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ABSTRACT 3 

Iron-bearing smectite clay minerals can act as electron sources and sinks in the environment. 4 

Previous studies using mediated electrochemical analyses to determine the reduction potential 5 

(𝐸!) values of smectites observed that the relationship between the structural Fe2+(s)/FeTotal ratio in 6 

the smectite and 𝐸!	varied based on the redox history of the smectite. We hypothesize that this 7 

behavior, referred to as redox hysteresis, results from the smectite particles not equilibrating with 8 

the applied 𝐸! over the course of the experiment (~30 minutes). To test this hypothesis, we 9 

developed a model incorporating interfacial electron transfer kinetics and charge redistribution 10 

within the particle to simulate the mediated electrochemical experiments from previous studies. 11 

The simulated redox curves accurately matched the previously reported experimental redox 12 
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curves of the smectite SWa-1, demonstrating that longer equilibration periods led to a decrease 13 

in redox hysteresis. We validated this experimentally by measuring the redox curve of SWa-1 14 

after an equilibration period of at least 12 hours. Furthermore, we extended the simulations to 15 

three other smectites (NAu-1, NAu-2, and SWy-2) and extracted their respective thermodynamic 16 

and kinetic parameters. This work offers a framework for interpreting and modeling redox 17 

reactions on clay surfaces, along with key parameters for four commonly studied smectites. 18 

SHORT SYNOPSIS STATEMENT 19 

This study provides a mechanistic model for interpreting and modeling redox reactions 20 

involving smectite clay minerals.  21 
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INTRODUCTION 22 

Iron-bearing clay minerals can serve as electron donors/acceptors in the environment, with 23 

structural iron participating in redox reactions with microorganisms, nutrients, and 24 

environmental contaminants.1-13 Smectite-type clay minerals have received particular attention in 25 

the scientific literature because most or all of their structural iron is capable of being reduced and 26 

oxidized under environmentally relevant conditions.4-7, 14-20 In smectites, the structural iron is 27 

largely preserved due to the silicate tetrahedral sheets sandwiching the Fe-bearing octahedral 28 

sheet and the mineral compensating for changes in charge via reversible uptake of cations and/or 29 

protons: 30 

 Fe(#)
%& +	e' 	+ 	𝑥H(())

& 	+ 𝑦Cat(())
& 	= 	 Fe(#)

*& − H+(#)
& Cat,(#)

&  (1) 

in which Cat& is a generic cation and the electron comes from an external donor and x + y =1. Prior 31 

efforts have established that the rates and extents of redox reactions involving structural Fe in 32 

smectites depend on the structural Fe2+(s)/FeTotal ratio, which controls both the reduction potential 33 

(𝐸!) of the mineral and the number of reactive sites.3-7, 14, 15, 17, 18, 21-28 However, attempts to quantify 34 

𝐸! values of structural Fe in smectites have faced challenges.  35 

 Prior work by our group used mediated electrochemical experiments to determine the 36 

relationships between the Fe2+(s)/FeTotal ratio and 𝐸! for four purified naturally-occurring smectites 37 

(SWy-2, SWa-1, NAu-1, and NAu-2).14, 21, 22 In the mediated electrochemical experiments, soluble 38 

redox shuttles were used to facilitate electron transfer between smectite particles suspended in 39 

an electrolyte and a working electrode.14, 21, 22, 28-30 In one set of experiments, a known amount of a 40 

smectite that was initially fully oxidized (Fe2+(s)/FeTotal  » 0) was spiked into a solution poised at an 41 
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𝐸! value, and the extent of reduction was quantified by integrating the resulting current response 42 

in a method referred to as mediated electrochemical reduction (MER). In a second set of 43 

experiments, a known amount of reduced sample was oxidized to different extents in a method 44 

referred to as mediated electrochemical oxidation (MEO).14, 21, 22 The final Fe2+(s)/FeTotal values were 45 

then plotted against the applied 𝐸! values to produce redox profiles for the smectites.21, 22 46 

A critical finding from our prior work was that the measured redox curves exhibited two 47 

types of hysteresis (i.e., the Fe2+(s)/FeTotal ratio to 𝐸! relationships differed depending on the history 48 

of the smectite).21, 22 Specifically, the redox curve obtained from the mediated electrochemical 49 

experiments differed depending on whether the smectite was initially (i) unaltered, (ii) reduced 50 

using dithionite, or (iii) re-oxidized after dithionite reduction.21, 22 The first type was only observed 51 

between the redox curve of a “native” (i.e., unaltered) smectite and a “re-oxidized” smectite (i.e., 52 

reduced using sodium dithionite and subsequently re-oxidized using hydrogen peroxide).21, 22 53 

The difference in the redox curves was relatively small and was attributed to the irreversible 54 

changes that occur during dithionite reduction of smectites.13, 21, 22 The second—more significant—55 

type of hysteresis appeared when comparing the initially reduced and re-oxidized smectites.21, 22 56 

Specifically, the redox curves of the reduced and re-oxidized smectite differed considerably.21, 22 57 

This second type of hysteresis was reproducible over multiple redox cycles and was speculated 58 

to be due to the formation of metastable Fe states on the clay surface.21, 22 A consequence of the 59 

observed hysteresis was that we could not identify a singular standard reduction potential (𝐸!-)	 60 

value for a given smectite.21, 22 61 



 5 

We now suspect that the observed redox hysteresis was due to the system not reaching 62 

equilibrium over the experimental time scale. Evidence for this suspicion comes from studies 63 

performed on other intercalating materials (e.g., Prussian blue analogs, LiMnO2, and LiFePO4) 64 

often used for energy storage and electrochemical ion separation.31-42 Here, intercalation refers to 65 

the reversible insertion of a cation into the particle without an overt change to the crystal 66 

structure. The charge transfer process for intercalation materials involves (at least) two steps: (1) 67 

reduction of a structural redox-active site accompanied by cation or proton uptake at the mineral-68 

electrolyte interface and (2) cation or proton diffusion from the surface of the mineral into its bulk 69 

structure to dissipate the concentration gradient created by step 1.32-34, 43-45 If an experiment 70 

performed on an intercalating material is short relative to the time it takes for these processes to 71 

reach an equilibrium state, the collected data appears irreversible.44-48 The mediated 72 

electrochemical experiments performed on the smectites occurred over 30 minutes, but other 73 

experiments done with probe compounds suggest the time needed to reach equilibrium may be 74 

several days.4, 6, 7, 21, 22, 49 Recent experiments have also suggested temporary Fe2+(s)/FeTotal gradients 75 

within a smectite crystal lattice after a surface redox reaction and indicated that the dissipation of 76 

the concentration gradient may take multiple days.50, 51  77 

The central hypothesis of this paper was that the existing electrochemical data for 78 

smectites could be reproduced with a mechanistically appropriate model that captures interfacial 79 

electron transfer kinetics and charge dissipation within the crystal structure to quantify 80 

thermodynamic and kinetic properties of the smectites. To test this, we developed a model that 81 

described the reaction between the redox mediator and the smectite particle during a mediated 82 

electrochemical reaction. In this model, the rate of charge transfer between the mediator and the 83 
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edge of the smectite particle was determined as a function of the 𝐸! value and the Nernst-84 

Frumkin equation.33, 34, 52, 53  We focused on the edge sites, as previous studies demonstrated that 85 

charge transfer predominantly occurs at edges at pH values ≥ 7.18, 54 The subsequent migration of 86 

charged species from the edge into the bulk of the smectite particle was modeled as a one-87 

dimensional diffusion process. The diffusive transport affected the rate at which the 𝐸! value of 88 

the clay surface changed over time.34, 53, 55 We used a one-dimensional approach because it 89 

captured the dissipation of the Fe²⁺(s)/FeTotal gradient within the smectite particle effectively, while 90 

avoiding the additional computational demands of a higher-dimensional model. Note that a more 91 

complex, multidimensional model would be needed to accurately describe charge transfer 92 

between surface basal sites and structural iron atoms. Using the model, we fit the redox profiles 93 

collected by Gorski et al. (2013) to determine the 𝐸!-  value of four naturally occurring smectites 94 

(SWy-2, SWa-1, NAu-1, and NAu-2).22 These four smectites were selected in our previous studies 95 

due to the thorough documentation of their physical and chemical properties and their 96 

commercial availability from the Clay Minerals Society.14, 21, 22 To further validate our hypothesis 97 

that redox hysteresis is a manifestation of apparent irreversibility, we also performed mediated 98 

potentiometry on SWa-1 suspensions with different Fe2+(s)/FeTotal ratios. These suspensions were 99 

allowed to react with redox mediators overnight to determine if the redox curve generated from 100 

the measured 𝐸! values fell within the redox curves previously collected by Gorski et al.21, 22 101 

MATERIALS AND METHODS 102 

All solutions were prepared by mixing reagents in deionized water (>18.2 MΩ·cm). 103 

Anoxic conditions. 104 
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SWa-1 reduction and re-oxidation as well as mediated open-circuit measurements were 105 

conducted under anoxic conditions (<0.1 ppm O2) in a glovebox (Unilab 2010, Mbraun GmbH, 106 

Germany) containing a N2 atmosphere. All Solutions were sparged with ultra-high purity N2 for 107 

one hour before being transferred into the glovebox. Plastic syringes, pipette tips, and glassware 108 

were evacuated overnight in the transfer chamber and equilibrated in the glovebox for several 109 

days before use.  110 

SWa-1 reduction and re-oxidation experiments.  111 

Ferruginous smectite (SWa-1, 12.6 % wt. Fe) was obtained from the Source Clay Minerals 112 

Repository (Purdue University, West Lafayette, IN). A SWa-1 clay suspension (10 g·L–1) with clay 113 

particles ≤ 0.5 µm in 0.1 M NaClO4 was used for the reduction experiment. Detailed description 114 

on the preparation of the clay suspension was provided in our previous work.14 115 

SWa-1 was reduced using the citrate-buffered dithionite method.13 Briefly, 25 mL of the 116 

SWa-1 suspension was transferred to a glass bottle to which 50 mL of deionized water was added. 117 

This bottle was sparged with humidified ultra-high purity N2 for an hour and transferred to the 118 

glovebox. To this bottle, 23.4 mL of 1 M NaHCO3 (Fischer Chemical, 99.7%) and 1.6 mL of 0.3 M 119 

Na3-citrate (EMD Chemicals Inc., 99%) were added. The suspension was stirred and heated to 70 120 

°C, at which point sodium dithionite (Milapore Sigma Sigma-Aldrich, > 99%) was slowly added. 121 

The mass of sodium dithionite added was five times the mass of SWa-1 in suspension. The 122 

suspension was stirred vigorously at 70 °C overnight. The reduced SWa-1 suspension was 123 

transferred to a pre-washed and dried dialysis tube (molecular weight cutoff = 12– 14 kDa) and 124 

immersed in a 1 L solution of 0.1 M NaClO4 (Fischer Sci, > 99%). The suspension was equilibrated 125 
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for 8 hours, after which the solution was replaced with fresh 0.1 M NaClO4. This process was 126 

repeated four times. The suspension, with a final clay mineral concentration of ~2.5 g·L–1, was 127 

transferred to a glass bottle.  128 

A previous study by our group demonstrated that nearly all the Fe atoms (>99%) in SWa-129 

1 occupied octahedral sites and were redox-active, with an electron storage capacity of 2.20 130 

mmol·gSWa-1⁻¹.14 The approximate oxidant dose required to fully oxidize the dithionite-treated 131 

SWa-1 was calculated based on these values (Section S1). For the re-oxidation experiments, the 132 

reduced clay suspension was divided equally into five glass vials (20 mL suspension per vial). 133 

One vial was set apart as the “reduced” sample. Different volumes (30, 70, 110 and 140 µL) of 1.0 134 

M H2O2 were added to each of the other four vials to re-oxidize the SWa-1 suspensions. A detailed 135 

account of the re-oxidation process is provided in Section S1. A portion (11 mL) of the clay 136 

suspension from each of the five vials was set aside for transmission 57Fe Mössbauer spectroscopy 137 

analysis of the SWa-1 clay. Sample preparation and methodology for Mössbauer spectroscopy 138 

analysis is provided in Section S2. The remaining clay suspension (9 mL) was used for mediated 139 

open-circuit potential measurements.  140 

Mediated potentiometry experiments.  141 

A protocol previously used by our group to determine the standard reduction potential of 142 

hematite and goethite was modified to measure the 𝐸! value of SWa-1 using mediated 143 

potentiometry.25 Briefly, The background electrolyte used in the mediated potentiometry 144 

experiments was 0.1 M NaClO4 buffered to pH 7.0 using 50 mM MOPS free acid (3-(N-145 

morpholino)propanesulfonic acid, EMD Chemicals Inc., 99%) and sodium hydroxide. To 25 mL 146 
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of background electrolyte, 400 µL of SWa-1 clay suspension (~ 2.5 g·L–1) and 50 µL of 10 mM redox 147 

mediator was added and allowed to react overnight (12-24 hours). The mediators used in this 148 

study were selected based on past work, ensuring that their standard reduction potentials at pH 149 

7 spanned 𝐸! values ranging between – 0.14 and + 0.43 V vs. SHE.21, 22, 56 A table of redox mediators 150 

used along with their reduction potentials at pH 7 are provided in Table S2. After equilibration, 151 

the 𝐸! value of the suspension was measured using a combined Pt-ring electrode (0.209 V vs. 152 

SHE, Metrohm, part 6.0451.100) for one hour. The Pt-ring electrode was calibrated using 153 

quinhydrone redox couple and the open-circuit potential measurements were logged using tiamo 154 

2.3 (Metrohm). The Pt-ring electrode was immersed in 3 M KCl  for at least three hours between 155 

consecutive 𝐸! measurement experiments to minimize potential drift.25  156 

Note that three different volumes (12.5, 25 and 50 µL) of the 10 mM redox mediator 157 

solution were tested when performing the mediated potentiometry experiments to ensure that 158 

specific adsorption of the mediator to the smectite did not influence the measured 𝐸! value of the 159 

SWa-1 suspension.22 No significant difference was found in the measured 𝐸! values (i.e., within 160 

25 mV of each other) across the three tested volumes. 161 

THEORY AND MODEL DESCRIPTION 162 

A redox reaction at a solid-water interface involves several steps: (i) diffusion of the redox-active 163 

compound to the solid surface, (ii) adsorption of the redox-active compound, (iii) electron transfer 164 

and possibly chemical reactions involving the adsorbed species, (iv) desorption of the product(s), 165 

and (v) diffusion of the product(s) to the bulk solution.4, 6, 26, 57 The slowest step(s) in this sequence 166 

generally controls the overall reaction rate. For some redox-active minerals, the rate at which 167 
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redox-active surface sites are regenerated can also be sufficiently slow to affect the overall 168 

reaction rate. This slow regeneration may occur if species must diffuse through the crystal lattice 169 

or if structural rearrangements are needed within the crystal structure to maintain local charge 170 

balances.43, 50, 51 Here, we present a model framework to describe the kinetics of redox reactions at 171 

the edge site of a smectite particle when the aqueous diffusion and adsorption of the redox-active 172 

compound and its product(s) are sufficiently fast that the reaction rate is predominantly 173 

controlled by the electron transfer step(s) at the smectite-water interface and the rate at which 174 

redox-active surface sites are regenerated via diffusion within the solid. The following 175 

subsections describe the frameworks used to determine (i) the 𝐸! value of Fe at or near the 176 

surface, (ii) the kinetics of electron transfer at the interface, and (iii) the rate at which the Fe sites 177 

are regenerated at the smectite surface for subsequent reactions.  178 

Determining the 𝑬𝐇 value of Fe at the smectite-water interface. 179 

 
Figure 1. Schematic representation of the interfacial reaction occurring at the edge site of a 
smectite particle during a mediated reduction experiment and the generation of a chemical 
potential gradient between the surface and bulk due to differences in the Fe²⁺(s)/FeTotal ratio.  
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The reduction and oxidation of the Fe in smectites can be described using the simplistic half-180 

reaction in eq. 1.16, 18, 27 In this half-reaction, structural Fe(#)
%& is reversibly reduced to Fe(#)

*& by 181 

accepting an electron from an electron donor. The change in charge is compensated by the uptake 182 

of a monovalent cation, Cat& (e.g., Li+, Na+, or K+), or a proton into the interlayer.16, 18, 27 Previous 183 

work found that charge compensation in the interlayer occurs primarily by the uptake of cations, 184 

not protons, at circumneutral pH values.58, 59 For the data analyzed in the present study, we could 185 

not differentiate between cation and proton uptake because sodium uptake was not measured 186 

and a pH buffer was present in solution. Consequently, the model assumes that charge 187 

compensation occurs exclusively through cation (i.e., Na+) uptake and release. This assumption 188 

does not influence the model output, as both the aqueous Na+ and H+ concentrations in the 189 

solution remained constant under the experimental conditions that were simulated. 190 

Equilibrium reduction potential	values of half reactions are typically determined using 191 

the Nernst equation, which is a function of the standard reduction potential (𝐸!-) and the activities 192 

of the species.60 The Nernst equation, however, is only applicable for sufficiently dilute solutions 193 

and pure solid phases.31, 60, 61 In highly concentrated systems, including solid phases with 194 

compositions that vary as a function of redox state, interactions between charged species (e.g., 195 

Fe(#)
*&, Fe(#)

%&, and Cat(#)
& ) in close proximity to one another must be taken in account.18, 61, 62 The 196 

Nernst-Frumkin isotherm, also referred to as Frumkin intercalation isotherm, accounts for these 197 

interactions when determining the equilibrium reduction potential (𝐸!,0,1)) of a solid:31, 34, 53, 60-62 198 

 𝐸!,0,1) =	𝐸!- −
𝑅𝑇
𝑛𝐹

ln 7
𝜃

1 − 𝜃
: +

𝑅𝑇
𝑛𝐹

ln;Cat(())
& < +

𝑅𝑇
𝐹
𝑔(0.5 − 𝜃) (2) 
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where 𝐸!-  is the standard reduction potential (at Fe2+(s)/FeTotal = 0.5) of the smectite (assumed to be 199 

at pH 7.5 in this work because that is the pH value used to make previous measurements),	𝑅 is 200 

the ideal gas constant (8.314 J·K–1·mol–1), 𝑇 (K) is temperature, 𝐹 is Faraday’s constant (96,485 201 

C·mol—1), and 𝑛 is the number of electrons participating in the half reaction (n = 1 for eq. 1). The 202 

variable 𝜃 represents the Fe2+(s)/FeTotal ratio at the smectite surface, and ;Cat(())
& < is the activity of 203 

the monovalent cation in the electrolyte. The dimensionless interaction parameter, 𝑔, 204 

conventionally has been used to describe the interaction between adjacent reactive sites in an 205 

intercalation material, where 𝑔 < 0 indicates favorable interactions, and 𝑔 > 0 indicates 206 

unfavorable interactions.34, 52 The 𝑔 term reflects the impact of non-ideal charge interactions on 207 

the 𝐸!,0,1) value (and Δ𝐺234) for the half-reaction in eq. 1, due to changes in the Fe2+(s)/FeTotal ratio 208 

at the smectite surface. Additionally, past studies have shown that Fe atoms in smectites occupy 209 

different coordination environments, leading to a distribution of reduction potentials for 210 

structural Fe2+/3+ redox couple.18, 21, 22 This distribution broadens the potential window over which 211 

the smectite remains redox active,21, 22 and, the 𝑔 term can be used to describe this behavior in the 212 

context of smectites. 213 

Kinetics of interfacial electron transfer. 214 

The electron transfer reaction between the redox-active compound and Fe atoms at the edge of 215 

the smectite particle is depicted in Figure 1 and the rate of this reaction described by the following 216 

rate expression: 217 

 𝑟 = Γ567 · [𝑘8 · ICat(())
& J · (1 − 𝜃) − 𝑘9 · 𝜃] (3) 
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where 𝑟 (mol·cm–2·s–1) is a surface-normalized reaction rate, 𝑘8 (cm4·mol–1·s–1) is the forward 218 

(reduction) reaction rate constant, 𝑘9 (cm·s-1) is the backward (oxidation) reaction rate constant, 219 

and ICat(())
& J (mol·cm-3) is the cation concentration in the electrolyte. The term Γ567 is the 220 

concentration of surface Fe sites (mol·cm–3), and it is defined as: 221 

 Γ567 = 𝑆𝑆𝐴 · 𝑆𝐿 · 𝑠𝑖𝑡𝑒	𝑑𝑒𝑛𝑖𝑠𝑡𝑦 (4) 

where SSA is the specific surface area of the smectite (cm2·g-1), SL is the solids loading of smectite 222 

in solution (g·cm-3), and site density represents the surface density of reactive sites on the smectite 223 

surface (mol·cm-2). Note that 𝑘8 and 𝑘9 have different units because their reaction orders differ. 224 

Both 𝑘8 and 𝑘9 are determined using the Butler-Volmer equation, which is conventionally used 225 

to describe electron transfer kinetics occurring at solid-liquid interfaces:17, 18, 34, 52, 60 226 

where 𝑘-  (cm·s–1) is the standard heterogeneous rate constant for the reaction, ICat(())
& J

21:
 is the 227 

standard reference concentration (1·10–3 mol·cm–3), and 𝛼  is a dimensionless electron transfer 228 

coefficient (0 < 𝛼 < 1), which represents the “closeness” of the reaction intermediate to either the 229 

reactant (𝛼 < 0.5) or the product (𝛼 > 0.5) in eq. 1.60 The term ‘𝐸! − 𝐸!,;‘ in eqs. 5 and 6 represent 230 

the electrochemical potential difference between the soluble redox-active compound in solution 231 

and the Fe redox couple on the smectite surface. The reduction potential of the redox-active 232 

compound is represented by 𝐸! and the equilibrium potential of structural Fe at the smectite 233 

surface, 𝐸!,;, is determined using:44, 45 234 

 𝑘8 =
𝑘-

UCat(())
& V

21:

· exp Y(−𝛼) ·
𝑛𝐹
𝑅𝑇

· (𝐸! − 𝐸!,;)Z (5) 

 𝑘9 = 𝑘- · exp Y(1 − 𝛼) ·
𝑛𝐹
𝑅𝑇

· (𝐸! − 𝐸!,;)Z (6) 
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 𝐸!,; = 𝐸!- +
𝑅𝑇
𝐹
𝑔(0.5 − 𝜃) (7) 

where eq. 7 describes the variation in the surface potential of the structural Fe as a function of 𝜃. 235 

Note that we use a singular standard heterogeneous rate constant, 𝑘-, to describe both the 236 

forward and backward redox reaction in eqs. 5 and 6. This is based on the assumption that both 237 

reduction and oxidation occur along the same reaction coordinate and that the local environment 238 

of the Fe atom, where charge transfer occurs, remains spatially consistent.60 Although this is a 239 

simplifying assumption and may not fully capture the kinetic variations caused by differences in 240 

the local coordination environment of Fe atoms in smectites, it still offers an adequate 241 

representation of the interfacial kinetics at the smectite-water interface.     242 

The rate of structural rearrangement of charged species within the smectite lattice.  243 

As structural Fe at the smectite surface is reduced or oxidized, the Fe2+(s)/FeTotal ratio at the surface 244 

begins to differ from the ratio deeper within the particle, creating a chemical potential gradient 245 

within the crystal lattice. To dissipate the chemical potential gradient, charged species rearrange 246 

themselves within the crystal lattice. In dioctahedral smectites (i.e., smectites with vacancies in 247 

the octahedral sheet), the rearrangement has been proposed to be controlled by rearrangement of 248 

Fe atoms and/or intervalence electron transfer reactions between adjacent Fe atoms in Fe2+-O-Fe3+ 249 

linkages.1, 18, 49, 51, 54, 63 In a previous study we demonstrated that the dissipation of the chemical 250 

potential gradient within an intercalation material can be successfully modeled using a one-251 

dimensional diffusion model based on Fick’s laws:55 252 

 𝐽 = −𝐷 · Γ567 ·
𝑑𝜃
𝑑𝑥

 (8) 
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where, 𝐽 (mol·cm–2·s–1) represents the flux of charged species across a plane and 𝐷 (cm2·s–1) 253 

represents the apparent diffusion coefficient of the redox sites in the clay matrix. Note that we 254 

use the term 'apparent' before the diffusion coefficient to indicate that the exact mechanism 255 

responsible for the dissipation of the chemical potential gradient remains uncertain. The 256 

parameter 𝐷 represents a composite property that describes either the translocation of Fe atoms, 257 

electron hopping between adjacent Fe atoms, diffusion of cations through the smectite interlayers, 258 

or a combination of these processes.1, 18, 49, 51, 54, 63 Additionally, 𝐷 is assumed to be constant 259 

throughout the smectite particle and does not account for spatial heterogeneities that may exist 260 

within the particle. A schematic of the interfacial electron transfer reaction and the subsequent 261 

diffusion process, which dissipates the concentration gradient within the smectite particle, is 262 

provided in Figure 1.  263 

In our model, the temporal step is represented by 𝑑𝑡 (1 second) and the spatial resolution 264 

of the finite-element, 𝑑𝑥 (cm), is calculated using the following equation: 265 

 𝑑𝑥 = ]
𝐷 · 𝑑𝑡
𝐷<

 (10) 

where, 𝐷< (0.45) is the dimensionless simulation constant and has a value less than 0.5 to maintain 266 

the numerical stability of the finite-element diffusion model, as explained in previous modeling 267 

studies.60, 64, 65 The characteristic length,	𝐿, of the smectite clay particle is given by its radius, and 268 

is assumed to 2.5·10–5 cm (0.25 microns) based on the size fraction used by Gorski et al. for the 269 

mediated electrochemical experiments.14 The smectite particle is divided into 𝑁 elements of 270 

thickness 𝑑𝑥 where 𝑁 = 𝐿/𝑑𝑥. Note that in eqs. 2, 3, and 7, the variable 𝜃 represents the 271 

 𝑑𝜃
𝑑𝑡

= −𝐷 · Γ567 ·
𝑑*𝜃
𝑑𝑥*

 (9) 
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Fe2+(s)/FeTotal at the smectite surface, referring solely to the first element among 𝑁 elements of the 272 

clay particle. Conversely, in eq. 8 and 9, 𝜃 represents the Fe2+(s)/FeTotal ratio in elements 2 through 273 

𝑁. 274 

Using the model to revisit the interpretation of mediated electrochemical measurements. 275 

In the mediated electrochemical reduction and oxidation experiments conducted by Gorski et 276 

al.,14, 21, 22 a constant potential was applied to a working electrode immersed in an electrolyte 277 

solution (i.e., 0.1 M NaClO4 buffered at pH 7.5) containing a redox-active mediator. A small, 278 

known amount of smectite suspension was then added to the solution, and the current response 279 

was measured. For these experiments, we assumed that the redox-active compound was already 280 

in equilibrium with the working electrode when the smectite was added, and that the 𝐸! value 281 

of the solution reflects the potential applied on the working electrode (i.e., the 𝐸! values in eq. 5 282 

and 6 are known). The current response, 𝑖 (A) produced when a known quantity of smectite was 283 

added to the solution can then be determined using the following equation: 284 

 𝑖 = 𝑛 · 𝐹 · 𝐴 · 𝑟   (11) 

where, 𝐴 (cm2) is the active surface area of the smectite particles, n = 1, and r is represented by eq. 285 

3. Note that this equation only holds true when the kinetics of electron transfer between the redox-286 

active compound and the working electrode are significantly faster than the electron transfer 287 

between the redox-active compound and the smectite particle, which is assumed to be the case in 288 

this study.56 At the end of the experiment, the simulated current-time curve is integrated to 289 

determine the net change in the bulk Fe(#)
*& (mol) concentration in the smectite particle using 290 

Faraday’s law: 291 
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 ∆Fe(#)
*& =

1
𝑛𝐹

a 𝑖

=!"#$%%

-

· 𝑑𝑡 (12) 

where 𝑡>?76:: is the cutoff time and is the time-step until which the simulated current-time curve 292 

is integrated. An example of how 𝑡>?76:: is implemented to the simulated current-time curve is 293 

illustrated in Figure S4. In the case of the mediated electrochemical experiments conducted by 294 

Gorski et al., the cutoff was approximately 30 minutes.14, 21, 22 The final bulk Fe2+(s)/FeTotal ratio for 295 

the applied 𝐸! is calculated using the following equation: 296 

 Fe(#)
*&/Fe567(@ =

Fe(#),A4A7A(@
*& 	+ 	∆Fe(#)

*&

Γ567 · 𝐴 · 𝐿
 (13) 

where Fe(#),A4A7A(@
*&  (mol) is the initial number of Fe2+(s) sites in the smectite particle before mediated 297 

electrochemical reduction or oxidation. The Fe2+(s)/FeTotal ratio is then plotted as a function of 298 

applied 𝐸! to generate the redox profile. 299 

RESULTS AND DISCUSSION 300 

Simulating mediated electrochemical reduction and oxidation of Fe in SWa-1. 301 

To validate the model’s capability of reproducing experimentally collected data, we initially 302 

simulated the mediated electrochemical reduction and oxidation experiments with ferruginous 303 

smectite, SWa-1 (Figure 2).21 To generate the reduction curves (red-dashed line, Figure 2), we 304 

simulated the electrochemical reduction of fully re-oxidized SWa-1 clay (i.e., initial bulk 305 

Fe2+(s)/FeTotal ratio = 0.01) at different 𝐸! values ranging from +0.65 to -0.65 V vs. SHE at 0.01 V 306 

intervals. Note that we simulated re-oxidized SWa-1, as opposed to native SWa-1, because the 307 

dithionite reduction process is known to irreversibly alter the structural and  chemical properties 308 
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of smectite.13, 14, 21, 22, 49 Thus, the native and reduced SWa-1 were most likely structurally different, 309 

whereas the re-oxidized and reduced SWa-1 were likely structurally more similar. To mimic the 310 

experiments performed by Gorski et al., the simulation cutoff time was set to 30 minutes.21, 22 This 311 

meant that only the first 30 minutes of the simulated current response was considered when 312 

calculating the change in the Fe2+(s)/FeTotal ratio at an applied 𝐸!. The simulated Fe2+(s)/FeTotal ratios 313 

were plotted against 𝐸! to generate the reduction profile. The oxidation curve (blue-dashed line, 314 

Figure 2) was generated in a similar fashion to the reduction profile, with the only difference 315 

being that the re-oxidized SWa-1 was assumed to be fully reduced (i.e., initial bulk Fe2+(s)/FeTotal 316 

ratio = 0.99) before being electrochemically oxidized. The simulated redox curves were fitted to 317 

the experimental ones by floating multiple parameters and minimizing the least-squared 318 

differences between the two sets of curves over iterative cycles.21, 22 The parameters that were 319 

 
Figure 2. Simulated redox profiles of SWa-1 fitted to experimental redox profiles collected by 
Gorski et al.21,22 The Gorski et al. data includes the re-oxidized, re-re-oxidized, reduced, and re-
reduced datasets. The parameters used to achieve the fit for SWa-1 were 𝐸!-  = – 0.01 V vs. SHE, 
𝑘- = 2.5·10–10 cm·s-1, 𝐷 = 7.5·10–13 cm2·s-1, 𝛼 = 0.52, and 𝑔 = 9. A tcutoff value of 30 minutes was 
assumed for generating the reduction (red-dashed line) and oxidation (blue-dashed line) 
profiles. Initial Fe2+(s)/FeTotal values of 0.01 and 0.85 were used for simulating the oxidation and 
reduction curves, respectively.  



 19 

floated were the standard reduction potential (𝐸!-), the standard heterogeneous rate constant (𝑘-), 320 

the apparent diffusion coefficient (𝐷), the electron transfer coefficient (𝛼), and the interaction 321 

parameter (𝑔). Subsequently, we manually fine-tuned the fitted parameters to improve the overall 322 

fit quality. 323 

The simulated data for the reduction of re-oxidized SWa-1 closely matched the 324 

experimental data collected by Gorski et al (Figure 2).21, 22 However, the simulated data for the 325 

oxidation of reduced SWa-1 initially did not fully capture the data collected from the oxidation 326 

experiments (Figure S5). Specifically, the experimental and simulation data between 𝐸! = – 0.4 V 327 

to 0.0 V differed, with the simulation calculating larger Fe2+(s)/FeTotal ratios than those 328 

experimentally recorded (refer to Figure S5). When we changed the initial Fe2+(s)/FeTotal ratio in the 329 

reduced SWa-1 from 0.99 to 0.85 (i.e., only 85% of the Fe sites were reduced to Fe2+(s) initially) for 330 

the oxidation simulations, the simulated and experimental curves converged (Figure 2).21, 22 We 331 

speculate that the reduced SWa-1 used to generate the experimental data was incompletely 332 

reduced, which may have been caused by incomplete reduction by dithionite or inadvertant 333 

partial oxidation during subsequent storage.21, 22 With this modification, the simulation 334 

successfully replicated the experimental redox curves collected for SWa-1 (Figure 2, r2 = 0.98, n = 335 

40).21, 22 Importantly, the simulation described both the reduction and oxidation redox curves using 336 

the same parameters: 𝐸!-  (– 0.01 V vs. SHE) , 𝑘-  (2.5·10-10 cm·s-1), 𝐷 (7.5·10-13 cm2·s-1), 𝛼 (0.52), and 𝑔 337 

(9), meaning that the hysteresis could be due to the experimental cutoff time.  338 

Sensitivity analyses of the simulations were performed to assess the uncertainty 339 

associated with each of the fitted redox parameters (Section S3). Based on the analyses, the 340 
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quality of fit between the simulated and experimental data was highly sensitive to changes in the 341 

𝐸!-  value, exhibiting a narrow range of uncertainty in the predicted 𝐸!-  with values ranging from 342 

–0.11 V to +0.01 V vs. SHE. Relatively, 𝑘- displayed more uncertainty in its predicted value with 343 

the best fits occurring for 𝑘-  values ranging between 2.0·10–11 to 2.5·10–9 cm·s–1. Determining the 344 

uncertainty associated with 𝐷 proved to be challenging as the quality of fit between the 345 

experimental and simulated data remained relatively constant for 𝐷 values greater than 10–12 346 

cm2·s–1 (Section S3). However, the quality of fit deteriorated significantly for 𝐷 values less than 347 

5·10–13 cm2·s–1, suggesting that the apparent diffusion of charge carriers in the smectite particle is 348 

likely higher than 5·10–13 cm2·s–1. The uncertainty in 𝛼	ranged between 0.3 and 0.7, and the quality 349 

of fit was insensitive to changes in 𝑔 for values ranging between 0 and 30. Collectively, the 350 

sensitivity analyses indicated that 𝐸!-  and 𝑘- influenced the simulated redox profile of SWa-1 the 351 

most. Although 𝐷 did not significantly affect the fit quality for values above 10–12 cm2·s–1 (Section 352 

S3), it was essential for capturing the trend in the experimental data between 𝐸! = – 0.6 V to – 0.5 353 

V, where the Fe2+(s)/FeTotal ratio value plateaus but does not reach 1 in the reduction experiment 354 

(Figure 2). The relatively low sensitivity of 𝛼 and 𝑔 on the quality of the fit can be attributed to the 355 

narrower range of values used for these parameters during the fitting process, compared to the 356 

wider range used for 𝑘- and 𝐷, which differed by orders of magnitude. Examples depicting the 357 

effect of each parameter on the simulated redox curves are provided in Figure S7.  358 

Effect of equilibration time on redox hysteresis. 359 

After validating the accuracy of our simulations with the experimental redox curves of SWa-1 360 

(Figure 2),21, 22 we proceeded to test our hypothesis that redox hysteresis was due to insufficient 361 
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equilibration time in the mediated electrochemical experiments using two approaches. First, we 362 

simulated reduction and oxidation experiments of SWa-1, varying the cutoff time to determine if 363 

the extent of redox hysteresis decreased with increasing cutoff time. In these simulations, the 364 

cutoff time represented the duration allowed for the clay particles to be reduced or oxidized by a 365 

redox mediator under a constant applied 𝐸!. Second, we performed experiments in which we 366 

allowed reduced SWa-1 to equilibrate with an electron mediator for a longer period (12-24 hours) 367 

and measured 𝐸! for samples having different Fe2+(s)/FeTotal ratios. 368 

The reduction and oxidation curves at varying cutoff times were simulated using the best-369 

fit parameters used to simulate the redox curve of SWa-1 in Figure 2, which had a cutoff time of 370 

 
Figure 3. (a) Effect of cutoff time (tcutoff) on the redox profiles generated from the simulated 
reduction and oxidation experiments on SWa-1, and (b) mediated potentiometry 
measurements of reduced and re-oxidized SWa-1 (green hexagonal marker); the data points 
from the mediated electrochemical experiments performed by Gorski et al. and the redox 
profiles from the simulations are included as reference to help guide the reader.21, 22 The green 
hexagonal data points represent the average of triplicate mediated potentiometry 
measurements, and the error bars indicate the standard deviation. Note that ‘∗’ denotes the 
SWa-1 sample treated with 30 μL of 1.0 M hydrogen peroxide which had leaked in transit to 
Mössbauer analysis leading to an underestimated Fe2+/FeTotal ratio of 0.11 (Section S2). A 
corrected Fe2+/FeTotal ratio of 0.53 was used when plotting the data point against the 
corresponding 𝐸!. Details on how the Fe2+/FeTotal ratio was calculated are provided in Section 
S5 of the supplemental text.   



 22 

30 minutes. The extent of redox hysteresis in the simulations of the reduction and oxidation 371 

experiments decreased as the cutoff time employed in the simulation was increased from 0.02 372 

days to 5.00 days as seen in Figure 3, panel a. The separation between the redox curves generated 373 

from the simulated reduction and oxidation experiments gradually approached each other as the 374 

cutoff time increased. At a cutoff time of approximately 4.75 days, both redox curves converged 375 

to form a single redox curve represented by the solid black line in Figure 3a,  indicating that the 376 

SWa-1 particles had reached equilibrium in the simulation. Further increasing in the cutoff time 377 

(e.g., tcutoff > 4.75 days) did not affect the simulated redox curves. Notably, the ‘equilibrated’ redox  378 

curve (solid black line in Figure 3, panel a) could fully be described by the Nernst-Frumkin 379 

equation (eq. 2) without the need for any kinetic or diffusion terms. This mathematical 380 

consistency arises  because the rate equation (eq. 3) reduces to the Nernst-Frumkin equation when 381 

equilibrium conditions are assumed (refer to Section S4 in SI for derivation). At equilibrium, the 382 

equilibrated redox curve for SWa-1 exhibited an Fe2+(s)/FeTotal ratio of 0.50 at an 𝐸! value of – 0.07 383 

V vs. SHE, which was 60 mV more negative than that of the fitted value of 𝐸!-  = – 0.01 V vs SHE. 384 

This shift is attributed to the dependence of the reduction potential on the activity of Na+, which 385 

was assumed to be 0.1 in the simulation due to the use of 0.1 M NaClO4 in the experiments.21, 22 386 

Note that the time required to reach equilibrium depends on both 𝑘- and 𝐷, and is influenced by 387 

the active surface area and size of the clay particles in suspension. We speculate that smaller 388 

particles may equilibrate faster if charge transfer occurs predominantly at edge sites, due to the 389 

shorter distance between the edge and center, and their relatively larger active surface area. 390 

 An interesting observation from the simulations with varying cutoff times was that all 391 

simulated oxidation curves in Figure 3a consistently intersected the equilibrated redox curve at an 392 
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𝐸! value of – 0.195 V vs. SHE and an Fe2+(s)/FeTotal ratio of 0.85, whereas the simulated reduction 393 

curves never intersected the equilibrated redox curve. This crossover of the oxidation curves with 394 

the equilibrated redox curve arises from the assumption that the initial Fe2+(s)/FeTotal ratio in SWa-395 

1 was 0.85 (i.e., not fully reduced). Based on the equilibrated redox curve (black line in Figure 3, 396 

panel a) and eq.2, an SWa-1 sample with an Fe2+(s)/FeTotal ratio of 0.85 would have a reduction 397 

potential of – 0.195 V vs. SHE. This implies that at 𝐸! values more positive than – 0.195 V, the 398 

SWa-1 would undergo oxidation, while at 𝐸! values more negative than – 0.195 V, the SWa-1 399 

would undergo reduction. This behavior is reflected in the simulated oxidation curves in Figure 400 

3a, where data points to the right of the equilibrated redox curve (i.e., 𝐸! > – 0.195 V vs. SHE) 401 

represent oxidation, while data points to the left (i.e., 𝐸! < – 0.195 V vs. SHE) actually represent 402 

reduction. This effect is more evident when comparing the 30-minute oxidation curves depicted 403 

in Figure S4, where the oxidation curves were simulated with initial Fe2+(s)/FeTotal ratios of 0.85 and 404 

0.99. The oxidation curve simulated using an initial Fe2+(s)/FeTotal ratio of 0.99 does not cross over 405 

the equilibrated redox curve, as all points represent oxidation (compare blue dashed lines in 406 

Figure 3a and Figure S4). Note that, despite the oxidation curve not necessarily representing 407 

oxidation at all 𝐸! values, within this study, we continue to use the term ‘oxidation’ for brevity 408 

when referring to the curves fitted to the data obtained from the mediated electrochemical 409 

oxidation experiments.21, 22 410 

 After studying the impact of cutoff time on the simulated redox curves of SWa-1, we 411 

proceeded to experimentally validate our observations from the simulation. We hypothesized 412 

that the 𝐸! values of the SWa-1 samples measured during mediated potentiometry experiments 413 

would lie in between the SWa-1 redox curves collected by Gorski et al. due to the longer 414 
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equilibration time provided in our experiments (12-24 hours compared to 30 minutes).21, 22 Based 415 

on this hypothesis, we performed mediated potentiometric measurements on SWa-1 samples 416 

with varying Fe2+(s)/FeTotal ratios (Figure 3, panel b).  417 

These samples were prepared by reducing SWa-1 with sodium dithionite, then 418 

reoxidizing samples to various extents by adding different amounts of 1.0 M hydrogen peroxide 419 

(experimental details in Section S1) and allowing the reaction to proceed for at least 24 hours. 420 

The extent of reduction and reoxidation (i.e., Fe2+(s)/FeTotal ratio of each sample) of the chemically 421 

treated SWa-1 samples were determined using 57Fe Mössbauer spectroscopy analysis 422 

(experimental details and Mössbauer spectra of each sample are provided in Section S2). The 𝐸! 423 

values of the SWa-1 samples with differing Fe2+(s)/FeTotal ratios were measured using mediated 424 

potentiometry (experimental details are provided in Section S6). Note that SWa-1 suspensions 425 

were allowed to equilibrate with the mediator in the electrolyte for 12-24 hours before the 𝐸! 426 

measurements were recorded. The measured 𝐸! values at pH 7.0 were normalized to pH 7.5 by 427 

subtracting 30 mV (i.e., 59 mV per pH decade multiplied by 0.5 pH units) from the measured 428 

value to ensure consistency between the 𝐸! values and the SWa-1 data collected by Gorski et al.18, 429 

56  430 

The measured 𝐸! values of the SWa-1 samples closely matched the equilibrated redox 431 

curve of SWa-1 (Figure 3, panel b, r2 = 0.98, n = 5), supporting our hypothesis that extended 432 

equilibration times mitigate redox hysteresis. Note that the data collected by Gorski et al. used 433 

mediated electrochemical reduction/oxidation, which is fundamentally different from the 434 

mediated potentiometry used in this study.14, 21, 22 Mediated electrochemical reduction/oxidation 435 
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is an active technique that measures the change in the Fe2+(s)/FeTotal ratio by integrating the current 436 

response observed when an aliquot of oxidized or reduced clay mineral is added to a pH-buffered 437 

electrolyte containing a mediator maintained at a fixed 𝐸! value.22, 56 This approach has an 438 

inherent time limitation, as the current response can only be analyzed for a short period of time 439 

before it decreases to the point where it becomes indistinguishable from the background 440 

current.22, 56 In contrast, mediated potentiometry is a passive technique where no current flows 441 

through the system, and the clay mineral allowed to equilibrate with the mediator for durations 442 

exceeding 12 hours.25, 26 An important consequence of the two different approaches is that, in 443 

mediated electrochemical reduction/oxidation, a gradient of Fe²⁺(s)/FeTotal develops during the 444 

redox process, which must dissipate over time. However, in mediated potentiometry, where the 445 

𝐸! values of clay minerals with different Fe²⁺(s)/FeTotal ratios are measured, no such gradient exists, 446 

as the bulk of the clay mineral is already in an equilibrated state. We fit the data points obtained 447 

from mediated potentiometry in this study to the Nernst-Frumkin equation (eq. 2) to test whether 448 

the fitted 𝐸!- 	value deviated significantly from the	𝐸!-  value  obtained from the fits of the reduction 449 

and oxidation curves. The fit produced and 𝐸!-  value of – 0.017 V vs. SHE (r2 = 0.92, n = 5), which 450 

was remarkably close to the 𝐸!-  value (– 0.01 V vs. SHE) determined by fitting the reduction and 451 

oxidation curves. 452 

Simulating the redox curves of NAu-1, NAu-2, and SWy-2. 453 

 After confirming that our simulations accurately replicated the data from the mediated 454 

electrochemical experiments conducted on SWa-1 (Figure 2) and demonstrating that the redox 455 

hysteresis was likely due to insufficient equilibration time for the smectite particles (Figure 3), we 456 
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expanded our simulations to include the reduction and oxidation experiments conducted by Gorski 457 

et al. on three other smectites: nontronite NAu-1 (21.2 % wt. Fe), nontronite NAu-2 (19.2 % wt. 458 

Fe),  and Wyoming montmorillonite SWy-2 (2.3 % wt. Fe). The simulated redox and experimental 459 

data for the reduction and oxidation experiments conducted on all four clays are shown in Figure 460 

4, and  the simulation parameters used to achieve the fit for the four clays are provided in Table 461 

1.22 The simulated redox curves of the reduction experiments closely matched the experimental 462 

data collected by Gorski et al. for all four smectites (compare red dashed lines with red upward 463 

 
Figure 4. Simulated redox profiles of four smectites – (a) SWa-1, (b) NAu-1, (c) NAu-2 and (d) 
SWy-2 – fitted to experimental redox profiles collected by Gorski et al.21,22 The parameters used 
to achieve the fit are provided in Table 1. The reduction and oxidation experiment simulations 
are represented by the dashed red and blue lines, respectively. The solid black line represents 
the equilibrated redox curve. All simulation fits had an r2 value greater than 0.94. The initial 
Fe2+(s)/FeTotal ratio used for simulating the oxidation curves are 0.85 (SWa-1), 0.40 (NAu-1), 0.62 
(NAu-2), and 0.99 (SWy-2). 
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facing triangles in Figure 4) without any modifications to the initial Fe2+(s)/FeTotal ratio of 0.01.22 464 

However, as with SWa-1, fitting the redox curves for the oxidation experiments required us to 465 

adjust the initial Fe2+(s)/FeTotal ratio to a value lower than 0.99 for NAu-1 and NAu-2 to ensure 466 

convergence  between  the experimental and simulated data (compare blue dashed lines with 467 

blue downward facing triangles in Figure 4, panels a-c). An initial Fe2+(s)/FeTotal ratio of 0.40 (NAu-468 

1) and 0.62 (NAu-2) was used to achieve convergence (Figure 4, panels b and c). Note that the 469 

initial Fe2+(s)/FeTotal ratio of 0.40 (i.e., 40% of the total Fe was reduced to Fe2+(s)) for NAu-1 is close to 470 

the experimentally determined value of 0.45 from the original study based on Mössbauer 471 

analysis.22 Unlike the iron-rich smectites, we were able to simulate the redox profile for the 472 

oxidation experiments conducted on SWy-2 without any change to the initial Fe2+(s)/FeTotal ratio of 473 

0.99, suggesting that SWy-2 was completely reduced before being electrochemically oxidized 474 

(Figure 4, panel d). Overall, the simulations accurately replicated the experimental redox curves 475 

collected by  Gorski et al. for NAu-1 (Figure 4, panel b, r2 = 0.97, n = 23), NAu-2 (Figure 4, panel 476 

c, r2 = 0.94, n = 23), and SWy-2 (Figure 4, panel d, r2 = 0.99, n = 23).22  477 

Table 1. Model parameters used to simulate the redox curves of smectites SWa-1, NAu-1, 
NAu-2, and SWy-2. 

Smectite 𝑬𝐇𝟎  (V vs. SHE) 𝒌𝟎	(cm·s–1) 𝑫 (cm2·s–1) teqba (days) 𝜶 𝒈 r2 

SWa-1 – 0.01 2.5·10-10 7.5·10-13 4.75 0.52 9 0.98 

NAu-1 – 0.17 1.0·10-10 6.2·10-13 7.63 0.52 10 0.97 

NAu-2 + 0.01 1.9·10-10 7.7·10-13 5.32 0.52 10 0.94 

SWy-2 + 0.02 2.0·10-9 1.2·10-12 0.52 0.48 13 0.98 
aThe cutoff time taken to reach equilibrium in a mediated electrochemical reduction/oxidation 
is represented by teqb and r2 represents the quality of fit between the simulated and 
experimental data in Figure 3. The uncertainty associated with the extracted model parameters 
are provided in Section S3 of the SI. 
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Extended reduction and oxidation experiment simulations were also conducted on the three 478 

other clays to determine their equilibrated redox curves. The equilibrated redox profile for each 479 

clay is represented by the solid black lines in Figure 4. The cutoff time required to reach 480 

equilibrium differed among the four smectites. SWy-2 equilibrated the fastest with a cutoff time 481 

of 0.52 days and NAu-1 equilibrated the slowest with a cutoff time of 7.63 days; NAu-2 482 

equilibrated with a cutoff time of 5.32 days. Interestingly, the cutoff time required to reach 483 

equilibrium bore a strong positive correlation against the % wt. Fe content of the smectite (r2 = 484 

0.93, n = 4), suggesting that smectites with higher Fe content would take longer to reach 485 

equilibrium. 486 

Interpreting the redox properties of the smectites. 487 

Based on our simulations, the 𝐸!-  values at pH 7.5 for the four smectites were: – 0.17 (NAu-1), – 488 

0.01 (SWa-1), + 0.01 (NAu-2) and + 0.02 (SWy-2) V vs. SHE (Table 1). The range of values defining 489 

the uncertainty in the fitted 𝐸!- , 𝑘- and 𝐷 values are provided in Table S3. The trend observed in 490 

the fitted	𝐸!-  values aligned with the apparent standard reduction potentials reported by Gorski 491 

et al. for native smectites, where SWy-2 exhibited the highest apparent standard reduction 492 

potential (𝐸!
∅ = – 0.03 V vs. SHE) and NAu-1 the lowest (𝐸!

∅ = – 0.45 V vs. SHE).22 However, the 493 

	𝐸!-  values spanned a narrower range (0.19 V) than the 𝐸!
∅ values reported by Gorski et al. (0.42 494 

V), suggesting that the affinity of structural Fe to gain or lose electrons did not vary among the 495 

four smectites as our original interpretation indicated.22 Prior studies have shown that the 496 

reactivity of the dioctahedral Fe in smectites is influenced by its coordination environment, where 497 

an Fe2+ atom adjacent to a Mg2+ or another Fe2+ atom was oxidized prior to an Fe2+ atom associated 498 
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with an Al3+ atom.18, 66 We speculate that the 𝐸!-  value of a smectite is dependent on the relative 499 

abundance of Mg2+-O-Fe2+/3+, Fe3+-O-Fe2+/3+ and Al3+-O- Fe2+/3+ linkages in the smectite. Note that the 500 

𝐸!-  values reported in this study specifically apply to smectites that were chemically treated with 501 

dithionite. Based on trends observed by Gorski et al. when comparing the 𝐸!
∅ values of unaltered 502 

and dithionite-treated smectites,22 we speculate that the 𝐸!-  for unaltered smectites would likely 503 

be slightly more negative than those reported here.   504 

Among the smectites investigated, SWy-2 exhibited the fastest kinetics with a standard 505 

heterogeneous rate of 2.0·10-9 cm·s–1 (Table 1). The standard heterogeneous rate constants for the 506 

iron rich smectites were over an order of magnitude lower than SWy-2 with values ranging 507 

between 1.0·10–10 cm·s–1 (NAu-1) and 2.5·10–10 cm·s–1 (SWa-1). Interestingly, the standard  508 

heterogenous rate constants correlated strongly against the inverse of % wt. Fe in each smectite 509 

(r2 = 0.99, n = 4; Figure S9) suggesting that the heterogeneous rate constant captured some of the 510 

structural aspects of the smectites investigated in this study. However, deducing conclusive 511 

inferences based on this correlation would require a quantitative investigation of parameters such 512 

as active surface area, particle size distribution, and exact masses of smectite added during the 513 

mediated electrochemical experiments. The apparent diffusion coefficients of all four smectites 514 

were similar, ranging from 6.2·10-13 cm2·s–1 for NAu-1 to 1.2·10-12 cm2·s–1 for SWy-2 (Table 1). While 515 

these values were several orders of magnitude greater than reported proton diffusion values in 516 

montmorillonite (10-19 cm2·s–1)  and kaolinite (10-21 cm2·s–1),67-69 they are only an order of magnitude 517 

lower than the electron diffusion coefficient (10-11 cm2·s–1) reported by Rosso et al. for a defect free 518 

iron rich smectites.69, 70 The closeness of the reported electron diffusion coefficient and the 519 

diffusion coefficients from this study (Table 1) suggests that electron migration in Fe2+-O-Fe3+ 520 
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linkages may be the major process responsible for dissipating the chemical potential gradient 521 

within the iron rich smectites.69, 70 The parameters 𝛼 and 𝑔 did not vary significantly among the 522 

four smectites. The 𝛼 values for the four smectites ranged between 0.48 and 0.52 and 𝑔 values 523 

ranged between 9 and 13 (Table 1). 524 

ENVIRONMENTAL IMPLICATIONS 525 

This work demonstrates that mediated electrochemical techniques have inherent limitations due 526 

to their short measurement times, which can potentially complicate data interpretation. 527 

Therefore, it is important to consider the processes that could limit the rate of the redox reaction 528 

being investigated. In this study, we found that when interpreting the mediated electrochemical 529 

reduction/oxidation data of smectites, both the electron transfer kinetics at the smectite-water 530 

interface and the internal charge reorganization within the smectite particle need to be 531 

considered. Furthermore, the Nernst-Frumkin isotherm fully captured the redox properties of the 532 

clay minerals under equilibrium conditions. The time required to reach equilibrium under 533 

oxidizing or reducing conditions varied across smectites, ranging from 0.52 days for SWy-2 to 534 

7.63 days for NAu-1. This variation could have significant implications for how smectites behave 535 

in the environment when exposed to events that induce oxidizing or reducing conditions. These 536 

processes are particularly relevant in the context of 'biogeochemical batteries,' where the redox 537 

cycling of minerals like smectites plays a crucial role in the storage and transfer of electrons across 538 

environmental interfaces.71 Depending on the duration of such events, the rate of smectite 539 

oxidation or reduction may be governed by the kinetics of charge transfer at the mineral surface 540 

or by the internal reorganization of charge within the mineral.71 For instance, in the case of SWy-541 
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2, redox events lasting for a day could result in full equilibration with its environment, whereas 542 

iron-rich smectites such as SWa-1, NAu-1, and NAu-2 may require significantly more time to 543 

reach equilibrium. Additionally, both processes should be considered when interpreting kinetic 544 

data from contaminant transformation studies, as the reaction rates observed in these studies can 545 

be influenced by either the interfacial electron transfer kinetics or the dissipation of the chemical 546 

potential gradient within the smectite particle.4, 6, 7, 49  The process limiting the reaction rate 547 

depends on the thermodynamic driving force, represented by the difference in reduction 548 

potential between the contaminant and the smectite particle.4, 6, 7, 49 The model developed here 549 

describes the reactivity of the smectite as a function of electrochemical potential difference (∆𝐸!) 550 

between the smectite surface and the soluble redox compound (e.g., redox mediator and soluble 551 

organic matter that can act as electron donors/acceptors). One can potentially apply the model to 552 

describe the redox activity of minerals in systems where ∆𝐸! changes as function of time due to 553 

periodic oscillations in environmental conditions, such as changes in dissolved oxygen and 554 

chemical composition of groundwater caused by seasonal fluctuations in the groundwater 555 

table.71-73  556 

The findings from this work may also offer an alternative hypothesis as to why 557 

biologically and chemically reduced smectites often exhibit different structural properties, even 558 

when samples are reduced to the same extents.74 Prior work has largely speculated that the 559 

differences are due to bacteria preferentially reducing Fe3+ at edge sites, while chemical reductants 560 

react with both edge and basal Fe3+ sites.74 We speculate that the structural differences could also 561 

be caused by the differences in the chemical driving force of reduction (∆𝐸!) and the timescale 562 

over which reduction occurs. Microbial reduction involves a small driving force but long 563 
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equilibration time, often extending several days to weeks, 5, 11  while chemical reduction involves 564 

a large driving force and relatively short equilibration time. The Fe2+(s)/Fe3+(s) gradient created 565 

during chemical reduction, but not biological reduction, may alter what types of structural 566 

modifications occur over the course of the reaction. While the model performs adequately in 567 

describing the redox properties of smectites in controlled environments, such as in the mediated 568 

electrochemical experiments conducted by Gorski et al.,21, 22 it does not account for the presence 569 

of other cations, anions, or natural organic matter, which could alter the observed experimental 570 

trends. These species are expected to influence the aggregation behavior and interlayer spacing 571 

of clay minerals. Further experiments investigating the effect of these parameters on the redox 572 

properties of smectites would be necessary to accurately predict their behavior in more complex 573 

environmental conditions.   574 
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