) and Active (Linear Sweep Voltammetry) measured 

potentials for all samples in study; error bars are standard deviation of averaged multiple 

preparations. EH at pH 8.4 for relevant redox couples are plotted for comparison, original values 

and calculated values can be found in Table 5. 

possibly is that the mixed potential is shifted to more positive values by half-reactions not 

represented here, but all of the likely candidates (e.g., those involving dissolved oxygen) should 

be negligible. An additional consideration is that one-electron half-reactions (red lines in Figure 

21) generally have higher exchange currents than multi-electron half-reactions,96, 97 and therefore 

are likely to dominate the measured mixed potential, which is consistent with the alignment of 

calculated and measured values in Figure 21.  

The thermodynamic potentials in Figure 21 were calculated assuming the dissolved Fe2+ 

concentration was 10−7 M (Table 5), which was selected based on side experiments measuring 

the release of Fe2+ from Bayferrox magnetite (data not shown). Exploratory experiments 
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performed early in this study showed little effect of adding Fe2+ to the electrolyte, so all the 

measurements reported here were performed without added Fe2+. This leaves only dissolution of 

the sample materials during the electrochemical measurements as a source of dissolved Fe2+, and 

this is expected to be minimal under the conditions of the experiments reported here. 

Nevertheless, some (re)adsorption of Fe2+ is inevitable, especially because (i) our system is 

buffered at pH 8.4, which is in the pH range where magnetite has a significant affinity for Fe2+,98 

and (ii) it is more favorable for Fe2+ that becomes oxidized at the iron oxide surface to add to the 

existing lattice rather than form new colloidal material such as amorphous ferrihydrite.78, 99, 100 

The fate of Fe2+ that adsorbs to iron oxides has been the subject of many recent studies,101-104 and 

future work using the PDEv2 might contribute to this subject (e.g., by preparing electrodes with 

different initial concentration of Fe2+ in the pore-space), but this was not included within the 

scope of the current study.  

A unique aspect of the experiments reported here is the quantification of how much 

magnetite potential shifts upon polarization (ΔELSV/OC), and this effect may provide insight into 

how the redox properties of minerals vary with mineral composition. For example, even though 

the 2-electron reduction of maghemite to magnetite should not produce sufficient exchange 

current to directly influence EOC, cathodic polarization of the electrode will make this reaction 

more favorable, which could account for some of the negative shift in ELSV/OC upon polarization 

of the commercial and magnetically separated magnetite electrodes. Other researchers have 

reported similar effects of cathodic polarization,105 and attributed it to the reduction of unstable 

oxide layers106 or partial/total removal of a passive surface film.107 Alternatively, the cathodic 

polarization effect could be an artifact of disrupted charging current during polarization,108 but 

our ability to use this value to approximate the corrosion current (iCALC) favors the interpretation 

of this effect in terms of interfacial redox processes involving iron oxides. In future work, 

measurements of ΔELSV/OC could be compared with other approaches to quantifying the electron 

accepting capacities of reducing materials,109 and this might provide further insight into the role 

of iron oxides in buffering electron donor/acceptor processes in biogeochemical systems.  

The practical motivation for this work was originally focused on developing relationships 

that could predict contaminant reduction from reducing material properties (i.e., quantitative 

property-activity relationships, or QPARs). For this, quantitative descriptors are needed for the 

reducing materials, and a powerful source of such descriptor data might be electrochemical 
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measurements made using PDEs made from these materials. A preliminary test of this approach 

using reduction of nitrobenzene as the contaminant reaction yielded promising correlations,21 but 

subsequent efforts raised fundamental questions about how the PDE electrode response relates to 

material structure (e.g., EOC vs. x), and what electrochemical properties might be most predictive 

of contaminant reduction rates (e.g., EOC or iCOR). Other studies have shown good correlations 

between (i) magnetite stoichiometry (x) and the kinetics of nitrobenzene reduction89, 110 or UVI 

reduction,111 (ii) between redox potentials of mineral suspensions determined potentiometrically 

with electron-transfer mediators and nitrobenzene reduction rates,37 and (iii) between redox 

potentials of various iron mineral suspensions determined spectrophotometrically with chemical 

redox probes (CRPs) and the rates of contaminant nitro reduction and dechlorination.39 However, 

this study shows that freshly synthesized magnetite can have lower E and RP with higher iCOR (all 

of which suggest faster reduction of contaminants), even when prepared with low stoichiometry 

(which would suggest slower contaminant reduction rates). The overall implication of this 

inconsistency is that predicting contaminant reduction rates from mineral properties is likely to 

require more sophisticated models, perhaps including multiple descriptors (e.g., to account for 

thermodynamic, kinetics, and capacity factors) and/or more holistic characterization of dynamic 

system characteristics (like the “reactive mineral intermediate” phases implicated in several 

recent studies112, 113). 
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Appendix A: Method details and development 

Electrochemical Cell and iR Drop. The electrochemical cell was enclosed in a Faraday cage 

(Figure 2B), covered with a lid wrapped in aluminum foil. Both materials exhibited low 

resistance (approximately 100 mΩ) when tested with a multimeter. The cage was grounded to the 

potentiostat. The Faraday cage was shown to reduce noise in polarization experiments with low 

current output, and therefore was used throughout all experiments. 

The current output was low for most electrode preparations (< 10 μA), so there was no 

need to compensate for an iR drop or to use a Luggin capillary.1 The iR drop for each electrode 

preparation was calculated by multiplying the solution resistance (from impedance spectroscopy 

measurements, not shown) by the maximum current durring LSV polarization (usually the 

starting current). Electrodes made from commercially purchased magnetite, magnetically 

separated magnetite, maghemite, and the agarose control all had iR drops that were less than 1 

mV. The iron electrodes had iR drops of 1 to 9 mV. Electrodes made from the magnetite 

synthesized by collaborators had iR drops that were always less than 5 mV with 3 exceptions: an 

x = 0.45, x = 0.49, and x = 0.39 had iR drops of 18, 21, and 25 mV, respectively.

 

Figure 22. iR drop calculated from solution resistance determined by EIS multiplied by the 

maximum current observed during LSV. 
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Method Development: Agarose Binder. Preliminary electrode preparations used GenePure LE 

agarose from BioExpress, but we switched to an agarose with a lower melting temperature 

(Fisher BP1360) to avoid exposing the samples to temperatures greater than 50 ºC. Dry agarose 

and sample powder (by weight, the agarose to sample ratio was 1:100) were mixed with the 

electrolyte, brought to a boil on a hot plate, and allowed to cool on the benchtop. This slurry was 

reheated on a hot plate, vortexed for 1 minute to suspend sample, and pipetted into the well of 

the PDE. In an effort to minimize the amount of agarose used in the electrode, early experiments 

used 0.25 to 1.0 wt% agarose in electrolyte. After multiple electrode failures, the agarose 

concentration was raised to 1.5 wt%, and finally to 2.0 wt% in order to stabilize heavier, more 

granular powders. Agarose gel was prepared with the same electrolyte used in the cell (0.1875 M 

borate buffer at pH 8.4) to ensure equilibration. The final protocol for suspending the sample in 

gel was to make large batches of gel in advance for consistency and then adding a few drops of 

the gel to about 200 mg of sample powder in a microcentrifuge tube. This slurry was vortexed 

and used within 48 hours. 

Method Development: Packing the Electrode. Preliminary experiments used electrodes made 

by pipetting the sample slurry into the well of the PDE, then letting the electrode rest on the 

benchtop for approximately 10 minutes to allow the agarose to solidify. We used impedance 

spectroscopy (not shown) to compare electrodes and found negligible differences between disks 

made using this method and disks of agarose alone, so a new protocol for “packing” the 

electrode by centrifugation was established. The agarose gel-stabilized PDE was packed by 

centrifugation using two different methods: (i) An extension made of shrink-wrap tubing was 

added to the disk cavity, allowing it to be overfilled with the sample slurry prior to centrifugation 

for 15 minutes at 3200 rpm, after which the extension was removed and the excess material was 

cut away, leaving the packed material surface flush with the Teflon sheath (Figure 2C). A drop 

of agarose was added to this surface and the electrode was centrifuged again to smooth this 

interface with the electrolyte. (ii) The disk cavity was filled without an extension; the packed 

material after centrifuging did not reach the surface of the Teflon sheath. The empty space was 

filled with agarose gel and the electrode was centrifuged again (Figure 2D). We found that the 

second method gave less noisy impedance spectroscopy data (not included in this study), 

presumably due to rotation of a smoother surface.  
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Specific Surface Area (SSA) of most samples was measured by BET N2 gas adsorption, with a 

Micromeritics Gemini V Surface Area and Pore Size Analyzer, using the protocol developed in a 

previous study with iron oxides2. The results are included in Table 1. 

Surface Area Normalization. Electrochemical current and resistance data are usually reported 

as normalized to surface area, i.e. A·cm−2 or Ω·cm2. The surface area used for this calculation is 

usually the geometric area of the exposed disk surface.3-6 Because we are working with packed 

powder electrodes, it is clear that the exposed surface area could be greater than the geometric 

surface area of the packed-particle/electrolyte interface. A mass-based surface area was 

calculated by retrieving and drying the packed disk after characterization (Figure 2E), weighing 

the dried disk to get total mass (the mass from residual agarose is insignificant), and multiplying 

by the SSA (by BET on unused material) to obtain the total surface area of particles contained in 

the disk. This calculation assumes that the entire particle surface is exposed to electrolyte and 

electroactive, which should be an over estimate because some of the surface area will obstructed 

by contact between particles and between the particles and the confining walls of the electrode 

well. The expectation was that by using this normalization method, we would see replicate 

values consolidate and we would see greater separation between samples, and this approximation 

was expected to be more appropriate for our PDE than the external, geometric surface area used 

with conventional disk electrodes.  

All data was normalized and compared using both methods, an example of which is 

shown in Figure 23. The calculated mass-based surface area was tens to ten thousands of cm2, 

while the geometric surface area of the electrode was 0.196 cm2. Normalizing by the mass-based 

surface area resulted in unrealistically low current (and high resistance) values. Hence, the 

surface area normalized current data in Figure 23A show the agarose (grey) electrode gives far 

greater current because it can only be normalized by geometric surface area, the iron electrode 

(black) appears to have a significantly stronger current signal than the synthesized magnetite 

electrode (red), and the commercial (green) and magnetically separated (blue) magnetite have 

similar current values although there is clearly more noise in the commercial signal. In contrast, 

the surface area normalized current data in Figure 23B shows that the current signal for the 

agarose, synthesized magnetite, and iron samples were comparable. Noise increases with 

decreased signal strength, apparent in the low-current portions of both figures. Based on these 



50 

data, we chose to use the geometric normalization instead for two reasons: (i) the SSA value for 

a sample was often far greater than the value being measured, so error in the surface area 

estimate could obscure smaller differnces in the measured current, and (ii) using the geometric 

surface area resulted in values that were comparable to other published data for similar (non-

powder) material.7 

   

Figure 23. Comparison of applied potential vs resulting current normalized by two different 

measures of surface area. (A) Current normalized to the mass-based surface area of the 

packed disk. (B) Current normalized to the geometric surface area of the exposed disk. 
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Table 1. Summary of magnetite sample properties 3 

Name 
ID 

No. 
Material Category Supplier 

Supplier ID, 

Date 

Received 

Description 

Sieve + 

Particle 

Size 

SSA1 

(m2/g) 
Refs 

FisherFePowder 1 Electrolytic iron 
Fisher Scientific 

(Pittsburgh, PA) 

I-60 

4/2006 

Electrolytic Powder, >99% 

Fe 

>100 

mesh, 

0.2 μm 

0.083 8-10 

HepureCastFe 2 Cast iron 
Hepure 

(Flemington, NJ) 

HCA-150 

7/2011 
Cast Iron Powder Powder 1.5  

PeerlessCastFe 3 Cast iron 
Peerless 

(Detroit, MI) 

50D UDC 

8/2011 
Cast Iron Powder Powder 1.9  

JCX050Mag 4 

Magnetite 

synthesized by 

collaborators 

J. Culpepper,  

M. Scherer Lab,  

University of Iowa 

4/2016 
x = 0.50 (Labelled 

stoichiometry) 
Powder 652 11 

JCX048Mag 5 

Magnetite 

synthesized by 

collaborators 

J. Culpepper,  

M. Scherer Lab,  

University of Iowa 

4/2016 
x = 0.48 (Labelled 

stoichiometry) 
Powder 702 11 

JCX045Mag 6 

Magnetite 

synthesized by 

collaborators 

J. Culpepper,  

M. Scherer Lab,  

University of Iowa 

4/2016 
x = 0.45 (Labelled 

stoichiometry) 
Powder ~702 11 

JCX039Mag 7 

Magnetite 

synthesized by 

collaborators 

J. Culpepper,  

M. Scherer Lab,  

University of Iowa 

4/2016 
x = 0.39 (Labelled 

stoichiometry) 
Powder ~702 11 

JCX037Mag 8 

Magnetite 

synthesized by 

collaborators 

J. Culpepper,  

M. Scherer Lab,  

University of Iowa 

4/2016 
x = 0.37 (Labelled 

stoichiometry) 
Powder 752 11 
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StoiX049Mag 9 

Magnetite 

synthesized by 

collaborators 

C. Gorski,  

M. Scherer Lab,  

University of Iowa 

1/2010 
x = 0.49 (Labelled 

stoichiometry) 
Powder 862 12 

StoiX028Mag 10 

Magnetite 

synthesized by 

collaborators 

C. Gorski,  

M. Scherer Lab,  

University of Iowa 

1/2010 
x = 0.28 (Labelled 

stoichiometry) 
Powder 662 12 

Ald50nMag 11 

Commercially 

purchased 

magnetite 

Aldrich 

(St. Louis, MO) 

637106 

4/2014 
Magnetite powder, 97% 50-100 nm 9.0 

13, 

14 

Ald5uMag 12 

Commercially 

purchased 

magnetite 

Aldrich 

(St. Louis, MO) 

310069 

4/2014 
Magnetite powder, 95% <5 μm 6.8 

13, 

14 

BayMag 13 

Commercially 

purchased 

magnetite 

Bayferrox 

(Burgettstown, PA) 

318NM 

3/2014 
Magnetite powder, 97% 0.2 μm 12  

MagnetiteSand 14 
Magnetically 

separated magnetite 

Prospector’s Choice, 

(Surprise, AZ) 
5/2015 Magnetite black sand 20 mesh 1.8  

WKPP075Mag 15a 
Magnetically 

separated magnetite 

Sediment from 

Willamette River, 

Portland, OR 

7/2017 
Collected at Kelley Point 

Park, Portland 
75-147 μm 1.9  

WKPP147Mag 15b 
Magnetically 

separated magnetite 

Sediment from 

Willamette River, 

Portland, OR 

7/2017 
Collected at Kelley Point 

Park, Portland 

147-175 

μm 
2.0  

Vill3Mag 16 
Magnetically 

separated magnetite 

Mario Villalobos, Pena 

Colorada iron ore mine, 

Mexico 

2/2016 Sample 948 48 nm3 3.03 13, 

14 

Vill4Mag 17 
Magnetically 

separated magnetite 

Mario Villalobos, Pena 

Colorada iron ore mine, 

Mexico 

2/2016 Sample 948-fine 39 nm3 7.63 
13, 

14 

Vill5Mag 18 
Magnetically 

separated magnetite 

Mario Villalobos, Pena 

Colorada iron ore mine, 

Mexico 

2/2016 Sample 996 52 nm3 1.43 
13, 

14 

Vill6Mag 19 
Magnetically 

separated magnetite 

Mario Villalobos, Pena 

Colorada iron ore mine, 

Mexico 

2/2016 Sample 963 50 nm3 2.13 
13, 

14 
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Vill7Mag 20 
Magnetically 

separated magnetite 

Mario Villalobos, Pena 

Colorada iron ore mine, 

Mexico 

2/2016 Sample 910 50 nm3 1.43 
13, 

14 

CPSFMag 21 
Magnetically 

separated magnetite 

Carolyn Pearce, 

Hanford Formation 
9/2016 

“Sandy fine” sample from 

submarine burial site 
Fine sand 2.3 15 

CPSCMag 22 
Magnetically 

separated magnetite 

Carolyn Pearce, 

Hanford Formation 
9/2016 

“Sandy coarse” sample 

from submarine burial site 

Coarse 

sand 
~24 15 

CPERDFMag 23 
Magnetically 

separated magnetite 

Carolyn Pearce,  

Hanford Formation 
9/2016 

From Environmental 

Remediation and Disposal 

Facility excavation site 

Coarse 

sand 
~0.24 15 

AAMgh 24 Maghemite 
Alfa Aesar,  

Ward Hill, MA 

45007 

9/2015 
NanoArc synthesized 20-40 nm 37  

4 



 

 

Table 2. Summary of magnetite characterization results. 1 

Name ID 

No. 

EOC  

(V vs SHE) 

E0,LPR  

(V vs SHE) 

E0,LSV  

(V vs SHE) 

RP,LPR  

(kΩ·cm2) 

RP,R  

(kΩ·cm2) 

iCALC  

(nA·cm−2) 

Fe(II)/Fe(III)  

(fraction, x) 

Agarose 0 0.049±0.011 0.068±0.010 0.072±0.015 403±133 531±250 45.7±12.3 N/A 

FisherIron 1 −0.475±0.025 -0.475±0.026 −0.486±0.037 9.19±2.93 15.0±4.33 843±703 N/A 

HepureCastIron 2 −0.385±0.127 -0.387±0.127 −0.387±0.129 2.10±2.28 5.15±5.37 7630±10300 N/A 

PeerlessCastIron 3 −0.453±0.004 -0.456±0.004 −0.465±0.004 0.319±0.117 0.933±0.218 13700±4420 N/A 

JCX050Mag 4 −0.195±0.011 -0.196±0.011 −0.229±0.012 6.31±1.28 8.26±1.59 4220±1310 0.41±0.03 

JCX048Mag 5 −0.054±0.092 -0.055±0.093 −0.114±0.069 105±56.7 153±81.2 406±48.6 0.46±0.052 

JCX045Mag 6 −0.242±0.018 -0.243±0.018 −0.263±0.018 10.6±8.28 12.4±9.55 6870±10700 N/A 

JCX039Mag 7 −0.220±0.007 -0.221±0.007 −0.249±0.009 0.601±0.359 0.771±0.386 42400±16300 0.41±0.032 

JCX037Mag 8 −0.090±0.057 -0.090±0.059 −0.124±0.053 27.0±30.5 37.1±43.8 2750±2600 0.32±0.022 

StoiX049Mag 9 −0.038±0.126 -0.043±0.123 −0.127±0.091 19.9±21.9 34.9±41.9 12600±16600 N/A 

StoiX028Mag 10 0.004±0.134 0.000±0.132 −0.072±0.092 15.3±8.11 24.2±19.5 3810±1880 0.21±0.022 

Ald50nMag 11 0.204±0.013 0.204±0.015 0.129±0.008 681±127 1330±408 60.2±17.1 0.27±0.012 

Ald5uMag 12 0.083±0.089 0.082±0.089 −0.033±0.078 668±523 710±170 174±70.2 0.23±0.012 

BayMag 13 0.181±0.060 0.180±0.059 0.072±0.089 584±440 760±1040 902±1310 0.34±0.02 

MagnetiteSand 14 0.012±0.020 0.018±0.021 −0.072±0.012 567±216 926±211 92.1±14.0 0.39±0.04 

WKPP075Mag2 15a 0.175±0.008 0.182±0.014 −0.010±0.008 2510±1400 134±31.8 1420±332 0.64±N/A3 

WKPP147Mag2 15b 0.163±0.032 0.180±0.028 −0.023±0.036 2920±295 186±111 1230±762 0.65±0.052 

Vill3Mag 16 0.195±0.036 0.197±0.037 0.090±0.048 482±156 1380±549 91.6±49.4 0.48±0.01 

Vill4Mag 17 0.234±0.013 0.231±0.013 0.113±0.011 392±214 1120±756 173±132 0.46±0.02 

Vill5Mag 18 0.240±0.011 0.237±0.011 0.132±0.019 315±204 551±336 239±104 0.50±0.01 

Vill6Mag 19 0.225±0.014 0.223±0.015 0.126±0.026 368±85.8 772±162 131±17.9 0.51±0.02 

Vill7Mag 20 0.219±0.015 0.221±0.013 0.102±0.030 867±489 1750±624 73.7±29.7 0.51±0.01 

CPSFMag 21 0.181±0.031 0.182±0.026 0.054±0.042 686±331 1540±670 93.4±36.9 0.39±0.04 

CPSCMag2 22 0.228±0.027 0.224±0.025 0.125±0.014 573±160 1070±287 101±39.4 0.40±0.02 

CPERDFMag 23 0.204±0.026 0.207±0.027 0.071±0.011 1490±677 2210±660 65.0±25.0 0.42±0.04 

AAMgh 24 0.162±0.040 0.160±0.034 0.050±0.066 624±511 1310±692 114±81.0 N/A 

2 



 

 

Table 3. Summary of EIS analysis characterization.1 1 

Name 
ID 

No. 

RS  

(Ω·cm2) 

CPE1 (at 1 kHz)  

(Ω·cm2) 

RP  

(kΩ·cm2) 

CPE2 (at 1 kHz) 

(Ω·cm2) 

Agarose 0 73.7±13.7 11.2±4.1 555.2±280.3 410.3±308.1 

FisherIron 1 53.9±7.6 30.8±8.4 9.3±3.4 13.4±11.1 

HepureCastIron 2 22.6±8.5 26.7±13.9 2.6±3.0 16.9±22.3 

PeerlessCastIron 3 24.9±3.9 26.1±5.7 0.1±0.1 0.7±0.4 

JCX050Mag 4 67.7±3.0 10.5±3.3 5.6±1.4 13.8±9.1 

JCX048Mag 5 66.4±8.0 22.0±0.5 126.6±177.7 18.7±17.2 

JCX045Mag 6 53.2±4.3 14.7±4.2 8.5±8.3 38.2±37.4 

JCX039Mag 7 53.0±15.7 12.9±1.2 0.5±0.3 2.0±0.9 

JCX037Mag 8 59.5±14.1 19.0±7.0 21.3±25.5 145.3±182.0 

StoiX049Mag 9 43.6±5.7 27.4±19.4 0.5±0.2 14.0±11.3 

StoiX028Mag 10 56.4±4.7 14.7±4.5 1.9±2.3 55.1±59.7 

Ald50nMag 11 73.0±15.0 31.5±8.4 514.1±395.1 3.8e3±2.7e3 

Ald5uMag 12 57.0±10.1 25.3±12.8 147.8±113.4 1.8e3±3.3e3 

BayMag 13 70.6±19.4 20.0±4.5 351.0±700.0 3.1e3±6.2e3 

MagnetiteSand 14 74.5±18.5 61.3±8.9 0.1±0.1 18.4±1.1 

WKPP075Mag2 15a 93e3±8e3 266e3±52e3 113.2±13.8 47.4e3±7.7e3 

WKPP147Mag2 15b 94e3±50e3 161e3±121e3 55.1±45.5 28.5e3±13.1e3 

Vill3Mag 16 125.0±12.4 79.1±45.8 109.4±200.0 74.1±111.5 

Vill4Mag 17 87.5±8.2 24.5±3.4 18.4±14.0 243.0±75.9 

Vill5Mag 18 139.8±8.2 61.0±26.6 41.2±82.3 38.2±25.5 

Vill6Mag 19 112.9±5.6 305.6±450.6 51.4±102.7 20.5±1.4 

Vill7Mag 20 126.6±1.8 114.7±10.9 0.1±0.0 23.1±3.1 

CPSFMag 21 91.8±18.2 111.1±37.1 75.5±130.8 243.3±352.2 

CPSCMag2 22 67.8±7.8 78.9±53.0 103.2 509.7±536.6 

CPERDFMag 23 52.7±3.7 89.5±21.0 0.1±0.0 49.8±1.8 

AAMgh 24 75.7±32.9 23.4±1.0 117.0±37.1 583.4±418.2 

 2 

 
1 Values are averages ± 1 standard deviation from 3 or more replicates unless otherwise noted. 

2 n = 2. 
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Table 4. Summary of magnetite characterization Tafel fitting results.1 3 

Name 
ID 

No. 

βc  

(V/decade) 

βa  

(V/decade) 

RP,T  

(kΩ·cm2) 

iCOR (Tafel)  

(nA·cm−2) 

Agarose 0 0.195±0.078 0.316±0.079 533±221 103±38.1 

FisherIron 1 0.459±0.352 0.183±0.128 15.6±3.79 3590±2350 

HepureCastIron 2 0.092±0.058 0.087±0.021 5.12±5.42 8070±8560 

PeerlessCastIron 3 0.060±0.015 0.066±0.019 0.993±0.252 14300±4770 

JCX050Mag 4 0.654±0.183 0.303±0.025 8.37±1.53 11200±4080 

JCX048Mag 5 0.258±0.122 0.136±0.101 171±92.9 403±515 

JCX045Mag 6 0.480±0.105 0.348±0.070 12.9±10.0 37500±64100 

JCX039Mag 7 0.653±0.051 0.344±0.070 0.785±0.403 146000±63600 

JCX037Mag 8 0.547±0.127 0.245±0.034 38.4±45.9 6900±6790 

StoiX049Mag 9 0.486±.0202 0.168±0.178 33.9±41.3 36200±82200 

StoiX028Mag 10 0.437±0.172 0.134±0.045 24.0±19.2 3030±2310 

Ald50nMag 11 0.459±0.241 0.108±0.031 1210±295 34.4±20.5 

Ald5uMag 12 0.126±0.080 0.253±0.240 744±227 34.1±21.5 

BayMag 13 0.313±0.271 0.123±0.131 742±987 101±76.7 

MagnetiteSand 14 0.074±0.008 0.594±0.025 922±222 32.5±10.8 

WKPP075Mag2 15a 0.086±0.008 0.022±0.000 128±30.6 61.5±13.8 

WKPP147Mag2 15b 0.087±0.071 0.022±0.011 172±88.7 42.6±3.75 

Vill3Mag 16 0.468±0.239 0.095±0.021 1080±353 34.9±17.6 

Vill4Mag 17 0.344±0.079 0.079±0.010 938±597 45.6±35.8 

Vill5Mag 18 0.585±0.174 0.095±0.029 615±458 83.6±47.4 

Vill6Mag 19 0.396±0.275 0.094±0.030 707±85.9 45.4±20.0 

Vill7Mag 20 0.392±0.021 0.059±0.022 1950±750 14.1±11.3 

CPSFMag 21 0.292±0.105 0.054±0.016 1400±585 15.6±8.25 

CPSCMag2 22 0.529±0.081 0.084±0.004 1030±290 31.6±6.95 

CPERDFMag 23 0.387±0.108 0.051±0.008 3970±1910 5.57±2.21 

AAMgh 24 0.363±0.123 0.169±0.187 1470±855 50.6±67.9 

  4 

 
1 Values are ± 1 standard deviation from 3 or more replicates unless otherwise noted. 

2 n = 2. 



 

 

 1 

Figure 24. XRD Spectra overlay with magnetite reference standard. X-ray diffraction (XRD) analysis was performed using a Rigaku 2 

MiniFlex600 X-ray diffractometer with 40 kW/15 mA radiation (Willamette river samples used 40 kW/44 mA radiation). Diffraction 3 

patterns were collected over a range of 10 to 80º of 2Ɵ, using a step size of 0.04º and time per step of 0.5 s.4 



 

 

 1 

Figure 25. SEM-EDS Characterization of Prospector's Choice Sample. 2 

  3 

 1 2 3 4 5 6 7 8 9 10 

Fe 44.6 25.4 82.2 54.4 74.7 9.8 18.9 74.7 75.4 81.2 

O 24.6 36.2 15.9 29.3 22.2 43.7 28.7 19.4 20.5 8.5 

Si 14.5 22.3 0.9 8.9 1.6 22.9 25.7 2.8 1.9 3.2 

Al 12.2 14.4 0.7 5.7 1.3 16.4 14.3 2.4 1.8 2.3 

Ti 0.4  0.2   0.6 0.4 0.2 0.2 3.0 

Mg 2.0 0.7  0.9  4.0 5.3 0.2  0.4 

K 1.8 0.3  0.6  1.4 6.0   1.1 

Ca  0.8  0.2  1.2 0.6   0.2 

V     0.2   0.2 0.3 0.3 

P        0.2   
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 4 

Figure 26. SEM-EDS Characterization of Willamette River 75-147 μm sample. 5 

 11 12 13 14 15 16 17 18 17 20 

Fe 28.9 39.3 47.0 1.3 39.5 70.1 80.7 71.7 57.2 12.8 

O 28.4 37.3 26.1 52.4 33.2 17.0 12.5 16.5 18.4 33.6 

Si 2.3 0.8 0.2 35.0 6.6 0.7 0.7 1.5 3.3 25.5 

Al 1.2 0.6 0.4 5.7 3.4 1.0 0.6 1.6 1.9 5.4 

Ti 32.1 20.3 24.6 0.3 9.9 9.2 4.6 6.6 12.2 2.0 

Mg 0.5 1.8 1.8  2.0 0.6 0.2 0.9 1.8 8.8 

K    2.9     0.5 0.5 

Ca 1.2    2.3 0.4   0.9 10.2 

V 0.4    0.4 0.5 0.4 0.5 0.6  

P 0.2    1.1  0.1  0.3  

Na    2.4      1.2 

Mn 1.0    1.1 0.5 0.3 0.4 1.6  

Pb 0.8          

Zn 3.1        1.2  

Cr     0.6      

In        0.3   



62 

 6 

Figure 27. SEM-EDS Characterization of Willamette River 147-175 μm sample. 7 

 21 22 23 24 25 26 27 28 29 30 

Fe 48.1 37.1 37.7 23.8 62.4 2.0 43.6 0.7 0.9 39.0 

O 25.1 37.8 34.2 35.9 16.5 44.2 35.1 45.7 44.8 32.4 

Si 0.3 0.4 0.3 21.1 1.5 6.4 1.8  16.3 0.7 

Al 0.3 0.4 0.2 6.1 2.0 40.6 1.7 0.3 26.6 0.9 

Ti 25.0 22.1 24.7 2.3 14.7 0.3 11.2   24.6 

Mg 1.3 2.2 2.6 6.6 0.8  1.3 0.2  1.9 

K    0.2  3.6   0.2  

Ca    0.5 0.4 0.4 0.7 32.4 7.5 0.1 

V    0.3 0.7  0.3    

P    0.2   0.3 17.3   

Na     0.5 2.5   3.8  

Mn   0.4 1.0 0.5  0.4   0.4 

Pb           

Zn    1.8   3.6    

Cr        2.8   

In        0.7   



 

 

 1 

Figure 28. Major components of: (A) Prospector’s Choice magnetite sand, (B) Willamette River 75-147 μm size fraction, (C) 2 

Willamette River 147-175 μm size fraction, from SEM-EDS analysis. Numbers correspond with the tables in Part B of Figures 25-27. 3 



 

 

Table 5. Thermodynamic potentials for half-reactions of relevant iron oxides. 1 

Redox Couple Half Reaction ΔGrxn (kJ/mol)1 E0 (V) EH
 (pH 8.4) (V)2 

Fe3O4 / Fe(OH)2 Fe3O4(s) + 2 H2O + 2 H+ + 2 e− → 3 Fe(OH)2(s) 30.06 −0.156 −0.652 

Fe2+ / Fe0 Fe2+ + 2 e− → Fe0 78.87 −0.409 −0.631 

Fe3O4 / FeO Fe3O4(s) + 2 H+ + 2 e− → 3 FeO(s) + H2O 25.02 −0.130 −0.626 

Fe3O4 / Fe0 Fe3O4(s) + 8 H+ + 8 e− → 3 Fe0(s) + 4 H2O 66.78 −0.087 −0.583 

FeO / Fe0 FeO(s) + 2 H+ + 2 e− → Fe0(s) + H2O 13.92 −0.072 −0.569 

α−Fe2O3 / Fe3O4 3 α−Fe2O3(s) + 2 H+ + 2 e− → 2 Fe3O4(s) + H2O −1.68 0.009 −0.488 

Fe3O4(s) / Fe2+ Fe3O4(s) + 8 H+ + 2 e− → Fe2+ + 4 H2O −169.83 0.880 −0.439 

α−FeOOH / Fe3O4 3 α−FeOOH(s) + H+ + e− → Fe3O4 + 2 H2O −24.06 0.249 −0.247 

Fe(OH)3(s) / Fe2+ Fe(OH)3(s) + 3 H+ + e− → Fe2+ + 3 H2O −102.06 1.058 0.013 

γ−Fe2O3(s) / Fe3O4 4 γ−Fe2O3(s) + Fe2+ + e− → 3 Fe3O4 −56.03 0.290 0.068 

α−FeOOH / Fe3O4 3 α−FeOOH(s) + e− → Fe3O4 + OH− + H2O 55.83 −0.579 0.083 

Fe3+ / Fe2+ Fe3+ + e− → Fe2+ −74.27 0.770 0.436 

Fe(OH)3(s) / Fe3O4(s) 3 Fe(OH)3(s) + H+ + e− → Fe3O4(s) + 5 H2O −136.34 1.413 0.917 

 2 

 
1 Calculated from ΔGf obtained from references 16, 17, and 18 in Appendix A. 

2 Calculated using the Nernst equation and given conditions: [Fe2+(aq)] = 10-7 M (with activity coefficient of 0.307), [Fe3+(aq)] = 10-12 M (with activity 

coefficient of 0.070) in 0.1875 M borate buffer pH 8.4. 


