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3 ABSTRACT

4  Iron-bearing smectite clay minerals can act as electron sources and sinks in the environment.
5  Previous studies using mediated electrochemical analyses to determine the reduction potential
6  (Eg) values of smectites observed that the relationship between the structural Fe?()/Ferot ratio in
7 the smectite and Ey varied based on the redox history of the smectite. We hypothesize that this
8  behavior, referred to as redox hysteresis, results from the smectite particles not equilibrating with
9  the applied Ey over the course of the experiment (~30 minutes). To test this hypothesis, we
10 developed a model incorporating interfacial electron transfer kinetics and charge redistribution
11  within the particle to simulate the mediated electrochemical experiments from previous studies.

12 The simulated redox curves accurately matched the previously reported experimental redox
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curves of the smectite SWa-1, demonstrating that longer equilibration periods led to a decrease
in redox hysteresis. We validated this experimentally by measuring the redox curve of SWa-1
after an equilibration period of at least 12 hours. Furthermore, we extended the simulations to
three other smectites (NAu-1, NAu-2, and SWy-2) and extracted their respective thermodynamic
and kinetic parameters. This work offers a framework for interpreting and modeling redox

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

SHORT SYNOPSIS STATEMENT

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

involving smectite clay minerals.
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INTRODUCTION

Iron-bearing clay minerals can serve as electron donors/acceptors in the environment, with
structural iron participating in redox reactions with microorganisms, nutrients, and
environmental contaminants.!"’* Smectite-type clay minerals have received particular attention in
the scientific literature because most or all of their structural iron is capable of being reduced and
oxidized under environmentally relevant conditions.*” %20 In smectites, the structural iron is
largely preserved due to the silicate tetrahedral sheets sandwiching the Fe-bearing octahedral
sheet and the mineral compensating for changes in charge via reversible uptake of cations and/or
protons:
Feld + e + xH{y +yCatf,,y = Fell —HyCat) 1)

in which Cat* is a generic cation and the electron comes from an external donor and x +y =1. Prior
efforts have established that the rates and extents of redox reactions involving structural Fe in
smectites depend on the structural Fe?)/Ferota ratio, which controls both the reduction potential
(Ey) of the mineral and the number of reactive sites.>7 14.1517.18 21-28 However, attempts to quantify

Ey values of structural Fe in smectites have faced challenges.

Prior work by our group used mediated electrochemical experiments to determine the
relationships between the Fe?s)/Ferot ratio and Ey for four purified naturally-occurring smectites
(SWy-2, SWa-1, NAu-1, and NAu-2).14 222 In the mediated electrochemical experiments, soluble
redox shuttles were used to facilitate electron transfer between smectite particles suspended in
an electrolyte and a working electrode.!%21.22 2830 n one set of experiments, a known amount of a

smectite that was initially fully oxidized (Fe*')/Ferotar = 0) was spiked into a solution poised at an
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Ey value, and the extent of reduction was quantified by integrating the resulting current response
in a method referred to as mediated electrochemical reduction (MER). In a second set of
experiments, a known amount of reduced sample was oxidized to different extents in a method
referred to as mediated electrochemical oxidation (MEQO).!* 2% 22 The final Fe*()/Ferota values were

then plotted against the applied Ey values to produce redox profiles for the smectites.? 22

A critical finding from our prior work was that the measured redox curves exhibited two
types of hysteresis (i.e., the Fe?(s/Ferot ratio to Ey relationships differed depending on the history
of the smectite).?- 22 Specifically, the redox curve obtained from the mediated electrochemical
experiments differed depending on whether the smectite was initially (i) unaltered, (ii) reduced
using dithionite, or (iii) re-oxidized after dithionite reduction.? 22 The first type was only observed
between the redox curve of a “native” (i.e., unaltered) smectite and a “re-oxidized” smectite (i.e.,
reduced using sodium dithionite and subsequently re-oxidized using hydrogen peroxide).2! 22
The difference in the redox curves was relatively small and was attributed to the irreversible
changes that occur during dithionite reduction of smectites.!*222 The second —more significant—
type of hysteresis appeared when comparing the initially reduced and re-oxidized smectites.? 22
Specifically, the redox curves of the reduced and re-oxidized smectite differed considerably.?! 2
This second type of hysteresis was reproducible over multiple redox cycles and was speculated
to be due to the formation of metastable Fe states on the clay surface.?»?2 A consequence of the
observed hysteresis was that we could not identify a singular standard reduction potential (EJ)

value for a given smectite.?! 2
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We now suspect that the observed redox hysteresis was due to the system not reaching
equilibrium over the experimental time scale. Evidence for this suspicion comes from studies
performed on other intercalating materials (e.g., Prussian blue analogs, LiMnO:, and LiFePOx)
often used for energy storage and electrochemical ion separation.’!*2 Here, intercalation refers to
the reversible insertion of a cation into the particle without an overt change to the crystal
structure. The charge transfer process for intercalation materials involves (at least) two steps: (1)
reduction of a structural redox-active site accompanied by cation or proton uptake at the mineral-
electrolyte interface and (2) cation or proton diffusion from the surface of the mineral into its bulk
structure to dissipate the concentration gradient created by step 1.323% 44 [f an experiment
performed on an intercalating material is short relative to the time it takes for these processes to
reach an equilibrium state, the collected data appears irreversible.*4 The mediated
electrochemical experiments performed on the smectites occurred over 30 minutes, but other
experiments done with probe compounds suggest the time needed to reach equilibrium may be
several days.* ®7:21:224 Recent experiments have also suggested temporary Fe?(/Feroa gradients
within a smectite crystal lattice after a surface redox reaction and indicated that the dissipation of

the concentration gradient may take multiple days.> !

The central hypothesis of this paper was that the existing electrochemical data for
smectites could be reproduced with a mechanistically appropriate model that captures interfacial
electron transfer kinetics and charge dissipation within the crystal structure to quantify
thermodynamic and kinetic properties of the smectites. To test this, we developed a model that
described the reaction between the redox mediator and the smectite particle during a mediated

electrochemical reaction. In this model, the rate of charge transfer between the mediator and the
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edge of the smectite particle was determined as a function of the Ey value and the Nernst-
Frumkin equation.?> 34525 We focused on the edge sites, as previous studies demonstrated that
charge transfer predominantly occurs at edges at pH values > 7.1% > The subsequent migration of
charged species from the edge into the bulk of the smectite particle was modeled as a one-
dimensional diffusion process. The diffusive transport affected the rate at which the Ey value of
the clay surface changed over time.®* % % We used a one-dimensional approach because it
captured the dissipation of the Fe?*(/Ferota gradient within the smectite particle effectively, while
avoiding the additional computational demands of a higher-dimensional model. Note that a more
complex, multidimensional model would be needed to accurately describe charge transfer
between surface basal sites and structural iron atoms. Using the model, we fit the redox profiles
collected by Gorski et al. (2013) to determine the EJj value of four naturally occurring smectites
(SWy-2, SWa-1, NAu-1, and NAu-2).2 These four smectites were selected in our previous studies
due to the thorough documentation of their physical and chemical properties and their
commercial availability from the Clay Minerals Society.'* 222 To further validate our hypothesis
that redox hysteresis is a manifestation of apparent irreversibility, we also performed mediated
potentiometry on SWa-1 suspensions with different Fe?(s/Ferota ratios. These suspensions were
allowed to react with redox mediators overnight to determine if the redox curve generated from

the measured Ey values fell within the redox curves previously collected by Gorski et al.?- 22

MATERIALS AND METHODS

All solutions were prepared by mixing reagents in deionized water (>18.2 MQ-cm).

Anoxic conditions.



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

SWa-1 reduction and re-oxidation as well as mediated open-circuit measurements were
conducted under anoxic conditions (<0.1 ppm O) in a glovebox (Unilab 2010, Mbraun GmbH,
Germany) containing a N2 atmosphere. All Solutions were sparged with ultra-high purity N: for
one hour before being transferred into the glovebox. Plastic syringes, pipette tips, and glassware
were evacuated overnight in the transfer chamber and equilibrated in the glovebox for several

days before use.

SWa-1 reduction and re-oxidation experiments.

Ferruginous smectite (SWa-1, 12.6 % wt. Fe) was obtained from the Source Clay Minerals
Repository (Purdue University, West Lafayette, IN). A SWa-1 clay suspension (10 g-L) with clay
particles < 0.5 um in 0.1 M NaClOs was used for the reduction experiment. Detailed description

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

SWa-1 was reduced using the citrate-buffered dithionite method.®® Briefly, 25 mL of the
SWa-1 suspension was transferred to a glass bottle to which 50 mL of deionized water was added.
This bottle was sparged with humidified ultra-high purity Nz for an hour and transferred to the
glovebox. To this bottle, 23.4 mL of 1 M NaHCO:s (Fischer Chemical, 99.7%) and 1.6 mL of 0.3 M
Nas-citrate (EMD Chemicals Inc., 99%) were added. The suspension was stirred and heated to 70
°C, at which point sodium dithionite (Milapore Sigma Sigma-Aldrich, > 99%) was slowly added.
The mass of sodium dithionite added was five times the mass of SWa-1 in suspension. The
suspension was stirred vigorously at 70 °C overnight. The reduced SWa-1 suspension was
transferred to a pre-washed and dried dialysis tube (molecular weight cutoff = 12— 14 kDa) and

immersed in a 1 L solution of 0.1 M NaClOx (Fischer Sci, > 99%). The suspension was equilibrated
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for 8 hours, after which the solution was replaced with fresh 0.1 M NaClOs. This process was
repeated four times. The suspension, with a final clay mineral concentration of ~2.5 g-L!, was
transferred to a glass bottle.

A previous study by our group demonstrated that nearly all the Fe atoms (>99%) in SWa-
1 occupied octahedral sites and were redox-active, with an electron storage capacity of 2.20
mmol-gswa171.1 The approximate oxidant dose required to fully oxidize the dithionite-treated
SWa-1 was calculated based on these values (Section S1). For the re-oxidation experiments, the
reduced clay suspension was divided equally into five glass vials (20 mL suspension per vial).
One vial was set apart as the “reduced” sample. Different volumes (30, 70, 110 and 140 uL) of 1.0
M H20:2 were added to each of the other four vials to re-oxidize the SWa-1 suspensions. A detailed
account of the re-oxidation process is provided in Section S1. A portion (11 mL) of the clay
suspension from each of the five vials was set aside for transmission ¥Fe Mdssbauer spectroscopy
analysis of the SWa-1 clay. Sample preparation and methodology for Mossbauer spectroscopy
analysis is provided in Section S2. The remaining clay suspension (9 mL) was used for mediated

open-circuit potential measurements.

Mediated potentiometry experiments.

A protocol previously used by our group to determine the standard reduction potential of
hematite and goethite was modified to measure the Ey value of SWa-1 using mediated
potentiometry.? Briefly, The background electrolyte used in the mediated potentiometry
experiments was 0.1 M NaClO: buffered to pH 7.0 using 50 mM MOPS free acid (3-(N-

morpholino)propanesulfonic acid, EMD Chemicals Inc., 99%) and sodium hydroxide. To 25 mL
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of background electrolyte, 400 uL of SWa-1 clay suspension (~ 2.5 g-L) and 50 pL of 10 mM redox
mediator was added and allowed to react overnight (12-24 hours). The mediators used in this
study were selected based on past work, ensuring that their standard reduction potentials at pH
7 spanned Ey values ranging between —0.14 and + 0.43 V vs. SHE.?:22% A table of redox mediators
used along with their reduction potentials at pH 7 are provided in Table S2. After equilibration,
the Ey value of the suspension was measured using a combined Pt-ring electrode (0.209 V vs.
SHE, Metrohm, part 6.0451.100) for one hour. The Pt-ring electrode was calibrated using
quinhydrone redox couple and the open-circuit potential measurements were logged using tiamo
2.3 (Metrohm). The Pt-ring electrode was immersed in 3 M KCl for at least three hours between
consecutive Ey measurement experiments to minimize potential drift.>>

Note that three different volumes (12.5, 25 and 50 uL) of the 10 mM redox mediator
solution were tested when performing the mediated potentiometry experiments to ensure that
specific adsorption of the mediator to the smectite did not influence the measured Ey value of the
SWa-1 suspension.?? No significant difference was found in the measured Ey values (i.e., within

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

THEORY AND MODEL DESCRIPTION

A redox reaction at a solid-water interface involves several steps: (i) diffusion of the redox-active
compound to the solid surface, (ii) adsorption of the redox-active compound, (iif) electron transfer
and possibly chemical reactions involving the adsorbed species, (iv) desorption of the product(s),
and (v) diffusion of the product(s) to the bulk solution.* ¢ 25 The slowest step(s) in this sequence

generally controls the overall reaction rate. For some redox-active minerals, the rate at which
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Interfacial kinetics at smectite edge Structural rearrangement within smectite

1-D diffusion model

¢ OO T
} dx |-

¢+ dt T T T T

¢+ 2-dt T

t + n-dt R

i

Time

[r = Troe - [k, - [Catly] - (1= 8) — ky - 9]]

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 Fe**/Fer, ratio.

redox-active surface sites are regenerated can also be sufficiently slow to affect the overall
reaction rate. This slow regeneration may occur if species must diffuse through the crystal lattice
or if structural rearrangements are needed within the crystal structure to maintain local charge
balances.*> 5! Here, we present a model framework to describe the kinetics of redox reactions at
the edge site of a smectite particle when the aqueous diffusion and adsorption of the redox-active
compound and its product(s) are sufficiently fast that the reaction rate is predominantly
controlled by the electron transfer step(s) at the smectite-water interface and the rate at which
redox-active surface sites are regenerated via diffusion within the solid. The following
subsections describe the frameworks used to determine (i) the Ey value of Fe at or near the
surface, (i) the kinetics of electron transfer at the interface, and (iii) the rate at which the Fe sites

are regenerated at the smectite surface for subsequent reactions.

Determining the Ey value of Fe at the smectite-water interface.

10
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The reduction and oxidation of the Fe in smectites can be described using the simplistic half-
reaction in eq. 1.0 8 77 In this half-reaction, structural Fe(y is reversibly reduced to Fe{}; by
accepting an electron from an electron donor. The change in charge is compensated by the uptake
of a monovalent cation, Cat™ (e.g., Li*, Na*, or K*), or a proton into the interlayer.'® '8 27 Previous
work found that charge compensation in the interlayer occurs primarily by the uptake of cations,
not protons, at circumneutral pH values.® % For the data analyzed in the present study, we could
not differentiate between cation and proton uptake because sodium uptake was not measured
and a pH buffer was present in solution. Consequently, the model assumes that charge
compensation occurs exclusively through cation (i.e., Na*) uptake and release. This assumption
does not influence the model output, as both the aqueous Na* and H* concentrations in the
solution remained constant under the experimental conditions that were simulated.

Equilibrium reduction potential values of half reactions are typically determined using
the Nernst equation, which is a function of the standard reduction potential (EJ}) and the activities
of the species.®® The Nernst equation, however, is only applicable for sufficiently dilute solutions
and pure solid phases." ¢ ¢ In highly concentrated systems, including solid phases with
compositions that vary as a function of redox state, interactions between charged species (e.g.,
Fe{d, Fe(s), and Catf,)) in close proximity to one another must be taken in account.'s ¢ ¢ The
Nernst-Frumkin isotherm, also referred to as Frumkin intercalation isotherm, accounts for these

interactions when determining the equilibrium reduction potential (Ey g,eq) Of a solid:3! 355 60-62

, RT [ 6 71 RT _ . -~ RT )
Enpeq = Eq— ﬁln = 9] + ﬁln{Cat(aq)} + ?g(O.S -0) 2)

11
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where EJ} is the standard reduction potential (at Fe/Fertotal = 0.5) of the smectite (assumed to be
at pH 7.5 in this work because that is the pH value used to make previous measurements), R is
the ideal gas constant (8.314 J-K-'-mol?), T (K) is temperature, F is Faraday’s constant (96,485
C-mol—!), and n is the number of electrons participating in the half reaction (1 =1 for eq. 1). The
variable 8 represents the Fe? )/Ferowl ratio at the smectite surface, and {CatE’aq)} is the activity of
the monovalent cation in the electrolyte. The dimensionless interaction parameter, g,
conventionally has been used to describe the interaction between adjacent reactive sites in an
intercalation material, where g < 0 indicates favorable interactions, and g > 0 indicates
unfavorable interactions.? >2 The g term reflects the impact of non-ideal charge interactions on
the Ey g eq value (and AGyy) for the half-reaction in eq. 1, due to changes in the Fe*(s/Fetotwi ratio
at the smectite surface. Additionally, past studies have shown that Fe atoms in smectites occupy
different coordination environments, leading to a distribution of reduction potentials for
structural Fe?*”** redox couple.!® 2122 This distribution broadens the potential window over which
the smectite remains redox active,? 2> and, the g term can be used to describe this behavior in the

context of smectites.

Kinetics of interfacial electron transfer.

The electron transfer reaction between the redox-active compound and Fe atoms at the edge of
the smectite particle is depicted in Figure 1 and the rate of this reaction described by the following
rate expression:

7 = Tro¢ - [kf - [Catl,] - (1 = 6) — Ky, - 6] 3)

12
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where r (mol-cm-s) is a surface-normalized reaction rate, ks (cm*mol-'-s) is the forward
(reduction) reaction rate constant, k; (cm-s?) is the backward (oxidation) reaction rate constant,
and [Catzraq)] (mol-cm?) is the cation concentration in the electrolyte. The term Ity is the
concentration of surface Fe sites (mol-cm2), and it is defined as:

[ror = SSA - SL - site denisty 4)
where SSA is the specific surface area of the smectite (cm?g), SL is the solids loading of smectite
in solution (g-cm?), and site density represents the surface density of reactive sites on the smectite
surface (mol-cm?). Note that k; and kj, have different units because their reaction orders differ.
Both kf and k,, are determined using the Butler-Volmer equation, which is conventionally used

to describe electron transfer kinetics occurring at solid-liquid interfaces:!7 18 34 52 60

k F
ke = +—O " exp ((—a) % (Ey — EH,G)) (5)
[Cat(aq)]ref
nF
kp = ko - exp ((1 —a) BT (Eu — EH,B)) (6)

where k, (cms™) is the standard heterogeneous rate constant for the reaction, [Caltz;lq)]ref is the

standard reference concentration (1-10-* mol-cm=), and a is a dimensionless electron transfer
coefficient (0 < a < 1), which represents the “closeness” of the reaction intermediate to either the
reactant (a <0.5) or the product (a > 0.5) in eq. 1.%° The term ‘Ey — E ¢* in eqs. 5 and 6 represent
the electrochemical potential difference between the soluble redox-active compound in solution
and the Fe redox couple on the smectite surface. The reduction potential of the redox-active
compound is represented by Ey and the equilibrium potential of structural Fe at the smectite

surface, Ey g, is determined using:4 4

13
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Eng = E3 + g 9(0.5—0) )
where eq. 7 describes the variation in the surface potential of the structural Fe as a function of 6.
Note that we use a singular standard heterogeneous rate constant, ky, to describe both the
forward and backward redox reaction in eqs. 5 and 6. This is based on the assumption that both
reduction and oxidation occur along the same reaction coordinate and that the local environment
of the Fe atom, where charge transfer occurs, remains spatially consistent.® Although this is a
simplifying assumption and may not fully capture the kinetic variations caused by differences in
the local coordination environment of Fe atoms in smectites, it still offers an adequate

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

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

As structural Fe at the smectite surface is reduced or oxidized, the Fe?')/Ferota ratio at the surface
begins to differ from the ratio deeper within the particle, creating a chemical potential gradient
within the crystal lattice. To dissipate the chemical potential gradient, charged species rearrange
themselves within the crystal lattice. In dioctahedral smectites (i.e., smectites with vacancies in
the octahedral sheet), the rearrangement has been proposed to be controlled by rearrangement of
Fe atoms and/or intervalence electron transfer reactions between adjacent Fe atoms in Fe?*-O-Fe**
linkages.! 18 495154 63 In a previous study we demonstrated that the dissipation of the chemical
potential gradient within an intercalation material can be successfully modeled using a one-

dimensional diffusion model based on Fick’s laws:5°

do
J==DTrot- — ®)

14
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TR T

©)
where, |/ (mol-cm-s!) represents the flux of charged species across a plane and D (cm?s™)
represents the apparent diffusion coefficient of the redox sites in the clay matrix. Note that we
use the term 'apparent' before the diffusion coefficient to indicate that the exact mechanism
responsible for the dissipation of the chemical potential gradient remains uncertain. The
parameter D represents a composite property that describes either the translocation of Fe atoms,
electron hopping between adjacent Fe atoms, diffusion of cations through the smectite interlayers,
or a combination of these processes. 18 4 5. 54 63 Additionally, D is assumed to be constant
throughout the smectite particle and does not account for spatial heterogeneities that may exist
within the particle. A schematic of the interfacial electron transfer reaction and the subsequent
diffusion process, which dissipates the concentration gradient within the smectite particle, is
provided in Figure 1.

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

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

D -dt

D, (10)

dx =

where, Dy (0.45) is the dimensionless simulation constant and has a value less than 0.5 to maintain
the numerical stability of the finite-element diffusion model, as explained in previous modeling
studies.®* ¢ ¢ The characteristic length, L, of the smectite clay particle is given by its radius, and
is assumed to 2.5-10° cm (0.25 microns) based on the size fraction used by Gorski et al. for the
mediated electrochemical experiments.'* The smectite particle is divided into N elements of

thickness dx where N = L/dx. Note that in eqs. 2, 3, and 7, the variable 6 represents the

15
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Fe?()/Ferowl at the smectite surface, referring solely to the first element among N elements of the
clay particle. Conversely, in eq. 8 and 9, 6 represents the Fe? (/Ferota ratio in elements 2 through

N.

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

In the mediated electrochemical reduction and oxidation experiments conducted by Gorski et
al.,'# 2. 22 a constant potential was applied to a working electrode immersed in an electrolyte
solution (i.e,, 0.1 M NaClOs buffered at pH 7.5) containing a redox-active mediator. A small,
known amount of smectite suspension was then added to the solution, and the current response
was measured. For these experiments, we assumed that the redox-active compound was already
in equilibrium with the working electrode when the smectite was added, and that the Ey value
of the solution reflects the potential applied on the working electrode (i.e., the Ey values in eq. 5
and 6 are known). The current response, i (A) produced when a known quantity of smectite was
added to the solution can then be determined using the following equation:
i=n-F-A-r (11)

where, A (cm?) is the active surface area of the smectite particles, n =1, and r is represented by eq.
3. Note that this equation only holds true when the kinetics of electron transfer between the redox-
active compound and the working electrode are significantly faster than the electron transfer
between the redox-active compound and the smectite particle, which is assumed to be the case in
this study.® At the end of the experiment, the simulated current-time curve is integrated to
determine the net change in the bulk Fe{j (mol) concentration in the smectite particle using

Faraday’s law:

16
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1
2+ _ .
arey=— [ ide (12)
0

where t.yoff is the cutoff time and is the time-step until which the simulated current-time curve
is integrated. An example of how t.ytfr is implemented to the simulated current-time curve is
illustrated in Figure S4. In the case of the mediated electrochemical experiments conducted by
Gorski et al., the cutoff was approximately 30 minutes.* 222 The final bulk Fe? ¢)/Ferota ratio for
the applied Ey is calculated using the following equation:

2 2
Fe(s) initial + AFe(s)
Irot*A-L

Fe%sg/FeTotal = (13)

where Fe%s-S,initial (mol) is the initial number of Fe? sites in the smectite particle before mediated

electrochemical reduction or oxidation. The Fe?()/Feroal ratio is then plotted as a function of

applied Ey to generate the redox profile.

RESULTS AND DISCUSSION
Simulating mediated electrochemical reduction and oxidation of Fe in SWa-1.

To validate the model’s capability of reproducing experimentally collected data, we initially
simulated the mediated electrochemical reduction and oxidation experiments with ferruginous
smectite, SWa-1 (Figure 2).2! To generate the reduction curves (red-dashed line, Figure 2), we
simulated the electrochemical reduction of fully re-oxidized SWa-1 clay (i.e., initial bulk
Fe?()/Ferowal ratio = 0.01) at different Ey values ranging from +0.65 to -0.65 V vs. SHE at 0.01 V
intervals. Note that we simulated re-oxidized SWa-1, as opposed to native SWa-1, because the

dithionite reduction process is known to irreversibly alter the structural and chemical properties
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Figure 2. Simulated redox profiles of SWa-1 fitted to experimental redox profiles collected by
Gorski et al.*"# 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 EJ = - 0.01 V vs. SHE,
ko=2510"cm-s?, D=7510" cm?s”, a« = 0.52, and g = 9. A £ value of 30 minutes was
assumed for generating the reduction (red-dashed line) and oxidation (blue-dashed line)
profiles. Initial Fe** /Fer.. values of 0.01 and 0.85 were used for simulating the oxidation and
reduction curves, respectively.

of smectite.!® 1421229 Thus, the native and reduced SWa-1 were most likely structurally different,
whereas the re-oxidized and reduced SWa-1 were likely structurally more similar. To mimic the
experiments performed by Gorski et al., the simulation cutoff time was set to 30 minutes.?"-2 This
meant that only the first 30 minutes of the simulated current response was considered when
calculating the change in the Fe?')/Ferowl ratio at an applied Ey. The simulated Fe? )/Ferotl ratios
were plotted against Ey to generate the reduction profile. The oxidation curve (blue-dashed line,
Figure 2) was generated in a similar fashion to the reduction profile, with the only difference
being that the re-oxidized SWa-1 was assumed to be fully reduced (i.e., initial bulk Fe? s)/FeTotal
ratio = 0.99) before being electrochemically oxidized. The simulated redox curves were fitted to
the experimental ones by floating multiple parameters and minimizing the least-squared

differences between the two sets of curves over iterative cycles.? 22 The parameters that were
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floated were the standard reduction potential (Ej}), the standard heterogeneous rate constant (k,),
the apparent diffusion coefficient (D), the electron transfer coefficient («), and the interaction
parameter (g). Subsequently, we manually fine-tuned the fitted parameters to improve the overall

tit quality.

The simulated data for the reduction of re-oxidized SWa-1 closely matched the
experimental data collected by Gorski et al (Figure 2).2" 22 However, the simulated data for the
oxidation of reduced SWa-1 initially did not fully capture the data collected from the oxidation
experiments (Figure S5). Specifically, the experimental and simulation data between Ey =-0.4 V
to 0.0 V differed, with the simulation calculating larger Fe?()/Feronl ratios than those
experimentally recorded (refer to Figure S5). When we changed the initial Fe*')/Ferot ratio in the
reduced SWa-1 from 0.99 to 0.85 (i.e., only 85% of the Fe sites were reduced to Fe%' initially) for
the oxidation simulations, the simulated and experimental curves converged (Figure 2).2--22 We
speculate that the reduced SWa-1 used to generate the experimental data was incompletely
reduced, which may have been caused by incomplete reduction by dithionite or inadvertant
partial oxidation during subsequent storage.? 22 With this modification, the simulation
successfully replicated the experimental redox curves collected for SWa-1 (Figure 2, r2=0.98, n =
40).2- 22 Importantly, the simulation described both the reduction and oxidation redox curves using
the same parameters: Efj (- 0.01 V vs. SHE) , k, (2.5:100 cm's?), D (7.5-10"% cm?s?), @ (0.52), and g

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

Sensitivity analyses of the simulations were performed to assess the uncertainty

associated with each of the fitted redox parameters (Section S3). Based on the analyses, the
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quality of fit between the simulated and experimental data was highly sensitive to changes in the
Ej} value, exhibiting a narrow range of uncertainty in the predicted Ejj with values ranging from
—-0.11 V to +0.01 V vs. SHE. Relatively, k, displayed more uncertainty in its predicted value with
the best fits occurring for k, values ranging between 2.0-10! to 2.5-10 cm-s™!. Determining the
uncertainty associated with D proved to be challenging as the quality of fit between the
experimental and simulated data remained relatively constant for D values greater than 10-'2
cm?s7! (Section S3). However, the quality of fit deteriorated significantly for D values less than
5103 cm?s7, suggesting that the apparent diffusion of charge carriers in the smectite particle is
likely higher than 5-10-13 cm?s71. The uncertainty in @ ranged between 0.3 and 0.7, and the quality
of fit was insensitive to changes in g for values ranging between 0 and 30. Collectively, the
sensitivity analyses indicated that Ef} and k, influenced the simulated redox profile of SWa-1 the
most. Although D did not significantly affect the fit quality for values above 10-'2 cm?s! (Section
§3), it was essential for capturing the trend in the experimental data between Eyy =—0.6 V to - 0.5
V, where the Fe?()/Ferow ratio value plateaus but does not reach 1 in the reduction experiment
(Figure 2). The relatively low sensitivity of @ and g on the quality of the fit can be attributed to the
narrower range of values used for these parameters during the fitting process, compared to the
wider range used for k, and D, which differed by orders of magnitude. Examples depicting the

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

Effect of equilibration time on redox hysteresis.

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

(Figure 2),2%22 we proceeded to test our hypothesis that redox hysteresis was due to insufficient
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equilibration time in the mediated electrochemical experiments using two approaches. First, we
simulated reduction and oxidation experiments of SWa-1, varying the cutoff time to determine if
the extent of redox hysteresis decreased with increasing cutoff time. In these simulations, the
cutoff time represented the duration allowed for the clay particles to be reduced or oxidized by a
redox mediator under a constant applied Ey. Second, we performed experiments in which we
allowed reduced SWa-1 to equilibrate with an electron mediator for a longer period (12-24 hours)

and measured Ey for samples having different Fe?)/Ferota ratios.

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

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

10t - Cutoff time (£ () 10k 2 This work (b)
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Figure 3. (a) Effect of cutoff time (£, 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.”” % 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 pL of 1.0 M hydrogen peroxide which had leaked in transit to
Mdossbauer analysis leading to an underestimated Fe®*/Fe;., ratio of 0.11 (Section S2). A
corrected Fe®'/Fer,, ratio of 0.53 was used when plotting the data point against the
corresponding Ey. Details on how the Fe®/Fer, ratio was calculated are provided in Section
S5 of the supplemental text.
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30 minutes. The extent of redox hysteresis in the simulations of the reduction and oxidation
experiments decreased as the cutoff time employed in the simulation was increased from 0.02
days to 5.00 days as seen in Figure 3, panel a. The separation between the redox curves generated
from the simulated reduction and oxidation experiments gradually approached each other as the
cutoff time increased. At a cutoff time of approximately 4.75 days, both redox curves converged
to form a single redox curve represented by the solid black line in Figure 3a, indicating that the
SWa-1 particles had reached equilibrium in the simulation. Further increasing in the cutoff time
(e.g., tautoii >4.75 days) did not affect the simulated redox curves. Notably, the ‘equilibrated” redox
curve (solid black line in Figure 3, panel a) could fully be described by the Nernst-Frumkin
equation (eq. 2) without the need for any kinetic or diffusion terms. This mathematical
consistency arises because the rate equation (eq. 3) reduces to the Nernst-Frumkin equation when
equilibrium conditions are assumed (refer to Section S4 in SI for derivation). At equilibrium, the
equilibrated redox curve for SWa-1 exhibited an Fe? s)/Ferot ratio of 0.50 at an Ey value of — 0.07
V vs. SHE, which was 60 mV more negative than that of the fitted value of EJ=-0.01V vs SHE.
This shift is attributed to the dependence of the reduction potential on the activity of Na*, which
was assumed to be 0.1 in the simulation due to the use of 0.1 M NaClOs in the experiments.?- 22
Note that the time required to reach equilibrium depends on both k, and D, and is influenced by
the active surface area and size of the clay particles in suspension. We speculate that smaller
particles may equilibrate faster if charge transfer occurs predominantly at edge sites, due to the

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

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

simulated oxidation curves in Figure 3a consistently intersected the equilibrated redox curve at an
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Ey value of — 0.195 V vs. SHE and an Fe?s)/Ferotal ratio of 0.85, whereas the simulated reduction
curves never intersected the equilibrated redox curve. This crossover of the oxidation curves with
the equilibrated redox curve arises from the assumption that the initial Fe? )/Ferotl ratio in SWa-
1 was 0.85 (i.e., not fully reduced). Based on the equilibrated redox curve (black line in Figure 3,
panel a) and eq.2, an SWa-1 sample with an Fe*()/Ferotal ratio of 0.85 would have a reduction
potential of — 0.195 V vs. SHE. This implies that at Eyy values more positive than — 0.195 V, the
SWa-1 would undergo oxidation, while at Ey values more negative than — 0.195 V, the SWa-1
would undergo reduction. This behavior is reflected in the simulated oxidation curves in Figure
3a, where data points to the right of the equilibrated redox curve (i.e., Eg > - 0.195 V vs. SHE)
represent oxidation, while data points to the left (i.e., Ey <—0.195 V vs. SHE) actually represent
reduction. This effect is more evident when comparing the 30-minute oxidation curves depicted
in Figure S4, where the oxidation curves were simulated with initial Fe? )/Ferotl ratios of 0.85 and
0.99. The oxidation curve simulated using an initial Fe?«)/Ferota ratio of 0.99 does not cross over
the equilibrated redox curve, as all points represent oxidation (compare blue dashed lines in
Figure 3a and Figure S4). Note that, despite the oxidation curve not necessarily representing
oxidation at all Ey values, within this study, we continue to use the term “oxidation” for brevity
when referring to the curves fitted to the data obtained from the mediated electrochemical

oxidation experiments.? 22

After studying the impact of cutoff time on the simulated redox curves of SWa-1, we
proceeded to experimentally validate our observations from the simulation. We hypothesized
that the Ey values of the SWa-1 samples measured during mediated potentiometry experiments

would lie in between the SWa-1 redox curves collected by Gorski et al. due to the longer
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equilibration time provided in our experiments (12-24 hours compared to 30 minutes).? 2> Based
on this hypothesis, we performed mediated potentiometric measurements on SWa-1 samples

with varying Fe?s)/Ferot ratios (Figure 3, panel b).

These samples were prepared by reducing SWa-1 with sodium dithionite, then
reoxidizing samples to various extents by adding different amounts of 1.0 M hydrogen peroxide
(experimental details in Section S1) and allowing the reaction to proceed for at least 24 hours.
The extent of reduction and reoxidation (i.e., Fe?*(y/Ferot ratio of each sample) of the chemically
treated SWa-1 samples were determined using “Fe Mossbauer spectroscopy analysis
(experimental details and Mdssbauer spectra of each sample are provided in Section S2). The Ey
values of the SWa-1 samples with differing Fe?()/Feroa ratios were measured using mediated
potentiometry (experimental details are provided in Section S6). Note that SWa-1 suspensions
were allowed to equilibrate with the mediator in the electrolyte for 12-24 hours before the Ey
measurements were recorded. The measured Ey values at pH 7.0 were normalized to pH 7.5 by
subtracting 30 mV (i.e., 59 mV per pH decade multiplied by 0.5 pH units) from the measured

value to ensure consistency between the Ey values and the SWa-1 data collected by Gorski et al.’®

56

The measured Ey values of the SWa-1 samples closely matched the equilibrated redox
curve of SWa-1 (Figure 3, panel b, r> = 0.98, n = 5), supporting our hypothesis that extended
equilibration times mitigate redox hysteresis. Note that the data collected by Gorski et al. used
mediated electrochemical reduction/oxidation, which is fundamentally different from the

mediated potentiometry used in this study.'* 222 Mediated electrochemical reduction/oxidation
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is an active technique that measures the change in the Fe?")/Ferotal ratio by integrating the current
response observed when an aliquot of oxidized or reduced clay mineral is added to a pH-buffered
electrolyte containing a mediator maintained at a fixed Ey value.?> % This approach has an
inherent time limitation, as the current response can only be analyzed for a short period of time
before it decreases to the point where it becomes indistinguishable from the background
current.?> % In contrast, mediated potentiometry is a passive technique where no current flows
through the system, and the clay mineral allowed to equilibrate with the mediator for durations
exceeding 12 hours.”> % An important consequence of the two different approaches is that, in
mediated electrochemical reduction/oxidation, a gradient of Fe?')/Feroti develops during the
redox process, which must dissipate over time. However, in mediated potentiometry, where the
Ey values of clay minerals with different Fe?*/Ferota ratios are measured, no such gradient exists,
as the bulk of the clay mineral is already in an equilibrated state. We fit the data points obtained
from mediated potentiometry in this study to the Nernst-Frumkin equation (eq. 2) to test whether
the fitted Ej} value deviated significantly from the Ej value obtained from the fits of the reduction
and oxidation curves. The fit produced and E} value of — 0.017 V vs. SHE (2= 0.92, n = 5), which
was remarkably close to the Ej} value (- 0.01 V vs. SHE) determined by fitting the reduction and

oxidation curves.

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

After confirming that our simulations accurately replicated the data from the mediated
electrochemical experiments conducted on SWa-1 (Figure 2) and demonstrating that the redox

hysteresis was likely due to insufficient equilibration time for the smectite particles (Figure 3), we

25



457

458

459

460

461

462

463

Y, Gorski et al. @] 10
A
Vg . . V MER{O
v Simulation (this work) 08
Vv\ - = = Reduction
- - - Oxidation

N
=}

2+
(Fe  /Ferotal)
o
o

0.6 \A\A —— Equilibrium 0.6
+ “
Nd) 04 . 04 1S AR .
L \
s \ v
2 02 A 02 v
© b N
C N A 4
~a__M__a 7
O Swa-1(12.6 %wt. Fe) 0 NAu-1 (212 %wt. Fo) n——%
06 04 02 0 02 04 06 06 04 02 0 02 04 06
1.0 @10 (d)

0.8

2+
(Fe (s) /FeTotaI)
o
o]

o
o

0.6

2+
o
~

0.4

0.2

Fraction Fe
o
[\S]

o

NAu-2 (19.2 %wt. Fe) O swy-2 (2.3 %wt. Fe)
-0.6 -04 -0.2 0 0.2 04 0.6 -0.6 -04 -0.2 0 0.2 04 0.6
Applied potential, £, (V vs. SHE) Applied potential, £, (V vs. SHE)

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.?"** 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 7 value greater than 0.94. The initial
Fe®* o /Ferqa 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).

expanded our simulations to include the reduction and oxidation experiments conducted by Gorski
et al. on three other smectites: nontronite NAu-1 (21.2 % wt. Fe), nontronite NAu-2 (19.2 % wt.
Fe), and Wyoming montmorillonite SWy-2 (2.3 % wt. Fe). The simulated redox and experimental
data for the reduction and oxidation experiments conducted on all four clays are shown in Figure
4, and the simulation parameters used to achieve the fit for the four clays are provided in Table
1.2 The simulated redox curves of the reduction experiments closely matched the experimental

data collected by Gorski et al. for all four smectites (compare red dashed lines with red upward
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Table 1. Model parameters used to simulate the redox curves of smectites SWa-1, NAu-1,
NAu-2, and SWy-2.

Smectite E} (Vvs.SHE) kg (cm's?) D (cm>s?)  teq?(days) a g r?
SWa-1 -0.01 2.5-1010 7.5:1013 4.75 0.52 9 0.98
NAu-1 -0.17 1.0-10° 6.2:1013 7.63 0.52 10 0.97
NAu-2 +0.01 1.9-10° 7.7-1013 5.32 0.52 10 0.94
SWy-2 +0.02 2.0-10° 1.2:10"2 0.52 0.48 13 0.98

*The cutoff time taken to reach equilibrium in a mediated electrochemical reduction/oxidation
is represented by £, and 7 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.

facing triangles in Figure 4) without any modifications to the initial Fe?")/Ferowal ratio of 0.01.22
However, as with SWa-1, fitting the redox curves for the oxidation experiments required us to
adjust the initial Fe*'(y/Ferota ratio to a value lower than 0.99 for NAu-1 and NAu-2 to ensure
convergence between the experimental and simulated data (compare blue dashed lines with
blue downward facing triangles in Figure 4, panels a-c). An initial Fe?')/Ferota ratio of 0.40 (NAu-
1) and 0.62 (NAu-2) was used to achieve convergence (Figure 4, panels b and c). Note that the
initial Fe?*)/Ferota ratio of 0.40 (i.e., 40% of the total Fe was reduced to Fe*(s) for NAu-1 is close to
the experimentally determined value of 0.45 from the original study based on Mdssbauer
analysis.?? Unlike the iron-rich smectites, we were able to simulate the redox profile for the
oxidation experiments conducted on SWy-2 without any change to the initial Fe?)/Ferot ratio of
0.99, suggesting that SWy-2 was completely reduced before being electrochemically oxidized
(Figure 4, panel d). Overall, the simulations accurately replicated the experimental redox curves
collected by Gorski et al. for NAu-1 (Figure 4, panel b, 2= 0.97, n = 23), NAu-2 (Figure 4, panel

¢, r2=0.94, n = 23), and SWy-2 (Figure 4, panel d, 7> =0.99, n = 23).2
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Extended reduction and oxidation experiment simulations were also conducted on the three
other clays to determine their equilibrated redox curves. The equilibrated redox profile for each
clay is represented by the solid black lines in Figure 4. The cutoff time required to reach
equilibrium differed among the four smectites. SWy-2 equilibrated the fastest with a cutoff time
of 0.52 days and NAu-1 equilibrated the slowest with a cutoff time of 7.63 days; NAu-2
equilibrated with a cutoff time of 5.32 days. Interestingly, the cutoff time required to reach
equilibrium bore a strong positive correlation against the % wt. Fe content of the smectite (1> =
0.93, n = 4), suggesting that smectites with higher Fe content would take longer to reach

equilibrium.
Interpreting the redox properties of the smectites.

Based on our simulations, the Ej values at pH 7.5 for the four smectites were: — 0.17 (NAu-1), -
0.01 (SWa-1), +0.01 (NAu-2) and +0.02 (SWy-2) V vs. SHE (Table 1). The range of values defining
the uncertainty in the fitted Ej, ko and D values are provided in Table S3. The trend observed in
the fitted EJj values aligned with the apparent standard reduction potentials reported by Gorski
et al. for native smectites, where SWy-2 exhibited the highest apparent standard reduction
potential (E§ = - 0.03 V vs. SHE) and NAu-1 the lowest (Ef} = - 0.45 V vs. SHE).2 However, the
ER values spanned a narrower range (0.19 V) than the EJ values reported by Gorski et al. (0.42
V), suggesting that the affinity of structural Fe to gain or lose electrons did not vary among the
four smectites as our original interpretation indicated.?? Prior studies have shown that the
reactivity of the dioctahedral Fe in smectites is influenced by its coordination environment, where

an Fe?* atom adjacent to a Mg? or another Fe?* atom was oxidized prior to an Fe?* atom associated
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with an AP* atom.!'® ¢ We speculate that the EJ value of a smectite is dependent on the relative
abundance of Mg?-O-Fe?%*, Fe3*-O-Fe?** and Al**-O- Fe?** linkages in the smectite. Note that the
ER values reported in this study specifically apply to smectites that were chemically treated with
dithionite. Based on trends observed by Gorski et al. when comparing the Ef} values of unaltered
and dithionite-treated smectites,”> we speculate that the EJ for unaltered smectites would likely

be slightly more negative than those reported here.

Among the smectites investigated, SWy-2 exhibited the fastest kinetics with a standard
heterogeneous rate of 2.0-10 cm-s™! (Table 1). The standard heterogeneous rate constants for the
iron rich smectites were over an order of magnitude lower than SWy-2 with values ranging
between 1.0-10° cm-s? (NAu-1) and 2510 cm-s? (SWa-1). Interestingly, the standard
heterogenous rate constants correlated strongly against the inverse of % wt. Fe in each smectite
(r*=0.99, n = 4; Figure S9) suggesting that the heterogeneous rate constant captured some of the
structural aspects of the smectites investigated in this study. However, deducing conclusive
inferences based on this correlation would require a quantitative investigation of parameters such
as active surface area, particle size distribution, and exact masses of smectite added during the
mediated electrochemical experiments. The apparent diffusion coefficients of all four smectites
were similar, ranging from 6.2:10"3 cm?-s™! for NAu-1 to 1.2:10-2 cm?s-! for SWy-2 (Table 1). While
these values were several orders of magnitude greater than reported proton diffusion values in
montmorillonite (10° cm?s™?) and kaolinite (10! cm?s71),¢-% they are only an order of magnitude
lower than the electron diffusion coefficient (10! cm?-s!) reported by Rosso et al. for a defect free
iron rich smectites.®> 7 The closeness of the reported electron diffusion coefficient and the

diffusion coefficients from this study (Table 1) suggests that electron migration in Fe?*-O-Fe%*
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linkages may be the major process responsible for dissipating the chemical potential gradient
within the iron rich smectites.®> ”° The parameters a and g did not vary significantly among the
four smectites. The a values for the four smectites ranged between 0.48 and 0.52 and g values

ranged between 9 and 13 (Table 1).

ENVIRONMENTAL IMPLICATIONS

This work demonstrates that mediated electrochemical techniques have inherent limitations due
to their short measurement times, which can potentially complicate data interpretation.
Therefore, it is important to consider the processes that could limit the rate of the redox reaction
being investigated. In this study, we found that when interpreting the mediated electrochemical
reduction/oxidation data of smectites, both the electron transfer kinetics at the smectite-water
interface and the internal charge reorganization within the smectite particle need to be
considered. Furthermore, the Nernst-Frumkin isotherm fully captured the redox properties of the
clay minerals under equilibrium conditions. The time required to reach equilibrium under
oxidizing or reducing conditions varied across smectites, ranging from 0.52 days for SWy-2 to
7.63 days for NAu-1. This variation could have significant implications for how smectites behave
in the environment when exposed to events that induce oxidizing or reducing conditions. These
processes are particularly relevant in the context of 'biogeochemical batteries," where the redox
cycling of minerals like smectites plays a crucial role in the storage and transfer of electrons across
environmental interfaces.”? Depending on the duration of such events, the rate of smectite
oxidation or reduction may be governed by the kinetics of charge transfer at the mineral surface

or by the internal reorganization of charge within the mineral.” For instance, in the case of SWy-
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2, redox events lasting for a day could result in full equilibration with its environment, whereas
iron-rich smectites such as SWa-1, NAu-1, and NAu-2 may require significantly more time to
reach equilibrium. Additionally, both processes should be considered when interpreting kinetic
data from contaminant transformation studies, as the reaction rates observed in these studies can
be influenced by either the interfacial electron transfer kinetics or the dissipation of the chemical
potential gradient within the smectite particle.* &7 4 The process limiting the reaction rate
depends on the thermodynamic driving force, represented by the difference in reduction
potential between the contaminant and the smectite particle.* ®7” 4 The model developed here
describes the reactivity of the smectite as a function of electrochemical potential difference (AEy)
between the smectite surface and the soluble redox compound (e.g., redox mediator and soluble
organic matter that can act as electron donors/acceptors). One can potentially apply the model to
describe the redox activity of minerals in systems where AEy changes as function of time due to
periodic oscillations in environmental conditions, such as changes in dissolved oxygen and
chemical composition of groundwater caused by seasonal fluctuations in the groundwater

table.”t-73

The findings from this work may also offer an alternative hypothesis as to why
biologically and chemically reduced smectites often exhibit different structural properties, even
when samples are reduced to the same extents.” Prior work has largely speculated that the
differences are due to bacteria preferentially reducing Fe* at edge sites, while chemical reductants
react with both edge and basal Fe** sites.” We speculate that the structural differences could also
be caused by the differences in the chemical driving force of reduction (AEy) and the timescale

over which reduction occurs. Microbial reduction involves a small driving force but long
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equilibration time, often extending several days to weeks, >!! while chemical reduction involves
a large driving force and relatively short equilibration time. The Fe?()/Fe%() gradient created
during chemical reduction, but not biological reduction, may alter what types of structural
modifications occur over the course of the reaction. While the model performs adequately in
describing the redox properties of smectites in controlled environments, such as in the mediated
electrochemical experiments conducted by Gorski et al.,? 22 it does not account for the presence
of other cations, anions, or natural organic matter, which could alter the observed experimental
trends. These species are expected to influence the aggregation behavior and interlayer spacing
of clay minerals. Further experiments investigating the effect of these parameters on the redox
properties of smectites would be necessary to accurately predict their behavior in more complex

environmental conditions.
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