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Abstract

Physical Environmental Electrochemistry: Electrochemical Properties
of Natural Organic Matter and Iron Powders

James T. Nurmi
OGI School of Science and Engineering, 2005

Supervising Professor: Paul G. Tratnyek

Electron transfer is ubiquitous in nature. A thorough understanding of the rates and
mechanisms of electyon transfer is vital to the scientific study of natural systems. It ts also
important for the successful design and implementation of engineered systems that rely
on electron transfer (i.e., permeable reactive barriers filled with Fe%). Since
electrochemistry is the science that deals with the relationship between electricity and
chemical changes, it is well suited for the study of systems in which electron transfer is
important. This dissertation details the electrochemical study of two important, and
different environmental systems.

The first part of this dissertation deals with the redox properties of natural organic
matter (NOM), fractions of NOM, and model biogeochemical electron shuttles. Several
electrochemical techniques and experimental designs were adapted in order to obtain the
best resolution of voltammograms of NOM. The peak potentials for various NOM
fractions were collected and related to various electron donors and electron acceptors,
given as a redox ladder. A significant result of this study was the observation that the
voltammogram of an unfractionated NOM sample gave several peaks, indicating that

several redox active species or moieties are present in the sample. This led us to

xi



hypothesize that there may be a continuum of potentials associated with redox active
groups in NOM.

The second environmental system that was studied in thus dissertation was that of
the Fe’-H,0-contaminant system. Much work has been done on characterizing the rates
and mechanisms of how Fe” reduces various contaminants. Most of these studies use high
grade iron or polished Fe’ disk/coupon/wire electrodes. While these studies have
provided a great deal of understanding of this system, the rates and mechamsms of iron
mediated reduction by particles used in the field may be different. In order to get at
important aspects of this system that are not represented n batch or column experiments,
we designed, fabricated, and validated a powder disk electrode (PDE) that is able to hold
various sizes of iron particulate (micro to nano).

In order to determine if our PDE would give electrochemically interpretable
results, we started by packing the PDE with electrolytic Fe’ (Felc). We found that by
varying scan rate, rotation rate, and cavity volume: (1) the resulting voltammogram was
due to the iron powder, not the underlying disk material, (ii) the cathodic reaction (2H" +
2e” > Hs(g)) is kinetically limited, and (111) iron dissclution is affected by the mass
transport of solutes (probably Fe?*) out of the cavity pore space.

For the study of nano-iron powders (Fe™?, Fe®), we combined batch,
spectroscopic and electrochemical approaches to characterize the properties of these nano
iron samples. Fe"” is a two-phase material consisting of 40 nm o-Fe® (made up of crystals
approximately the size of the particles) and FesO, particles of similar size or larger
containing reduced su)fur; whereas Fe®" is mostly 20-80 nm metallic Fe particles
(aggregates of <1.5 nm grains) with an oxide shell/coating that is high in oxidized boron.
The Fe®" particles further aggregate into chains. We found that both nano iron samiples
with Fe® cores gave more cathodic corrosion potentials (Ec,,’s) than either the polished

ron disk or the PDE packed with Fisher electrolytic iron.

X1l



Section 1.0. Overview of Physical Environmental Electrochemistry

The term environmental electrochemistry has been used 1n a variety of scientific
and engineering contexts. For the purposes of this chapter, several examples of
environmental electrochemical studies from vanous fields will be given in order to
highlight the differences between engineering applications of electrochemistry, analytical

environmental electrochemistry, and physical environmental electrochemistry.

Engineering applications range from electrolysis of various organic and inorgamce
substances to a relatively new environmental technology called electrokinetics.
Electrolysis uses the passing of a current through a conductive solution in order to
change, usually decompose, a substance in solution. There have been many studies,
dating back to the pioneers of electrochemistry, in which electrolysis was used to
decompose or make compounds in solutions for either remediation or commercial
purposes A recent example of electrolysis for remediation is the decomposition of TNT

1 water by using various types of cathode materials [1].

Electrokinetic remediation involves the application of either a direct cusrrent or an
electric potential to a system in order to create an electric field between two electrodes in
a contaminated sample. The mechanisms of contaminant removal induced by applying a
potential or current between electrodes include transport, sorption, precipitation,

dissolution, and electrolysis [2-4].

In contrast to the engineering apphcations above, electrochemical techniques can

also be used to determine the composition or properties of environmental systems. In the
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sub-discipline of analytical chemistry, a collection of techniques designed and used to
determine the composition of a given sample. For instance, analytical environmental
electrochemistry has the intent to develop techniques to measure the composition of a
soil, sediment, or water sample. Much progress has been made on the fabrication of
electrodes and design of electrochemical systems that allow for the determination of
various compounds, such as metals, in soils, sediments, and waters [5-8].Thus,
electrochemical techniques are well suited for determining concentrations of species in

various environmentally reJevant systems.

Physical chemistry often focuses on the determination of the thermodynamic or
kinetic properties of matenals, including electrochemical potentials and reaction rate
constants. Physical environmental electrochemistry often must also contend with the
complexity of environmental systems. While the majority of environmental
electrochemical studies fall under the purview of analytical chemistry, comparatively few
studies have used electrochemistry to probe the physico-chemical properties of natural

systems. Most of those that have been published to date are reviewed in this chapter.

The following sections are intended to educate the reader on the principles of: (1)
electrochemuistry, (11) complex environmental processes, and (iii) physical environmental
electrochemistry. This will be accomplished with several examples that combine the
techniques and theory of electrochemistry in order to better understand the properties and

processes of complex environmental systems.

1.1. Environmental Processes

The majority of environmental reactions that take place under aqueous conditions
are etther oxidation-reduction (redox), hydrolysis, or acid-base reactions [9]. Of these
three, this chapter is mainly concerned with redox reactions. Redox reactions can be
broken into two categories: oxidation and reduction. These two categories will be

discussed and are accompanied with simplified examples.



1.1.1. Complex Environmental Systems

In nature, multiple oxidation, reduction, and electron shuttling reactions often
occur together. Figure 1.1 exemplifies how redox reactions occur in an environmental
system. The arrows in Figure 1.1 represent redox reactions. The oblong shape in the
lower left represents an iron-reducing bacterium, such as Geobacter metallireducens. It
has been demonstrated that this bacterium and various other bacteria can donate electrons
to various species in solution or onto complexed compounds, such as U®* [10]. Other
studies have shown that these bacteria may also be able to donate electrons to
mojeties/species found in natural organic matter (NOM). The resulting reduced NOM
may then reduce a compoungd such as Fe''(s) or possibly even U (aq) depending on the

redox potentials of the species in the NOM.

Electron transfer from abiotic systems has also been shown to be important in
natural complex systems. The object in the upper right of Figure 1.1 represents an iron
particle. The arrows in the upper right of Figure 1.1 show that Fe” reduces TNT to TAT
in a complex set of mechanisms, and that NOM may react with Fe® in a similar manner as
was discussed with the bacterium. Much work has been done on the mechanisms and
kinetics of Fe® reduction of various contaminants, yet it 1s still not known why some iron

particles behave differently than others.

In all cases, it 1s apparent that electron transfer is important in understanding how
environmental systems function. Since electron transfer is the most important reaction
mechamsm in environmental systems, electrochemistry is well suited for the study of
these complex systems. In the next section, a short introduction to the principles of

electrochemistry will be given.

1.2. Principles of Electrochemistry

Electrochemisiry 1s the study of electron transfer reactions between electrodes and
reactant molecules usually in solution. Most electrochemical studies involve the

development and application of techniques to probe the rate and mechanisms of various
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reactions. Figure 1.2 shows the general pathways of a typical electrode reaction. Note that
the mechanisms and processes are equivalent to those that are involved in redox reactions
at environmental surfaces (Figure 1.1). Because of this, the use of electrochemical

techniques is well suited to the study of complex environmental systems.

Figure 1.2 shows that an oxidant in the bulk solution (Oxpux) can diffuse nto the
interfacial region, potentially undergo chemical reactions, adsorb to the surface of the
electrode, recetve an electron from the electrode (become reduced), and then diffuse back
out into the bulk solution. Note that the same processes occur between either a bacterium

or a metal particle as shown in Figure }.1.

In the case of a Pt electrode, in order for an electron transfer to occur, a substance
In solution must be present that can either accept or donate an electron to/from the
electrode. In the case where the electrode itself reacts, such as duning corrosion of an Fe’
electrode, the dissolution of Fe’ to Fe** will cause a flow of electrons. These are two
types of electrodes that have been used to study the properties, rates, and mechanisms of

environmental systems.

Reactions at the electrode surface are heterogeneous and occur in the interfacial
region between the electrode and solution where the charge distribution can be different
than that of the bulk solution. This interfacial region can influence electrode processes,
such as when adsorption of an organic substance occurs at the surface of an electrode. For
most cases, this complexity is minimized by reducing the size of the interfacial region by

addition of a supporting electrolyte and/or by rotating the electrode.

The electrode can act as either a sink (oxidation) or source (reduction) for

electrous to or from species in solution, as in:
O+ne >R (1)

Where O represents an oxidant and R represents a reductant. Electrochemical studies

usually use inert working electrode materials such as Hg, Pt, Au, or glassy carbon.
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Alternatively, if the working electrode is made of a material that undergoes corrosion

processes, then the electrode itself will generate an electrochemical response, as in:
M > M" +ne’ 2)
Where M represents a metal and n is the number of electrons transferred.

The transfer of an electron to or from the electrode ultimately depends on the
energy of the electron orbitals of the acceptor and donor. In the electrode, this 1s the
highest filled orbital; in a metal, it is called the Fermi level [11]; and in a soluble species,
it is the frontier orbital of the valence electron to be given or received. For a reduction or
oxidation at an electrode, a minimum/maximum energy exists that the electrode must

obtain before transfer can occur, which is often called an over-potential [12].

The pathways discussed above can arise in two ways depending on whether the
electrode potential is allowed to come to equilibrium with the solution, as in equilibrium
electrochemistry or whether the electrode potential is controlled, as in dynamic
electrochemistry. In the former case, the potential established at an electrode under

equilibrium conditions is given by the Nemst equation:
E = E” + RT/sF In[Ox)/[Red] (3)

This equation describes the electrode potential (E) as a function of the standard redox
potential (EO’) and the concentrations of the oxidized and reduced forms of redox active

substances in solution.

An experimental technique used frequently for the measurement of overall redox
conditions (Eh or pE) in environmental systems usually employs an inert Pt electrode (or
occasionally a C or Au electrode) in which the potential is left uncontrolled. Many
investigations and publications have been devoted to the discussion of this type of study
and in the validity and interpretation of the data [13]. The interpretation of Eh
measurements 15 often difficult because of the complexity of environmental systems. In

soils, sediments, and water, it 1s reasonable to believe that there exist multiple redox



labile compounds or mojeties, many of which may not reach equilibnum with a Pt

electrode.

When an electrode is placed in a solution that contains many redox active
compounds, the resulting electrode potential wil) be a mixed potential. This potential 1s
determined by not only the standard potentials of the various redox active compounds In
solution but also the kinetics of these compounds reacting with the electrode surface. For
instance, it has been shown that many redox active organic compounds react slowly with
Pt electrode, thus the resulting measured potential may not be an accurate or meaningful

representation of the redox conditions in the sample.

In electrolytic studies, the potential at the working electrode s held at a constant
value that causes a current to flow. The current induces the exchange of elecirons
between the electrode and molecules in solution. The transfer of electrons can be in either
direction, depending on the applied potential. For the reductive electrolysis of Fe** to

Fe’, the magnitude of the current (i) js given by:
[=AF] 4)
where,
A =the electrode area (cmz)
F = Faraday constant (96,485 C mol™)
J = the flux of Fe’" reaching the electrode surface (moles cm™s™)

This last term can be thought of as the quantity of material reacting at the electrode area
per second. It can be related to traditional homogeneous rate constants: j = ko [Fc“]o,
where kj is the heterogeneous rate constant for the electron transfer reaction and [Fe’*], is
the concentration of the reactant at the electrode surface. Note that the kinetics are
assumed to be first order in Fe*" concentration. By passing a current through the cell, thus
reducing Fe’" to Fe’* at the electrode surface, a large difference arises between
equilibrium electrochemistry and electrolysis. This results in a difference in Fe’

concentration between the electrode surface and bulk solution. Because of this,
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electrolytic currents may be dependant on the mass transport of reactants and products to
or from the electrode surface, and/or the rate (ko) of the heterogeneous electron transfer

(kinetics) which is controlled by the electrode potential.

Dynamic electrochemistry is different from the above because the potential at the
electrode surface is controlled and the resulting current response i1s measured. In the
previous section, it was shown that the electrode kinetics can be controlled by the
electrode potential (eq. 3). In dynamic electrochemistry, the potential is varied, thus the
relatiouship between the heterogeneous rate constant for the electron transfer and the

potential must be quantified.

The current for the oxidative and reductive half reactions is described by eq. 5 and

ic = FAk,ea[Oo (5)
i = FAk[R]o (6)

where kreg[ Olo and ko [R]o are the fluxes of material to the electrode surface. The net

current is the sum of both cathodic and anodic current, i =i, + i, thus:
1 = FA(kox[R]o — Krea[ Olo) (7

It 1s usually assumed that electrodic reactions behave analogously to chemical rate
processes and can therefore be described using the transition state model. Applying

transition state theory gives the rate of the reduction reaction as:

Kred = K eaexp(-aF 7/RT) (8)
and the rate of the oxidation reaction as:

kox = K oxexp((1-0)F 7)/RT) %)

where o is the charge transfer coefficient, and 7 is the overpotential . By substituting

these two equations into the net current equation, and assuming the solution is well mixed
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so the bulk concentration equals the electrode surface concentration, we obtain the final

relationship for the net current (i) at the working electrode:
1= ig{exp({(1-a)F /RT)-exp(-oF /RT) (10)

This is the Butler-Volmer equation. This equation describes how the observed net current
varies as a function of overpotential (7) and transfer coefficient (o). As can be seen from
this equation, when the overpotential (7)) is zero, no current flows. When i, is Jarge (as in
reversible cases), small overpotentials are needed to drive the reaction and current flows
in both anodic and cathodic directions. In cases where the 1o is small (as in irreversible

cases), high overpotentials are needed to induce current flow.

The above discussion considers the rate of electron transfer reactions at the
electrode/solution interface (recall Figure 1.2). However, there are other physical
processes that may occur that could influence the overall kinetics of any particular
reaction (Figure 1.2). One of the most important of these processes is the mass transfer of
the reactant molecule from bulk solution to the electrode surface and the diffusion of
products away {Tom the electrode surface. However, for the purposes of this chapter, we
refer the reader to more 1n depth discussion of mass transport [12]) and will assume that
mass transfer imitations are minimal, which can be achieved by using hydrodynamic

working electrodes (electrodes that are rotated).

1.2.1. Electrochemical Techniques

The majonty of electrochemical techniques used in the study of environmental

systems fall into three categories::

o Potentiometry: equilibiium electrochemistry; potential differences are measured

between twe electrodes;

¢ Amperometry: dynamic electrochemistry; a constant potential is applied and the

current response is measured;



e Voltammetry: dynamic electrochemistry; a potential is applied in various

waveforms and the current response is measured.

As was discussed above, many studies have used potentiometry to measure Eh/pE’s of
various environmental systems, but because of the complexity of these systems, the
results can be difficult to interpret. Amperometry is mostly used for electrolysis or for
specific sensors designed to measure certain species in solution. Voltammetry allows for
the study of any redox labile species in solution as long as the background current and
individual current responses can be separated. In this chapter, we are concemed with
probing the physical chemical properties of environmental systems and will therefore

focus on voltammetry.

1.2.1.1. Voltammetry

In a typical voltammetry experiment, three electrodes are used. The potential is
ramped between a working electrode and a reference electrode. When the potential is
strong enough to either oxidize or reduce a substance in solution, the current flows and is

measured between the working electrode and a counter electrode.

Working electrodes often are made of noble metals, such as platinum or gold.
Other materials have been used in environmental systems, such as the hanging drop
mercury electrode and glassy carbon electrodes. Different electrode materials offer
varying “windows” jn which you can analyze a sample before reducing or oxidizing the
solvent. By varying the solvent, the “window” can also be adjusted. For instance, when
using a Pt electrode in water, the window ranges from approximately -1.0 V vs. Ag/AgClI
to +1.0 V vs. Ag/AgCl. While in DMSO, the window ranges from -1.5 V vs. Ag/Ag” to
+0.8 V vs. Ag/Ag’.

Another important variable in voltammetry is the shape and current sampling of
the applied potential. The simplest case is called linear sweep voltammetry (LSV) or
cyclic voltammetry (CV). In LSV, the potential is ramped linearly in one direction while

sampling the current response at each linear step in potential. CV works the same way,
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only the potential is ramped back to the beginning after getting to some end point

(switching potential).

In differential pulse voltammetry (DPV), the potential is ramped by using pulses
and the current is measured at the end of each pulse. A similar technique called square
wave voltammetry (SWV) offers even more sensitivity. In SWV, the potential 1s ramped
using square waves in which the potential pulse is applied in both the positive (anodic)
and negative (cathodic) direction and the current is sampled at the end of each pulse. The
net current is the total current response for both anodic and cathodic currents and is thus
amplified. The SWV technique offers the most sensitivity and 1s also much faster to Tun

than the above techniques.

Other types of studies combine the use of amperometry and voltammetry together,
such as in the use of mercury covered gold electrodes for the quantification of trace
metals. In this case, a constant potential is applied to the electrode (amperometry) in
order to pre-concentrate trace metals onto the mercury, then a DPV or SWV is used to

determine the concentration of the trace metals.

1.2.1.2. Qualitative Voltammetry

In order to demonstrate how voltammograms are interpreted, consider a system
that consists of a reversible redox couple A/B. The qualitative interpretation of
voltammograms 1s often based on their shapes. In this system, a LSV will give a single
peak, either an anodic or cathodic peak depending on which direction the scan was
ramped, and a CV will give both an anodic and cathodic peak representing the one

electron oxidation and reduction of A and B.

From the Butler-Volmer equation, one would expect the current to increase
exponentially with increasing over-potential, yet what is observed are peaks. This is
because the increase in net current is not only due to reaction rate (k) but also to the
concentration of the redox labile species at the electrode surface. As the potential

becomes Jarger, k increases but at the same time, electrolysis consumes A or B and the
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concentration of A or B decreases at the surface, which s only partially replenished by

diffusion from bulk solution. This is what causes the peak.

[f an unknown system is studied using voltammetry and muitiple peaks are
obtained, this indicates that there are multiple redox labile species in solution. For
instance, it is quite easy to compare a voltammogram of unknown samples (such as
natural organic matter) to a standard quinone mixture (see example below). One must be
careful, however, not to over interpret such data because multiple redox labile species
may give similarly shaped voltammograms. Usually, LSV and CV are good inttial tests to

determine whether there i1s any redox activity in the sample.

1.2.1.3. Quantitative Voltammetry

There are several quantitative vanables that can be determined from a
voltammogram. The potential and current at which the peak occurs are the peak potential
(E,) and the peak current (i), respectively. The potential at half the peak height is called
the half-peak potential (Ey;) and is often considered to be approximately equal to the
formal redox potential of the species being studied as long as it is reversible. As in the
case above, where we described the qualitative interpretation of voltammograms based on
their shapes, quantitative data can also be tabulated and compared. For example, E,’s and
i,’s can be used 1n order to try to elucidate what compounds are giving the redox
characteristics in the unknown sample. An irreversible compound will give half-peak

potentials that over estimate the true redox potential.

Voltammetry can also be used to determine whether a compound is reversible or
nreversible. In the reversible case, the peak potential (E,) is constant and independent of
scan rate. For irreversible compounds, E,, shifts cathodically for reduction reactions and

anodically for oxidation reactions.
Quantitatively, for a reversible process:

|Ey — Eypal= 2.20(RT/F) (11)
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whereas for the irreversible electron transfer:
|E, — E,pnl = 1.86(RT/aF) (12)

The peak current is also larger for reversible couples than for urreversible couples at the
same scan rate and for the same concentration. In CV, the difference between E,™ and
E,! can also give clues as to whether a compound is reversible or irreversible. In the
case of a reversible species, the peak potentials are separated by approximately 59 mV
and are independent of the scan rate. If n electrons are transferred in a reversible

electrode process, the separation becomes:
E,% — Ep**%| = 2.218(RT/nF) (13)

Note that the terms reversible and irreversible refer to limiting cases depending on
whether the electrode kinetics are fast or slow relative to the mass transport conditions.
Infermediate cases do occur, and are called quasi-reversible, and exhibit properties in-

between reversible and irreversible cases.

As with LSV, quantitative data can be obtained with DPV and SWV, but one
major difference arises. Due to the way the current is sampled in SWV, the peak potential

for reversible systems 1s used as an estimation of the formal redox potential while Ey; 1s

used for CV.

The brief discussion of the qualitative and quantitative aspects of voltammetry
above should give the reader a starting point for understanding how to interpret and use
voltammetric techniques. It is beyond the scope of this chapter to deal with the more
sophisticated analysis and techniques that have been developed over the last several
years. Instead, we will now consider some applications of electrochemistry to the field of

environmental chemistry.
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1.3. Applications of Physical Environmental Electrochemistry

As was discussed in the introduction, the majority of environmentaj
electrochemical studies fall under the purview of analytical chemistry in which
electrochemical techniques are used to determine concentrations of trace metals, etc. Few
studies have used electrochemistry in order to probe the physical chemical properties of
natural systems. One area of environmental interest where electrochemistry has been used
to probe the physical properties is in the study of natural organic matter. Another, more
recent area of interest is in the properties of metallic iron. The following sections will
review the current understanding of these two systems and demonstraie how
electrochemistry can be used to study the physical properties of complex environmental

svstems.

1.3.1. Electrochemical Properties of NOM and Fractions of NOM

It is well known that NOM can act as a reducing agent (reductant), and that this is
central to the role that NOM plays in the biogeochemical cycling of carbon. More
recently, it has been reported that NOM plays a role as an electron shuttle in
biogeochemical cycles (Figure 1.1). For example, several studies have shown that the
addition of NOM to cultures of iron-reducing bacteria can increase the rate of
dissimilatory iron reduction [14]. These effects have been attributed to polyphenolic
(especially hydroquinonoid) moteties that comprise a portion of NOM [15]. There are,
however, other moieties that may contribute to the overall redox activity of NOM (e.g..
complexed metals [16]), and this complexity has been one of the main impediments 1o

the development of chemically exact descriptions of redox processes involving NOM.

Early studies on the redox properties of NOM and fractions of NOM most often
used voltammetric techniques in which a hanging mercury drop was used as the working
electrode. Tt appears that there was consensus at the time that the humic fraction was not
electro-reducible on the mercury drop electrode [17] even though humic-like oxidation

products from bituminous coal are electro-reducible, apparently because the humic
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fraction contains nitro groups [18]. It turns out that NOM and NOM fractions act mainly
as surface active substances and suppress voltammetric responses [19]. Few details of
these efforts have been reported because the results suggest only adsorption and not

characteristic redox reactions e.g., [19, 20].

More recently, there have been attempts to obtain redox properties of NOM and
NOM fractions using solid-state working electrodes in conjunction with various potential
wave forms, such as linear sweep voltammetry (LSV), cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and square wave voltammetry (SWV). Table 1.1
summarizes the materials and conditions used in several published attempts to use

voltammetric methods to characterize the redox properties of NOM.

Many studies have focused on the redox properties of the decomposition products
of rice straw, manure, and rice paddy NOM [21, 22]. In general, these electrochemical
studies produce voltammograms with relatively good peak definition but do not attempt
to deternune redox potentials or what substances are producing the peaks in the
voltammograms. Yu et al. [23-25] used LSV to study the anaerobic decomposition
products of rice straw and vetch. The voltammogram for the vetch sample gave higher
net currents and several 1ll-defined peaks compared to the voltammogram of the rice
straw decomposition products. The lack of definition in the peak shapes did not allow for
a determination of half-wave potentials but did show that the concentration of reducing
substances was the highest at the stage of most vigorous decomposition. Similarly, Ding
([21, 22] and references cited therein) used DPS to study the decomposition products of
tree leaves. By using DPS, voltammograms were produced that had better defined peaks.
The change in peak height was observed as various treatments were done on the tree leaf
solution. They found that an oxidation peak at around 0.5 V vs. SCE did not change after
passing the solution through a cation-exchange column. When the solution was passed
through an anton-exchange column, the oxidation peak disappeared. They concluded that
whatever the reducing substances were, they must be negatively charged and could be

adsorbed by soils and iron oxides. Under similar conditions, Ding et al. [26] also showed
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that the adsorption of these reducing substances to goethite, Rhodic Ferralsol, Ali-Haplic
Acrisol, and Cambiso) were 8.15, 4.08, 2.26, and 1.86 cmol kg'], respectively. This could
indicate that the first step in the interaction between NOM and iron/iron oxides is an

adsorption step followed by an electron transfer.

Thts was demonstrated by obtaining a DPS voltammogram of a solution of pine
needle decomposition products which gave several moderately defined peaks ranging
from =0.05 to +0.69 mV vs. Ag/AgCl. After this solution was reacted with various soils,
the lowest (more reduced) peaks disappeared and a large anodic peak appeared which
turned out to be Mn’*. They also demonstrated that the manganese oxides were reduced
much faster by these reducing substances than the iron oxides. [n another paper by Ding
in 1991 [21), they found that the use of a glassy carbon working electrode in conjunction
with DPS gave relatively well defined peaks for solutions of pine needle and bamboo

decomposition products. They were unable to correlate any redox potentials to any

specific compound.

Another example of a study that employs electrochemical methods to determine
properties and mechanisms of complex systems is a recent report by Liu et al. [27]. They
used cyclic voltammetry to determine the reaction mechanism involved in wood decay.
They showed that there is a redox cycle involving Cu’*, a quinone, and excess H,0;
which leads to a continuous regeneration of Cu®" and production of OH radicals. They
show evidence indicating that a chelator-mediated Fenton reaction is favored inside the

wood cell wall.

Helburn and McCarthy [28] reported CVs of a humic acid (HA) fraction from
peat using conditions that are summarized in Table 1.1. CVs that are representative of
their results are reproduced in Fig. 1.3A. At the switching potentials (where the sweep is
reversed), the presence of HA resulted in more current, which Helburn and McCarthy
ascribed to NOM-catalyzed oxidation and reduction of the solvent (in this case water).
Beyond this, their CVs are essentially featureless, so they provide no evidence for a redox

reaction at the electrode involving the HA.
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Motheo and Pinhedo [29] recently reported a study of HA oxidation using
dimensionally stable anodes consisting of mixtures of Ru, Ir, and T1 oxides deposited on
a Ti substrate. Under the conditions of their study (Table 1.1), CVs of a peat HA were
essentially featureless for a range of electrode conmpositions (Fig. 1.3B). The results do
show, however, significantly greater current with electrodes containing iridium, but this
electrode apparently did not produce the greatest oxidation of the HA after extended

electrolysis.

In Nurmi et al. [30] cyclic voltammetry was successfully used to obtain some
redox properties of natural organic matter (NOM). Using a stationary platinum working
electrode, minimal concentrations of electrolyte, and dimethyl sulfoxide (DMSQ) as the
solvent, Figure 1.3C shows two pairs of oxidation and reduction peaks for a fraction of
Georgetown NOM that is enriched in polyphenolic moieties (NOM-PP). Applying this
method to other fractions of Georgetown NOM, and to samples of NOM from a wide
range of other sources, gave cyclic voltammograms (CVs) that generally contained fewer
distinguishing features than those obtained with NOM-PP. For comparison, CVs were
also obtained using our method on six quinone model compounds: anthraquinone-2,6-
disulfonate (AQDS), lawsone, juglone, menadione, menaquinone-4, and ubiquinone-5. It
was shown that the CVs of these model quinones were sinular in shape to the CV of
NOM-PP, consistent with the notion that quinones are the dominant redox-active
moieties associated with NOM-PP. Quantitative analysis of the peaks in these CVs
showed that the peak potentials (£,) were separated by more than 0.059 V and that the
peak currents (i) were linearly related to the square root of the scan rate (vO >y and
concentration (C) for both NOM-PP and the model quinones. Equivalent resuits were
obtained with a rotating Pt disk electrode. This seems to indicate that NOM-PP and the
model quinones undergo similar sequences of two one-electron, quasi-reversible,

diffusion controlled, electron transfers at the Pt electrode surface in DMSO.

More recently, we have obtained more data using the experimental protocol listed

in the last column of Table 1.1 [31]. Figure 1.4 shows the type of data obtained using
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several electrochemical techniques. The columns in Figure 1.4 are representative of the
classification system used in Nurmi (2002) which was based on the shape of the CVs.
Each row shows the data obtained using different techniques. The top row shows data
obtained for various NOM?’s with the techniques developed in Nurmi, 2002. The second
row 1s data obtained using a micro-electrode with a linear potential waveform. The third
row gives data obtained using a micro-electrode and a square wave potential waveform.
From top to bottom the number of peaks that can be identified increases. Recall that
peaks are indicative of redox active compounds or moieties. The potential at which the
peak occurs can be related to the redox potential for that compound or moiety. The peak
potential (E;) when using SWV is indicative of the formal redox potential of whatever
moiety or compound is giving the current response. Note that in Figure 1.4, the NOM-GT
sample gave the most peaks. This is probably due to the fact that NOM-GT is a raw
NOM sample that has undergone minmimal treatments and thus may contain the most
redox active moieties or compounds. It appears that NOM contains more than a single
tedox labile moiety/compound and thus attributing a single redox potential is misleading,.

This will be further discussed below.

Also note that the NOM-PP fraction gave the best defined set of peaks and is most
similar to the quinone model compounds. Since the procedure for obtaining NOM-PP is
meant to concentrate the polyphenolic fractions of NOM, and that quinone moaicties are
polyphenols, the electrochemical response obtained from NOM-PP is most probably due

to quininoid moieties.

Although it is difficult to relate these results to Nernstian standard potentials vs.
the standard hydrogen electrode (SHE) under aqueous conditions, it is clear that the
apparent formal potential for NOM-PP lies between the corresponding potentials for

menadione and juglone and well above that of AQDS.

[t appears, from the studies of Yu et al. [8], Ding et al. [21, 22], and Nurmi et al.
([31] and unpublished data), that raw NOM gives multiple peaks indicative of multiple

redox active compounds or moieties. Although we have shown that the NOM-PP fraction
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of NOM-GT qualitatively and quantitatively resembles quinonoid species, it is clear that
this is not the only redox labile species in NOM. In the past, many studies have attnbuted
a single redox potential to NOM, either assuming it 1s a quinone or by measuring it using
Eh or voltammetry. We propose that instead of attributing a single redox potential to
NOM, a redox continuum exists in natural systems. Figure 1.5 demonstrates how the
various peak potentials (formal redox potentials) relate to known and measured redox
potentials for various NOM fractions and environmentally relevant contaminants. A
redox continuum would allow for multiple compounds to exist and be redox active

depending on the system.

In many ways, a redox continuum that exists in environmental systems may act
similarly to electron transport systems (ETS) found in all living things. One of the main
differences would be the level of organization of the various electron transfer shuttles. In
living things, the electron shuttles are organized in ways that maximize efficiency of
electron transfer [32]. In environmental systems that contain vanious electron transfer
shuttles, they are likely to be more diffuse and unstructured. However, there exists the
possibility that several electron transfer shuftles could exist within the structure of a

humic molecule which could imply some level of organization.

1.3.2. Iron—H,0-—Contaminant Electrochemistry

The literature that accompanies the field of iron electrochemistry, especially with
respect to corrosion, 1s massive and beyond the scope of this paper. For purposes of this
dissertation, only studies that involve iron coupled to the degradation of an
environmentally relevant contaminant will be discussed. Table 1.2 gjves the experimental
parameters of several studies using electrochemical techniques to probe iron mediated

reduction of various contaminants.

One of the founders of electrochemistry worked on problems that now play a
prominent role in physical environmental electrochemistry. Fritz Haber (1868-1934)

Introduced controlled potential electrolysis and elucidated the mechanism of nitrobenzene
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reduction at the surface of an iron electrode. At the time, mitrobenzene reduction was of
interest because of the need for dyestuff precursors. Today, we use this same system to
degrade nitrobenzene and many other environmental groundwater contaminants with iron

metal [33].

Electrochemical model systems allow direct monitoring and control of redox
reactions at the iron-solution interface, and a number of studies have taken this approach
to study contaminant reduction by iron metal. In experiments similar to Haber’s, others
have studied the electrochemistry of iron reactions with vanous contaminants. Scherer et
al. developed an alternative method to study the kinetics of contaminant reduction by iron
metal. Scherer et al. [34-36] used a polished, high purity, iron rotating disk electrode to
determine the contribution of mass transfer to contaminant reduction kinetics and derived
mixed-potential diagrams for the interfacial electron transfer resulting from simultaneous
aqueous corrosion of iron and reduction of contaminants. The electrochemical design
included using a Fe’ rotating disk electrode (RDg.E). By controlling the rotation of the
electrode, the mass-transport of oxidant to the electrode surface could be controlled.

Fitting the Butler-Volmer equations for the three reactions involved in this system,

Fe? > Fe!' +2¢ (14)
2H,0 + 2¢” - Hy(g) + 20H (15)
RCI+H +2e > RH+CI (16)

they determined rate constants for each of the half reactions above and were able to
demonstrate that the kinetics of carbon tetrachloride reduction at an oxide-free iron
electrode was limited by reaction kinetics vs. mass-transport. In a subsequent study,
Scherer et al. [35] demonstrated that the kinetics of nitrobenzene reduction were
dependant on rotation rate indicating that mass transport processes were important to

consider when designing a permeable reactive barrier filled with Fe’.

The mechanisms of Fe” mediated reduction of contaminants have also been

investigated. It has been wel) documented that Fel acts as a reductant, donating electrons
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to oxidants such as CCLl, TCE etc., but it has also been hypothesized that hydrogen atoms
formed at the Fe’ surface may be involved in reactions with contaminants in solution.
Farrell et al. [37-39] used iron disk and wire electrodes to show that PCE is reduced
mainly by electron transfer at low and neutral pH. In contrast, TCE is reduced via
hydrogen atoms at low pH and both electron transfer and hydrogen atoms at neutral pH’s.
Farrell hypothesized that the differences observed in reaction rates between PCE and
TCE may be due to the differences in reduction pathways, Contaminant reduction by iron
may be due to hydrogen atom transfer as well as electron transfer, and the relative

importance of these reactions varies with contaminant structure.

Other studies have combined electrochemical techniques with spectroscopy 1n
order to study the surface evolution of Fe in solutions of contaminants. Odziemkowski et
al. [40-43] applied Raman spectroscopy to characterize the films that form on iron
electrodes; demonstrating, among other things, that auto-reduction of the air-formed
passive film on iron contributes to the rapid reduction kinetics that are observed for many
dissolved contaminants. Others have used electrochemical methods to investigate effects
of buffers [44], mass transport [45], and reactive metals or metal oxides other than iron

[46-49].

Since iton particles used 1 PRBs are considered to be covered in iron oxides,
Logue et al. [49] measured the rates of CCly and nitrobenzene reduction at iron oxide
coated gold electrodes. By varying the amount of Fe*™ in the oxide, it was shown that the
rates of CT and NB reduction were independent of Fe’* concentration but directly related
to the oxide thickness suggesting that reaction occurred at the oxide/electrode interface,

not the solution/oxide interface.

The examples given above on the electrochemical aspects of the corrosion of iron
metal have been studied using polished disks, wires, Fe** oxide coated Au and iron
coupon ejectrodes, but these model systems do not represent many characteristics of the
granular iron used in environmental remediation applications. To address this issue,

Nuomi et al. [50] modified a rotating disk electrode with a cavity that accommodates a
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wide range of iron powders. By comparison with conventional F e’ and Pt” disk
electrodes, we found that the powder disk electrodes (PDEs) packed with un-pretreated, <
147 um granular iron give anodic polarization curves that are unaffected by the
underlying disk material and are consistent with a Jarge electro-active surface area of iron
that is initially coated with an air-formed passive film. This design will ultimately allow
for the electrochemical study of the reduction of aqueous environmental contaminanis by
relevant iron powders. It turns out that cavity size and rotation rate have synergistic
effects that suggest that most of the iron powder is electro-active, hydrogen evolution in
the active region is kinetically limited, and iron dissolution in the active region is affected
by mass transport of solutes in the cavity pore space and the formation of a passivating

film.

Recently, the PDE developed in the above study was used to obtain anodic
polarization curves for various nano-iron preparations [51). By comparing various types
of iron powders ranging in oxide composition and size, it was shown that the E . as
determined from a LSV was dependant on the valence state of the iron oxide powder
packed into the PDE. Not surprisingly, maghemite nano-powder gave the most positive
Ecorr With magnetite next, and then the Fe® nano-powder with the most negative Ecor’s.
Interestingly, the nano-Fe® powders gave more negative E.q’s than either the polished
Fe’ disk or PDE packed with the Fischer electrolytic Fe. This cathodic shift in E.,r may
be the result of either thermodynamic or kinetic processes of the nano iron. Ecor’s are
dependant on both the intrinsic redox potential of the material as well as the rate of
anodic and cathodic reactions at the iron surface [52]. Whether this shift in E . is due to
the reduced dimensionality of the nano Fe® or to some other characteristic of these

materials js still unclear and under further investigation.
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Table 1.1. Electrochemical parameters used in voltammetric studies of NOM and fractions of NOM.

Properties Yu Ding, 1991  Helburn, Motheo, Nurmi, THSS,  Nurmi,
| 1985, (8] [21,22] 1994 [28]  2000[29] 2002 [31] unpublished
Working GC GC,CPE, Au Wire T/ T1,0,  Ptdisk Pt
electrode CFbE microelectrode
Counter Pt Au Wire Steel Pt wire Pt wire
electrode
Reference | SCE Ag/AgCl SCE SCE Ag/Ag" Ag/Ag'
electrode
Potential LSV DPS LSV LSV LSV LSV and SWV
Wave Form
Scan Rate 2 mV/s 500 mVis 50 mVi/s 10 mV/s 1.0-100 mV/s
Solvent H,O H,O H,O H,0 DMSO DMSO
Electrolyte NH4Ac 0.5MKCl 0.1 MKCI 1.0 mM 1.0 mM NaClQ,
N3C104

NOM conc. 3 gL 30 mg/L 90 mg/L 90 mg/L
NOM type | Rice Glenamoy Mogi Guacu Various NOM  Various NOM

straw/vetch Ireland River peat

decomp. HA HA

products

LT



Table 1.2. Elecirochemical parameters used in electrochemical studies of Fe-HaO-contaminant systems.

_Properties Haber Gillham Scherer Farrel Ponder Nurmi
Working Fe wire Fe wire Fe disk Fe Wire GC PDE
¢lectrode
Iron Type Nano Fe Felc, Fe™™ Fe'
Counter Pt Steel Pt Au Wire Pt disk Pt disk
electrode
Reference Ag/AgCl SCE Ag/AgCl SCE Ag/Agh Ag/Ag
electrode
Potential Wave LSV LSV LSV LSV/EIS LSV LSV
Form
Scan Rate S0 mV/s 500 mV/s 10 mV/s 1.0-100 mV/s
Solvent H,O H,O H,O H,O H,0 H>O
Electrolyte Borate 0.1 M KCI Borate 0.5 M KCI 1.0 mM Borate 1.0 mM Borate

8T
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Figure 1.1. Possible biogeochemical electron transfer pathways of NOM. The oblong
species on the left represents a bacterium such as G. metallireducens. The object in the
upper 1ght represents an iron particle.
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Section 2.0. Electrochemical Properties of Natural Organic Matter
(NOM), Fractions of NOM, and Model Biogeochemical Electron
Shattles'

2.1. Cyclic Voltammetry of NOM with Macroelectrodes

2.1.1. Abstract

In this study, cyclic voltammetry was used to characterize the redox properties of
natural organic matter (NOM). Using a stationary platinum working electrode, mimimal
concentrations of electrolyte, and dimethyl sulfoxade (DMSO) as the solvent, we were
able to resolve two pairs of oxidation and reduction peaks for a fraction of Georgetown
NOM that is enriched in polyphenolic moieties (NOM-PP). Applying our method to other
fractions of Georgetown NOM, and to samples of NOM from a wide range of other
sources, gave cyclic voltamimograms (CVs) that generally contained fewer distinguishing
features than those obtained with NOM-PP. For comparison, CVs were also obtained
using our method on s1x quinone model compounds: anthraquinone-2,6-disulfonate
(AQDS), lawsone, juglone, menadione, menaquinone-4, and ubiquinone-S. The CVs of
these quinones were similar in shape to the CV of NOM-PP, consistent with the notion

that quinones are the dominant redox-active moieties associated with NOM. Quantitative

" Reproduced with permission from Nurmi, J. T.; Tratnyek, P. G. Electrochemical
properties of natural organic matter (NOM), fractions of NOM, and model
biogeochemical electron shuttles Fnviron. Sci. Technol. 2002, 36, 617-624. Copyright
2005 American Chemical Society.
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analysis of the peaks in these CVs showed that the peak potentials (E,) were separated by
more than 0.059 V, and that the peak currents (i,) were linearly related to the square root
of the scan rate (v* ) and concentration (C) for both NOM-PP and the model quinones.
Equivalent results were obtained with a rotating Pt disk electrode. From this we conclude
that NOM-PP and the mode! quinones undergo similar sequences of two one-electron,
quasi-reversible, diffusion controlled, electron transfers at the Pt electrode surface in
DMSO. Although it is difficult to relate these results to Nernstian standard potentials vs.
the standard hydrogen electrode (SHE) under aqueous conditions, 1t is clear that the
apparent formal potential for NOM-PP lies between the corresponding potentials for
menadione and juglone, and well above that of AQDS. Attempts to derive correlations
between E, and i, for the NOMs with quantifiable electrode response and other
measurable properties of NOM (including trace metal content and UV-Vis absorbance)

did not yield any strong relationships.

2.1.2. Introduction

Numerous studies have suggested that natural organic matter (NOM) contributes
to biogeochemical redox processes by shuttling electrons from donors 1o acceptors. In
most cases, the mediation of electron transfer in environmental systems has been
atiributed to redox-active groups that are associated with NOM (quinonoid moieties (e.g.,
(1] and complexed metals (e.g., [2]), but a variety of relatively simple biogenic solutes
could also be involved (e.g., extracellular cytochromes 3], porphyrins {4, 5], and
quinones [6]). The relative significance of all these putative electron shuttles in natural
systems is still unclear.

Over the last 10 years, considerable evidence has accumulated that the quinone
moieties in NOM can contribute to the reduction of organic contaminants such as alkyl
halides and nitro aromatics (e.g., [7-9]). More recently, the role of quinones in the redox
activity of NOM has been the subject of increased interest because of indications that

they can stimulate the reduction of ferric oxides by iron reducing bacteria. It has even
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been proposed that the “quinone shuttle” effect can be manipulated to reduce
contaminants that are sequestered in small pores where bacteria cells are excluded [10].

To obtain a more detailed understanding of the role that NOM plays in
biogeochemical redox process, it would be desirable to know more about the identity and
properties of the specific functional groups that determine the redox activity of NOM.
Most recent progress in this area has come from spectroscopic analyses of NOM (e.g.,
with electron paramagnetic resonance spectroscopy [11] and kinetic studies using NOM
model compounds such as anthraquinone-2,6-disulfonate (AQDS), lawsone, and juglone
[11-16]. However, these approaches provide only indirect information on the redox
properties of NOM.

The direct approach for characterizing the redox properiies of NOM is to apply
electrochemical techniques, but previous efforts in this area have met with limited
success. For example, Helburn et al. reported mostly featureless cyclic voltammograms
(CVs) of NOM and NOM fractions in water using a gold working electrode [17]. Perhaps
the most successful studies that are relevant to the electrochemical properties of NOM
have described the effects of NOM on polarography of dissolved metals in natural waters
[18, 19]. These studies generally find that NOM (and its fractions) adsorb at the mercury
drop but do not produce a direct eclectrode response [18, 20-22]. This lack of electrode-
activity that is attributable to NOM alone facilitates electrochemical studies of metal
complexation with NOM, but makes 1t difficult to investigate the electrochemical
properties of NOM directly.

We recently described preliminary results using an electrochemical method that
gives characteristic CVs for many samples of NOM, NOM fractions, and model quinones
[23]. In this report, we present the details of our method and its vahidation, the results
obtained with an expanded range of NOM samples and model compounds, and an
analysis of what these results reveal about the redox activity of NOM. The CVs we have
obtained range from featureless (esp. with Aldrich humic acid) to having two rather well-
defined pairs of peaks (esp. with a fraction of Georgetown NOM that has been enriched

n polyphenolic moieties). The latter are qualitatively very similar to the CVs obtained
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with a wide range of model ortho-quinones (Fig. 2.1). Many of the CVs were sufficiently
well-defined to extract quantitative characteristics such as the peak potentials (E,), half-
peak potentials (E,»), and peak currents (i,). Further analysis with these parameters—or
derivatives of these parameters such as peak separations (AE,) and peak cwrrent ratios (i,
4/ i, ™)—allowed us to determine electrode kinetics, relative potentials, and other
electrochemical characteristics for NOM from a wide variety of sources and preparations.
Finally, the qualitative and quantitative characteristics of the CVs of NOM are compared

to more commonly determined properties such as specific UV absorbance (SUVA) and

metals content.

2.1.3. Experimental Section

Reagents. The NOM and fractions of NOM used in this study were primarily
samples obtained from Baohua Gu (Oak Ridge National Laboratory). He obtained the
raw material (NOM-GT) by reverse osmosis of brown water from a wetland pond in
Georgetown, SC, and isolated the humic and fulvic fractions by solubility in acid and
base [24]. The resulting fulvic acid was further separated on a column of cross-linked
polyvinyl pyrrolidone polymer [25] into two fractions: the retentate (NOM-PP), which
should be enriched in polyphenolic material, and the eluate (NOM-CH), which should
consist of carbohydrates, proteins, amino acids, and other soluble salts. A detailed
characterization of these materials has recently been reported, based on UV/Vis, FTIR,
NMR, fluorescence, and EPR spectroscopies [26, 27].

Other NOM fractions were obtained from the Intemational Humic Substance
Society (IHSS), including fulvie acid standard I1 (FA(IL)), soil humic acid (S-HA), peat
humic acid (P-HA) and peat fulvic acid (P-FA). George Aiken (US Geological Survey,
Boulder, CO) provided the Suwannee River fulvic acid (SR-FA) and Lake Fryxell fulvic
acid (LF-FA). Y. Chin (Ohio State University) provided the Pine Barrens NOM (PB-
NOM), D. Macalady (Colorado School of Mines) provided the Manuka NOM (MN-
NOM), and J. Coates (Southern Illinois Uruversity) provided the San Diego Harbor
hurmc acid (SD-HA). Aldrich humic acid (AL-HA) was obtained from Aldrich and used
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as received. Varjous characterizations of these NOMs have been reported previously
(e.g., [28-33]).

The model compounds anthraquinone-2,6-disulfonic acid (AQDS), 5-hydroxy-
1,4-naphthoquinone (juglone), 2-hydroxy-1,4-naphthoquinone (lawsone), 2-methy!-3-
(3,7,11,15-tetramethyl-2,6,10,14-hexadecatetraenyl)- 1,4-naphthoquinone (menaquinone-
4), 2,3-dimethoxy-5-methyl-6-[ 3-methyl-2-butenyl]-1,4-benzoquinone (ubiquinone-5), 2-
methyl-1,4-naphthoquinone (menadione), and dicyclopentadienyliron (fetrocene) were
obtained from Sigma or Aldrich and were used as received. The structures of the quinone
model compounds are given in Fig. 2.1.

All stock solutions of NOM were prepared by dissolving the freeze-dried material
directly into organic or aqueous solvents. The organic solvents, dimethyl sulfoxide
(DMSO) and dimethyl formamide (DMF), were purchased from Sigma (ACS Reagent
grade, <0.1% and <0.15% H»0O respectively). For electrolytes KCI (ACS Reagent),
NaClO4 (ACS Reagent grade 99% purity), and AgNO; were obtained from Aldrich,
Sigma, and Bloanalytical Systems Inc., respectively.

Voltammetry. Cyclic voltammograms (CVs) were obtained with a potentiostat
(Pine Model AFCBP1) and a three-electrode cell (BAS). After considerable
experimentation in aqueous solution (1.0 mM KCl electrolyte, 1.6-mm dia. Pt disc
working electrode or 3.0-mm dia. glassy carbon working electrode, Pt wire counter
electrode, Ag/AgCl reference electrode) and preliminary testing in DMF (conditions
same as for DMSO, see below), it was determined that the best results were obtained
using DMSO. The preferred conditions were: 1.0 mM NaClOj electrolyte, 1.6-mm dia. Pt
disc working electrode, Pt wire counter electrode, and Ag/Ag” reference electrode. All
electrode potentials are reported vs. the Ag/Ag’ reference electrode, unless noted
otherwise, and currents are reported in accord with IUPAC convention (anodic current is
positive and cathodic current is negative).

Between each set of scans, the working electrode was polished (1.0 p and 0.25 p
diamond polishing paste), washed and sonicated with water and methanol, and allowed to

dry. To remove oxygen, test solutions were purged in the cell with high purity Ar for 15
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minutes before each set of scans. CVs were usually 1nitiated by scanning cathodically
starting at -0.25 V. Hydrodynamic rotating disk electrode (RDE) experiments were
performed with the same conditions but with a 3.0 mm dia. Pt disc rotating electrode
(Pine). Background scans were performed prior to every experimental treatment, and
proper performance of the overall system was periodically verified by reproducing CV's
for ferrocene/ferricenium ion.

Spectroscopy. UV/Vis spectra were recorded on a Perkin Elmer Lambda 20
spectrometer. A 1-cm quartz cuvette was used and the samiples were scanned from 190
nm to 800 nm. For this, the NOM fractions were prepared to be 10 mg C L™ with
deionized water and then adjusted to pH = 7.0 with a weak solution of sodium hydroxide.
A deionized water sample was used as a blank.

ICP-MS. The samples were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) using a Perkin Elmer Elan 6100. Spex CertiPrep ICP/MS grade
standard solutions were used to calibrate the instrument for all elements of interest.
Ultrapure water (18.3 Mohm cm) from a Bamstedt Nanopure system was used for

standard preparation.

2.1.4 Results and Discussion

2.1.4.1 Qualitative Cyclic Voltammetry of NOM.

Effect of Solvent. Previous electrochemical studies of NOM have generally
reported CVs with little or no useful structure [17, 34]. We got similar results with
aqueous solutions of NOM-PP using a glassy carbon working electrode (Supporting
Information, Fig. S1). A Pt working electrode gave a more featurefull CV for aqueous
NOM-PP (Supporting Information, Fig. S2), but these features are largely spurious: the
cathodic peaks are due to the adsorption of hydrogen and the anodic peaks are due to the
subsequent oxidation of the adsorbed hydrogen [35]. The large hydrogen response that
we observed with aqueous NOM on Pt is presumably due to reduction of protons. This

background caused us to investigate aprotic solvents.
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In comparison to aqueous solvent systems, aprotic non-aqueous solvents are often
preferred for organic electrochemistry because they offer increased solubility for
hydrophobic substances, longer life-times for free radical intermediates, and wider
potential ranges that can be studied without interference from redox reactions involving
the solvent [36, 37]. Most of this work has been done with DMF or DMSO, so we tried
both of these organic solvents with NOM-PP. DMF gave what appeared to be a pair of
waves, but without definition as peaks (Fig. 2.2A). In contrast, DMSO gave CVs with
sufficiently-well resolved peaks to merit further investigation (Fig. 2.2B). DMSO
containing small amounts of H;O as cosolvent gave results similar to those in aqueous
solution (Supporting Information, Fig. S2), so binary combinations of these solvents were
not investigated further.

The observed effects of solvent on the CVs of NOM-PP are consistent with the
generic advantages of aprotic non-aqueous solvents noted above, although the specifics
of how solvents influence the interaction of NOM with Pt electrodes in DMSO wi))
require further investigation. For example, the improved separation of peaks 1s consistent
with stabilization of phenoxy radical intermediates in the absence of a proton donor, but
we have not yet obtained direct evidence for the existence of these radicals in our system.
It is also likely that solvation in DMSO results in the relaxation of the tertiary (and
possibly quatemary) macromolecular structure of NOM (38, 39], thereby making more
redox-active moieties accessible to the electrode surface. However, very little seems to be
known about the conformational structure of NOM in solvents like DMSO. Finally, it is
possible that the improved CVs for NOM in DMSO are due to molecular interactions at
the electrode-solvent interface that are specific to this particular system. It is known, for
example, that the response of model quinones on Pt electrodes is improved in DMSO
because strong chemisorption of DMSO to Pt out-competes the formation of
comparatively unreactive surface complexes between the quinone moieties and Pt [40]. If
quinones are the redox-active moieties in NOM, then this effect might contribute to the

improved electrode response we see in DMSO.
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Interpretation of the CVs. The major features of the CV of NOM-PP in DMSO
are labeled in Fig. 2.2B. Each cycle was started at -0.25 V, ramped linearly to a more
negative potential (cathodic sweep), then to a more positive potential (anodic sweep), and
back to the starting potential. On the first cathodic sweep, a sufficiently negative potential
was eventually reached to transfer electrons from the electrode to redox-active moieties
associated with NOM, and this results in a sharply more negative (cathodic) current.
Under diffusion controlled conditions, the material available to be reduced at the
electrode mterface is rapidly used up, resulting in less cathodic current, which forms a
peak in the CV (1C in Fig. 2.2B). At still more negative potentials, the sequence is
repeated, forming a second cathodic peak (2C). On the anodic sweep, electrons are
transferred from the NOM to the electrode, resulting in two anodic peaks (2A and 1A).

In most cases, the potential was cycled between -0.25 and —2.0 V four times. The
sharp increase tn current at the switching potentials (potentials at which the scan 1s
reversed) is due to solvent breakdown. The agreement among the current responses for
these potential cycles indicates that the redox-active moieties of NOM-PP do not undergo
significant chernical side-reactions that produce non-electroactive species.

Although not as well defined as the CVs for NOM-PP, the unfractionated NOM-
GT (Fig. 2.3A) gave CVs in DMSO that suggest at least one pair of waves. The CV for
NOM-CH (Fig. 2.3B) does not show features that can be interpreted reliably. The
differences between the CVs of NOM-PP vs. NOM-GT and NOM-CH suggest that the
procedure used to obtain the NOM-PP fraction does enrich some of the redox-active
functionality associated with the parent material. This supports results from a separate
study of these NOM fractions, wherein spectroscopic data was used to conclude that the
NOM-PP fraction contained the highest conceatrations of phenolic and ketonic functional
groups (26, 27).

CVs of NOM from a wide variety of other sources are provided as Supporting
Information. All of the NOM fractions studied produced a current response at the
electrode surface, but most gave only weakly defined CVs. The collective data set can be

grouped info 5 categories based on the shape of their CVs. The most well-defined CVs
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(those most resembling the CVs of the model quinones discussed below) include NOM-
PP, P-FA, and PB-NOM. P-HA and LF-FA gave CVs that showed a single pair of peaks.
SR-FA and FA(II) gave only a single well defined cathodic peak. The unfractionated
NOM-GT, NOM-CH, S-HA, SD-HA, and MN-NOM samples gave CVs that were less
well-defined, but for which several peaks were apparent. AL-HA makes up the last
category: its CV showed no definition and no apparent redox response.

Possible explanations for the differences among the CVs of NOM include: (1)
differences in NOM structure due to differences in origin, (it) vanable degrees of
electrode passivation due to differences in adsorbtivity of NOM on Py, and (1ii)
overlapping mixed electrode potentials due to the range of redox-active moieties
associated with NOM. The possible role of variations in metal content and aromaticity
are addressed below in the section on correlation analysis. It is interesting that only
Aldrich humic acid (AL-HA) gave no current response at all, as others have noted

previously that this material can be atypical of NOM [41].

2.1.4.2. Quantitative Cyclic Voltammetry of NOM:

Stationary electrode results. Electrochemical reversibility i1s an operational
concept that 1s dependent on the properties of the compound as well as the experimental
parameters used. CVs of reversible (Nemstian) electrochemical reactions typically
exhibit pairs of cathodic and anodic peaks where the difference between peak potentials
(AE,) 15 0.059/n V (where n 1s the number of electrons transferred) and the ratio of the
anodic and cathodic peak currents (ip'\/ipc) is close to unity [36, 42]. Under these
conditions, the half-wave potential (E,/2), the potential midway between Epc and EPA, is
an accurate measure of the formal redox potential (E° = (E,*+E,")/2). Furthermore, the
i,’s should conform to the Randles-Seveik equation (i, = (2.69x10)n*?AD*CV° | where
A is the area of the electrode surface (cmz); D is the diffusion coefficient (cm2 s"); Cis
concentration (mole om™); and v js the scan rate (V ). This relationship predicts that i,

will increase linearly with v*> and C, and these two relationships are commonly used as
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tests for reversibility [36, 42]. Additionally, the CV reflects diffusion controlled elecirode
reactions (and complicating side reactions are absent) when each E; is independent of v.

The value of AE, that we observed for NOM-PP (Table 2.1) is larger than the
theoretical value of 0.059 V for reversible one-electron transfer. Instead, it falls within
the range that is typical of quasi-reversible reactions [36, 42]. Quasi-reversible
reactions—which are fairly common in organic electrochemistry—usually exhibit
kinetics of electron transfer that are slower than is required for a reversible reaction, but
fast enough to give a well-defined pair of anodic and cathodic peaks. However, 1n this
case, quasi-reversibility could also be due to minor side reactions of the oxidized or
reduced moieties or conformational changes brought on by changes in speciation. The
increased AE,’s observed for the NOM-PP fraction along with the model quinones could
also be due to uncompensated solution resistance.

The effects of v and C on the CV for NOM-PP are shown in Fig. 2.4. The four
values of E, are slightly dependent on v, plots of i, versus v* are linear (r* = 0.999 for all
four peaks, data not shown), and a plot of 1, for the first cathodic wave versus C 1s also
linear (r* = 0.998, also not shown). Taken together, these results suggest that the peaks in
the CV of NOM-PP reflect quasi-reversible one-electron transfer with diffusion
coutrolled kinetics. Note, however, that values of i, could not be determined for some
values of E, , due mainly to uncertainties in estimating a baseline current, and these cases
result in values of 1, that are missing from Table 2.1.

Hydrodynamic Electrode Results. Hydrodynamic electrodes, such as the rotating disk
electrode (RDE), allow control of reactant mass transport to the electrode surface. Under
conditions where the profile of reactant concentration across the boundary layer is at
steady-state, electron transfers are manifest as steps rather than peaks [43]. Figure 2.5A
shows CVs for NOM-PP over a range of electrode rotation rates. As expected, the RDE
gave larger current steps at faster rotation rates due to increased flux of NOM to the
electrode surface. The RDE also gave larger overall currents than the stationary electrode
(due to its larger diameter and increased mass transport of reactant to the electrode) and

more negative peak potentials (presumably due to indeterminate differences in electrode
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composition and surface condition). For comparison with the RDE results obtained with
NOM-PP, Fig. 2.5B shows the CVs for a model quinone, menadione. In this case, the two
steps are certainly due to two one-electron transfers (see below). The results in Fig. 2.5A,
and the comparison with results in Fig. 2.5B, reinforce conclusions drawn based on
stationary electrode data (Fig. 2.2-2.4), that the electrode response of NOM-PP reflects

two one-electron transfers most probably involving quinonotd moieties.

2.1.4.3. Cyclic Voltammetry of Model Compounds

In order to help relate the redox activity we observed with NOM fractions to
specific redox-active functional groups, we studied a variety of model ortho-quinones
using our expevimental protocol. We chose several quinones that have been used
previously as NOM model compounds and others that are known to be involved in
respiratory processes. Anthraquinone-2,6-disulfonate (AQDS) was among the first model
quinornes used to represent NOM (12). Two naphthoquinones were included, juglone and
lawsone, because they also have been used as NOM model compounds (13).
Menaquinone and ubiquinone were included in this study because these isoprenyl
quinones are involved in cellular respiration and photosynthesis. These 1soprenyl
quinones have been associated with cellular exudates from Shewanella putrefaciens and
may serve as extracellular electron shuitles [44).

The CVs for AQDS and menaquinone-4 are shown in Fig. 2.6. Both are typical of
CVs reported by others for quinones in aprotic solvents [45]. In each case, the two pairs
of peaks reflect sequential single electron transfers with an intermediate semiquinone
radical (i.e., Q+¢ & Q7 and Q™ + & « Q7). Two sets of well-defined peaks were also
observed for the other model quinones, and these CVs are given as Supporting
Information. Quantitative characteristics of these peaks (E,, E,», AE,, and ipA/ipC) are
given in Table 2.1. For all the quinone model compounds studied, AE, was > 0.059/n V
and therefore in the quasj-reversible range, ip/\/ipC was close 1o unity, E;’s were weakly

dependent on v, and values of 1, were linearly related to v?and C (data not shown).
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Thus, by all of these critena, the electrode response of the model quinones was very
similar to that of NOM-PP, under the conditions of our study.

There is a vast amount of literature on the electrochemistry of quinones n aprotic
solvents [46-49]. Some of the model quinones we studied gave CVs in DMSO with
peculianties that are worthy of note because they may reflect chemical properties that are
important under environmenta) conditions. For example, the first clectron transfer for
lawsone gave an irreversible peak, which is presumably due to a slow rate of electron
transfer with respect to the scan rate [36, 42]. In addition, the second electron transfer for
juglone (and to a lesser extent, lawsone) gave a pair of peaks with well-defined shoulders,
which probably reflects involvement of the extra hydroxy! group (Fig. 2.1). We did not,

however, investigate these observations further.

2.1.5. Correlation analysis

The numerous similarities between the CVs of the mode! quinones and some
fractions of NOM (especially NOM-GT) may be evidence that quinonoid moieties are
predominantly responstble for the redox activity of NOM. However, some metal-organic
complexes (including porphyrins) give CVs that are qualitatively similar to those that we
have observed with the quinone model compounds [50]. To help distinguish between
these possibilities, we have performed a correlation analysis among quantifiable
electrochemical propertics and a variety of other chemical and spectroscopic properties
that we determined for the majority of the NOMs surveyed in this study. Most of the data
used in this analysis are included in Tables 2.1 and 2.2, and the correlations are
summarized in a matrix of scatter plots, which 1s included as Supporting Information.

For spectroscopic characterization, we used UV/Vis adsorbance because this
method is the most widely used for preliminary characterization of NOM [51]. UV-Vis
absorbance spectra of NOM usually contain few features except a steep decay in
absorbance as wavelength increases above a few hundred nm. However, a vanety of
quantitative metrics have proven to be useful in characterizing these spectra: including

the absorbance at 280 nm (A»so), the ratio of absorbances at 254 and 365 nm (E,/E;) or
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465 and 665 nm (E4/Es), and the carbon-normalized UV absorbance at 254 nm (SUVA).
In general, higher values of A,z and SUV A and lower E»/Es, and E4/Eg ratios are
assoclated with greater aromaticity and degree of humification [52, 53]. More
sophisticated analysis of the UV-Vis absorbance spectra of NOM have been interpreted
in terms of electronic transitions that are typical of aromatic compounds [54], and similar
but potentially more diagnostic analyses are possible with fluorescence spectra [55-58].

Our results (Table 2.2 and Supporting Information) show that the NOM fraction
with the most clearly defined CV (NOM-PP) has a higher Ay, lower E4/Eg ratio, and
higher SUVA than the carbohydrate fraction (NOM-CH). This suggests that the NOM-PP
fraction has a higher aromaticity, which is consistent with the expectation that this
fractionation was enriched in polyphenols (26, 27]. Other NOM fractions gave UV-Vis
absorbance spectra that are quite variable, but the humic fractions generally have higher
Asgy and SUV A numbers and lower E,/Es, and E&/E ratios for the fulvic fractions.
However, considering the whole range of NOM:s studied, no strong correlations are
apparent between the spectroscopic properties and the electrochemical properties.

For characterization of chemical composition, we measured 14 trace metals by
ICP-MS for all of the NOMs included in this study. Since samples of NOM can contain
variable amounts of trace metals and some of these metals are redox active, it was
possible that the electrode activity we observed might correlate with their metal content.
Results for the four most relevant metals (Fe, Ni, Zn, Cu) are included in Table 2.2 and
the scatter plot matrix is in the Supporting Information. The data for Zinc in P-FA plot as
an outlier. The fact that P-FA gave a CV similar to NOM-PP and PB-NOM, indjcates that
metals did not impart significant electrode activity. This conclusion also appears to be
true in general, since there was no correlation between any of the meta) contents and
degree of electrode response. In future work, we hope to extent this analysis to include

data from various assays of putative quinone content of NOM.
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2.1.6. Implications

To facilitate comparisons among the electrochemical properties of the NOM
samples, fractions of NOM, and NOM model compounds that were included in this
study, we have summarized the peak potentials obtained from stationary electrode data in
Fig. 2.7. Both E,’s and E,;’s are included for each well-defined peak, and pairs of peaks
(cathodic and anodic) are included for each reversible or quasi-reversible electron
transfer. Therefore, a compound that exhibits two guasi-reversible electron transfers, such
as menaquinone-4 (MQ-4), is represented in Fig. 2.7 by four E;’s and four E,»’s. In many
cases, some of the peak potentials are overlapping or not available, so fewer points
appear on the plot, but the presentation does facilitate relative comparisons among the
compounds studied. In general, the peak potentials that we obtained with samples of
NOM are more positive than the corresponding potentials for the mode] quinones. Only
Juglone exhibits peak potentials that are typical of most NOMs.

Figure 2.7 can also be used to compare the kinetics of electron transfer among the
compounds studied. Since all CVs were taken at the same scan rate, the potential
difference between E; and E,» for any particular peak reflects the kinetics of the electron
trausfer that produced that peak. Larger separation between corresponding values of E,
and E,,, and therefore longer horizontal bars in Figure 2.7, indicate slower kinetics of
electrode reaction. Although the apparent kinetics of electron transfer are generally
similar where two-electron transfers were observed for any one material, there is
considerable variability in the kinetics of electron transfer among the NOMs and even
among the model quinones. For example, electron transfer involving MQ-4 is
comparatively slow, AQDS is fast, and juglone is intermediate. As with the peak
potentials, the kinetics of electron transfer for juglone are more representative of most
NOMs than the other model quinones.

Perhaps the ultimate outcome of this work would be to derive formal potentials
that accurately reflect that aggregate behavior of NOM as if it were a single redox couple,
under conditions that were comparable to commonly available formal potentials for other

environmentally significant couples. This might allow comparisons between our results
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and estimates of the formal potential of NOM developed previously using Jess direct
methods (e.g., [59-62]). Unfortunately, the experimental conditions that we found were
necessary to obtain representative formal potentials greatly complicate the problem of
making them comparable to potentials under standard environmental conditions. Part of
this problem is that our potentials were measured vs. a Ag/Ag" reference electrode in
DMSO, so they are not directly comparable to potentials measured vs. any of the
reference electrodes that are commonly used under aqueous conditions.

An approximate correction for the difference in reference electrodes can be made
by normalizing potentials measured in each system to a reference reaction that is well
behaved in both solvent systems. Using the pH-independent, reversible one-electron
couple ferrocene/ferrocenium as in reference [62], we found that the potential in DMSO
vs. Ag/Ag’ equals the potential in H,O vs. SHE plus 0.45 V. Applying this correction to
peak potentials that we measured for the two-electron transfers to NOM-PP gives
estimated formal potentials of —0.4 V and —0.97 V vs. SHE under aqueous conditions.
Unfortunately, these numbers are still not directly comparable to formal potentials under
environmental conditions, because the effect of pH could not be determined for solutions
of DMSO and the effects of solvatlion on the structure of NOM are unknown. Some of
these limitations may eventually be overcome after a wider range of reference reactions

have been studied under conditions similar to the method developed in this study.
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Table 2.1. Summary of electrochemical data.

~ Peak] - Peak 2
Sample E,X  Ew" E™  En”  AE, Vi E," Epat Epyt Ewt AE, i /i
NOM-PP -0.93 -0.83 -0.77 -0.87  0.10 0.9 -1.50  -1.40  -1.34  -146 0106 0.9
P-FA 117 2109 099 -1.07  0.18 -1.48  -1.37
PB-NOM -1.12 -1.07 -1.57 -1.47
P-HA -1.32 -1.24 093 -1.00 0.39
LF-HA -1.37 0 -1.23 -1.00 -1.27 037
FA(II} -1.67 147
SR-FA S B ] R R
MQ-4 -1.27  -1.04  -0.68 -0.89  0.59 0.9 -1.99  -1.84 -1.58 -1.72 041 1.2
uUQ-5 -098  -087 -0.72 -0.82  0.26 1.0 -1.69 -1.51 -1.48  -1.56 021
Menadione -1.19 -09%9 070 -088  0.49 1.1 -1.88  -1.75 -1.54  -1.68 034
Juglone -0.78  -0.70  -0.65 -0.74 0.3 0.9 -1.43 -1.28 -1.21 -1.37 0.22 0.9
Lawsone -0.89 -0.82 -1.64 -1.52 -1.42 -1.57 0.22 0.8
AQDS -1.12 -1.05  -0.99 -1.06 0.13 0.8 -1.75 -1.68  -162  -1.69  0.13
Ferrocene 0.13 0.21 0.30 0.22 0.17 1.0

9%



_Table 2.2. Summary of NOM properties.

Ao E:/Es  E4/Eq SUVA Fe,Ni,Zn,Cu
o (L mg-1 C) (ug g-1 NOM)
NOM-PP 0.32 3.9 11 0.042 542,35.6,12.6,4.4
P-FA 0.35 5.1 23 0.050 4325,43.5,1155,300
PB-NOM S ——— 30365.4.4,50.8,108.3
P-HA 0.54 2.7 6.1 0.064 520,8.4,28.8,6.4
LEFA 0.11 79 ND 0016 83,4.05,15.6,45.5
FA(IT) 0.36 4.2 17 0.046 412,12,29,46.8
SR-EA 0.22 471 .4 0030 26,1.6519.62.1
NOM-GT 0.28 4.1 6.9 0.037 5268,21.8,39,10.6
NOM-CH 0.07 4.8 38 0.009 2068,15.2,152,4.6
S-HA 0.61 2.2 42 0.070 456,7.2,41.2,179
MN-NOM 127.5,9,139,10
AL-HA 0.33 2.4 3.4 0.039 7716,14.8,25.6,22.8

LS
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Figure 2.1. Chemical structures of NOM model quinones
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Figure 2.6. CVs of (A) AQDS and (B) menadione. Working electrode: Pt disk (1.6-mm
diameter). Electrolyte: 1.0 mM NaCJOy. Scan rate: 10 mV s
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2.2 Square Wave and Cyclic Voltammetry of NOM with

Microelectrodes '

2.2.1. Abstract

In this study, we report on the further refinement of our electrochemical
techniques in order to elucidate the redox properties of natural organic matter (NOM),
fractions of NOM, and model biogeochemical electron shuttles. By using microelectrodes
In conjunction with square wave voltammetry (SWV), we show that an un-fractionated
NOM (NOM-GT) contains several redox active moieties or species. This technique also
provides better resolution of peaks than previous methods. In order to relate redox
potentials obtained under our expernimental conditions to standard the redox potentials, a
solvent independent redox active compound was used to standardize the redox potentials
obtained with our method. Combining the better resolution of the SWV and the ability to
relate potentials to a standard system, we show how various redox potentials obtained for
NOM and NOM fractions compare to redox potentials of known electron donors and

acceptors.

2.2.2. Introduction

It 1s well known that NOM can act as a reducing agent (reductant), and this is

central to the role that NOM plays in the biogeochemical cycling of carbon [1-15]. More

' Adapted from Nurmi, J. T.; Tramyek, P. G. In Extended Abstract in Proceedings of the 20th Anniversary
Conference of the International Humic Substances Socery (1HSS). 21-26 July 2002, Northeastern
University, Boston, MA, 2002; pp 58-60.
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recently, there has been growing interest in the role that NOM plays as an
electron shuttle (mediator) in biogeochemical cycles. For example, several recent studies

have shown that the addition of NOM to cultures of iron reducing bacteria can increase
the rate of dissimilatory iron reduction [16]. These effects have been attributed to
polyphenolic (especially hydroquinonoid) moieties that comprise a portion of NOM [17].
There are, however, other moieties that may contribute to the overall redox activity of
NOM (e.g., complexed metals [14]), and this complexity has been one of the main
impediments to the development of chemically exact descriptions of redox processes
1volving NOM.

Natural organic matter (NOM) has been studied for several decades, yet the
physico-chemical properties are still being elucidated. Many studies have given
conflicting results on the reducing power of NOM or NOM fractions and have attempted
to assign formal redox potentials to NOM and NOM fractions [14, 15, 18]. One of the
difficulties with attributing useful formal redox potentials to NOM is the limitations of
the methods used. The majority of redox studies involving NOM or NOM fractions use
indirect techniques such as adding NOM to a suite of redox labile probe compounds and
measuring whether or not the probe compound is reduced by the NOM sample. This
indirect technique allows for the determination of approximate formal redox potentials
but does not address several important issues. Many studies also have used titrimetric
analyses with moderate success [15, 18-22]

Recently, we successfully demonstrated that the use of linear sweep voltammetry
1 conjunction with the use of DMSO as a solvent and a slow scan rate provided
moderately well defined peaks which correlate to redox potentials for several NOM
fractions [23]. Although resolving these peaks was a breakthrough, we were still left with
the 1ssue of how to relate redox potentials determined in DMSO to standard redox
potentials in water at environmentally relevant pH’s. In this study, we report on the
refinenment of electrochemical techniques by using square wave voltammetry coupled
with a microelectrode. This refinement allows for even better resolution of peaks for

various NOM fractions. We also show that with the use of a solvent independent redox
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active species, we can normalize redox potentials between solvents. We found that the
unfractionated Georgetown NOM gave multiple peaks indicative of multiple redox active
compounds or moieties. We propose that instead of a attnbuting a single formal redox
potential to NOM and NOM fractions, there exists a redox continuum within NOM that 1s

compused of vanous redox active compounds and moieties.

2.2.3. Materials and Methods

Table 2.3 summarizes the materials and conditions used in this and previously
published attempts to use voltammetric methods to characterize the redox properties of
NOM. The main characteristics of our current method include Pt working and counter
electrodes, dimethyl sulfoxide (DMSO) as the solvent, 1.0 mM NaClO4 as the
electrolyte, and a Ag/Ag reference electrode, In this study, we compare the response
obtained with a platinum disc working electrode (1.6 mm dia.) and a platinum
microelectrode (125 pm dia.) prepared by a procedure adapted from [24].

The NOM, and fractions of NOM, we have used in this work were obtained from
B. Gu (Oak Ridge National Laboratory). He obtained the raw concentrate (NOM-GT) by
reverse 0smosis using brown water from a wetland pond in Georgetown, SC. A fraction
of NOM-GT that is enriched in polyphenolic material (NOM-PP) was obtained by elution
on a column of cross-linked polyvinyl pyrrolidone polymer. NOM-PP and other fractions
of NOM-GT have been characterized by UV/Vis, IR, NMR, and EPR spectroscopy [25].
For our work, stock solutions of NOM were prepared by dissolving the freeze-dried
materials directly into DMSO.

Cyeclic voltammetry (CV) was performed with the Pt microelectrode by starting at
~1.8 V vs. Ag/Ag’ for most of the NOM and model compounds. Sqware wave
voltammetry (SWV) was also 1nitiated at this potential and ramped toward more positive

potentials.
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2.2.4. Results and Discussion

It appears that by using an aprotic solvent, DMSO, direct electrochemistry of
NOM and NOM fractions have yielded results that allow for the determination of redox
properties, such as redox potentials. In a previous study (23], we reported that several
NOM fraciions, especially a polyphenolic fraction (NOM-PP) gave well defined peaks.
These peaks were then correlated with NOM model compounds and metal content. The
NOM-PP fraction gave voltammograms similar to various quinones and gave peaks at
potentials between those of juglone and lawsone. In Figure 2.8, three voltammograms are
shown for the quinone, menadione. Figure 2.8 A was obtained using the technique used in
[23]. Figure 2.8B was obtained using CV with a Pt microelectrode. Figure 2.8C was
obtained using a Pt microelectrode in conjunction with square wave voltammetry. Peak
resolution increases when a microelectrode is used (Fig. 2.8B) and increases even more
when SWV is employed (Fig. 2.8C). Figure 2.8B gives current plateaus instead of peaks
due to the use of the microelectrode. As the working electrode surface area decreases, the
limitations due to mass transfer to and from the electrode surface become mimmized and
thus the current response resembles that which is obtained by using rotating disk
electrodes [26]. This allows for a more precise and accurate measurement of the potential
at which each peak occurs. With CV, Figure 2.8A and C, half-wave potentials can be
used to approximate standard redox potentials assuming that the system is
electrochemically reversible. With SWV, the peak potential is used to approximate the
formal redox potential.

Figure 2.9 shows the results of the three techniques used on an un-fractionated
NOM sample from Georgetown NOM (NOM-GT). When the microelectrode was used
(Fig. 2.9B), more peaks could be observed compared to Figure 2.9A. When SWV was
used (Fig. 2.9C), the resolution of peaks was further improved. The cathodic and anodic
peaks are indicated by solid circles. Notice that there are several well resolved peaks
compared to Figure 2.9A and B. This indicates that there are several redox labile

compounds or moieties in NOM-GT.



When the polyphenolic fraction (NOM-PP) of NOM-GT was studied, we
obtained voltammograms as shown in Figure 2.10. As reported i [23] (Figure 2.10A),
two sets of peaks were obtained. When the microelectrode was used (Figure 2.10B), the
current response was similar to that observed with the quinone model compound. Current
plateaus were observed where the peaks from Figure 2.10A occurred indicating that the
response 1s due to two single electron transfers. When SWV was used, two sets of well
resolved peaks were observed as indicated in Figure 2.10C with solid circles. This
appears to be further evidence that the NOM-PP fraction contains an electrochemically
reversible compound or moiety that can donate and accept two electrons (one electron for
each set of peaks).

Figure 2.11 shows the data obtained for a range of NOM sources and NOM
fractions. The groups (A-F) represent the groupings determined by shape of the
voltammograms reported in [23). The rows represent the three techniques used 1n this
study. As you move from top to bottom, the resolution of the voltammograms increase in
all cases except for the Aldrich humic acid, for which not peaks were observed. The open
circles represent peak potentials and half-wave potentials obtained by using CV. The
solid circles are used to mark peak potentials for the SWV. In Figure 2.12, all peak and
half-wave potentials are summarized for all of the NOM samples and NOM model
compounds studied. The open markers were obtained from CV and the solid markers are
those obtained from SWV. Note that that there are no open markers for the NOM-GT
samples but several solid markers indicating that SWV was better able to resolve various
peaks indicative of several redox active compounds and/or moieties.

One of the major impediments in the use of these electrochemical techniques to
determine redox potentials of NOM and NOM fractions 1s that all of the potentials are
related to a Ag/Ag" reference electrode in DMSO. In order to interpret the redox
potentials obtained in this study to standard redox potentials under aqueous conditions at
apH = 7.0, we needed to correlate potentials obtained in DMSO to potentials in water.
Since the activity coefficient of large polymers such as NOM are likely to differ between

solvents and 1t 1s unclear what effect DMSO has on the secondary, tertiary and possible
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even quaternary structure of NOM, a compound that 1s solvent independent was needed.
We chose the ferricinium/ferricenium ion (Fe/Fc™) for this purpose. By determining the
redox potential of the F¢/Fc¢” couple in DMSO vs. Ag/Ag” and also in water vs. Ag/AgCl,
we were able to normalize the potentials obtained in DMSO to potentials in water at
environmental conditions (Fig. 2.13) [27]. By normalizing the potentials of several of the
NOM samples and tabulating environmentally relevant redox potentials for electron
donors and acceptors, we created a redox Jadder that consists of three columns (Figure
2.14). The first column represents possible electron donors, the middle column is for
electron transfer mediators, and the third column consists of redox potentials for various
contaminants. Note that the redox potential for the NOM-PP fraction lies between
juglone and menadione. The gray bar ranges {from approximately -0.35 to +0.45 vs. SHE
and represents the entire range of redox potentials found for the unfractionated NOM-GT

sample.
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Table 2.3. Electrochemical parameters used in voltammetric studies of NOM.

Properties Helburn, Motheo, Nurmu, Nurm (THSS, 2002
1994 2000 2002 and unpublished)
Working Au Wire TvIr,T1,0,  Ptdisk Pt microelectrode
electrode
Counter . Au Wire Steel Pt wire Pt wire
electrode
Reference | SCE SCE Ag/Agt  Ag/Ag’
electrode _
Potential | LSV LSV LSV LSV and SWV
Wave Form
Scan Rate 500 mV/s 50 mV/s 10mV/s 1.0-100 mV/s
Solvent H,0O H,O DMSO DMSO
Electrolyte | 0.5 M KCl 0.1 MKCI 1.0 mM 1.0 mM NaClQy
| NaClO,
NOM conc. | 3 g/l 30 mg/L 90 mg/lL 90 mg/LL
NOM type | Glenamoy, Mogi Guacu Various  Various NOM
Ireland HA  River peat NOM

HA
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Figure 2.8. Voltammetry of the model compound, menadione. LSV with a (A)
macroelectrode, (B) microelectrode. (C) SWV with a microelectrode.
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Section 3.0. Electrochemical Properties of Micron to Nano Sized Iron

Particulate

3.1. Packed Powder Electrodes for Characterizing the Reactivity of Iron

Powders in Aqueous Solutions'

3.1.1.Abstract

Electrochemical aspects of the corrosion of iron metal have been studied using
polished disk, wire, and iron coupon electrodes, but these model systems do not represent
many characteristics of the granular iron used in environmental remediation applications.
To address this issue, we have modified a rotating disk electrode with a cavity that
accommodates a wide range of iron powders. By comparison with conventional Fe0 and
PtO disk electrodes, we found that our powder disk electrodes (PDEs) packed with
unpretreated, < 147 um granular iron give anodic polarization curves that are unaffected
by the underlying disk material and are consistent with a large electro-active surface area
of iron that is initially coated with an air-formed passive film. Thus, we believe this
electrode design will allow us to begin electrochemical studies of the reduction of
aqueous environmental contaminants by relevant iron powders. In preparation for this,
we teport here on some of the experimental factors that effect response of an iron PDE in

pH 8.4 borate buffer. Cavity size and rotation rate have synergistic effects that suggest

: Reproduced with permission from Nurmi, J. T.; Bandstra, J. Z.; Tratnyek, P. G. Packed
powder electrodes for characterizing the reactivity of granular iron in borate solutions J.
Electrochem. Soc. 2004, 151, B347-B353. Copyright 2005 The Electrochemical Society.
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that most of the iron powder is electro-active, hydrogen evolution in the active region
iskinetically limited, and iron dissolution in the active region 1s affected by mass

transport of solutes in the cavity pore space and the formation of a passivating film.

3.1.2. Introduction

Batch, column, and electrochemical model] systems have been used in many
studjes of the pathways, Kinetics, and mechanisms by which granular iron metal reduces
environmental contaminants such as trichloroethylene, 2,4,6-trinitrotoluene. and
chromate [1]. In most batch and column studies, the observed changes involve solution
chemistry (e.g., concentrations of the contaminant and its reduction products)
andsometimes surface chemistry (e.g., growth or breakdown of the passive film). Such
data have revealed a great deal about the chemistry of contaminant reduction [2-4] and
the role of the passive film [5-7] in thus system. However, batch and column studies
provide only indirect evidence regarding the interfacial redox processes that link iron
corrosion with contaminant degradation.

Electrochemical model systems allow direct monitoring and control of redox
reactions at the iron-solution interface, and a number of studies have taken this approach
to study contaminant reduction by iron metal. Scherer et al. [8-10] used a polished, high
purity, iron rotating disk electrode to determine the contribution of mass transfer to
contaminant reduction kinetics and to derive mixed-potential diagrams for the interfacial
electron transfer resulting from simultaneous aqueous corrosion of iron and reduction of
contaminants. Farrell et al. [11-13] used iron disk and wire electrodes to show that
contaminant reduction by iron may be due to hydrogen atom transfer as well as electron
transfer, and that the relative importance of these reactions varies with contaminant
structure. Odziemkowski et al. [14-17] applied Raman spectroscopy to characterize the
films that form on iron electrodes; demonstrating, among other things, that autoreduction
of the air-formed passive film on jron contributes to the rapid reduction kinetics that are
observed for many dissolved contaminants. Others have used electrochemical methods to
investigate effects of buffers [ 18], mass transport [19], and reactive metals or metal

oxtdes other than iron [20-23].
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In all of the electrochemical studies summarized above, the working electrode
was constructed of an iron disk or wire that differs in many ways from the granular iron
that is used to degrade contaminants in environmental remediation contexts. This matenal
ranges from high-purity, reagent-grade powders in the 10-100 um size range (for
laboratory studies) to partially-oxidized scrap metal that is ground to mm-sized grains
(for construction and environmental engineering applications). To study relevant
materials directly, it is necessary to make working electrodes from the same iron that is
used in environmental applications. This could be done in three ways: (1) making an
electrical connection to a single grain of iron, (1)) packing grains of iron into a cavity tin a
disk electrode, or (111) filling a column that is equipped to serve as a flow-through,
packed-bed electrode. The latter was used in one study of contaminant reduction by iron
[71, but this electrode design accommodates only a narrow range of electrochemical
techniques. A cavity electrode design was used in one study of contaminant reduction by
nano-sized granular iron [24], but this particular design proved to be problematic because
a conductive binder (beeswax and carbon black) was used, which resulted in a large
background current. In this study, we chose to revisit the cavity electrode design because
it seemed to offer the most promise for rigorous electrochemical characterization of the
granular metals (and metal oxides) that are of practical environmental interest.

Part of our rationale for focusing on cavity electrodes stems from a series of
recent papers that describe the use of cavity microelectrodes (CMEs, or powder
microelectrodes, PMEs) [25-31] for electrochemical studies of various powders. The
small size of the CME cavity (1-5 x 10-14 m3) alleviates several of the fundamental
difficulties with larger cavity electrodes: there 1s less pore space between the grains
thereby reducing diffusion distances within the electrode, and there is less internal
surface area thereby reducing capacitive current and ohmic drop. These characteristics
enable the CME to be modeled as equivalent to a thin-film electrode [32]. Theoretical
and experimental validation of CME response has been reported using powders of PtO2

[32], Bi203 [25, 27, 29], and polyaniline [25, 27, 28].
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There are, of course, many alternative ways to make electrodes from powders 33,
34]. From several extensive reviews of these methods [35-37], it is clear that the
advantages and disadvantages of any particular method are highly dependent on their
intended applications. For example, the method known as abrasive siripping voltammetry
(AbrSV) has proven to be very effective for studying reactivity of iron powders [38,
39]—as we will do in this study—but AbrSV is only well suited for very fine powders
(" m or less) that are significantly dissolved during analysis.

For the purposes of this study, a large cavity (0.78 cm3) electrode design was
used in order to accommodate the range of 1ron grain sizes that are of interest for
reduction of environimental contaminants (0.002 to 2 mm). With these materials, we
anticipated that the difficulties noted above (long diffusion distances, high capacitive
currents, and large ohmic drops) would be partly alleviated by the small size and low
resistivity of the particles. To begin exploring the response of our cavity electrodes, we
chose to use a reagent-grade, fine-grained iron powder (Fisher electrolytic, Felc) that is
among the most frequently used in laboratory studies of contaminant reduction reactions
in solution. The results provide evidence that the electrode response in this system is
consistent with expectations based on previous studies done using polished iron disk
electrodes, and therefore that this electrode design may be useful in future studies of

contaminant reduction by environmentally-relevant iron powders.

3.1.3. Experimental

Chemicals and Reagents. All chemicals were obtained 1 mgh purity and were used as
received, including boric acid (Certified A.C.S, Fisher), sodium borate (Certified A.C.S,
Fisher, and argon (UHP, Airgas). All stock solutions were prepared with deoxygenated
de-1onized water and stored in an anaerobic glove box. Borate buffer (pH = 8.4, 0.19 M)
was made from 0.15 M H3BO, and 0.0375 M Na,B,0;.

The iron metal used was Fisher electrolytic powder (Felc) (Catalog No. 160-3)
from the same lot that was used in some of our previous work [5]. The specific surface

area of this particular matenial is 1.8 x 103 cm?2 g-1 (determined by BET gas adsorption)
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[40]. The Felc iron was not sieved, chemically-pretreated, or polished before it was used
to make PDEs.
Fabrication of electrodes. Working electrodes were based on the rotating disk electrode
(RDE) design from Pine Instruments Company (Grove City, PA). The diameter of the Pt
and Fe disk electrodes were 3.0 mm. The RDFeE was custom fabricated by Pine
Instruments from 99.5% purity iron rod (Metal Sample, Munford, AL). Before each use,
the RDEs were polished with 1 um diamond paste and then sonicated 1n methanol for 5
minutes.

The cavity for our stationary or rotating powder disk electrodes (SPDEs or
RPDEs, respectively) was created by attaching a custom fabricated cap (from Pine
Instruments) to the conventional RDg.E or RDpE. The custom caps (Kel-F or Teflon)
covered the RDE tip except for a 1.4 mm diameter hole that was centered on the axis of
rotation. This hole created a cavity (usually 5.1 mm deep) that was then filled with iron to
form the iron powder disk electrode. The details of this design are shown in Figure 3.1.

When preparing a powder disk electrode, a thin layer of beeswax (Aldrich) was
applied to the surface of the RDE before the cap was applied. The cavity was then filled
by pressing the electrode tip against a glass slide that was covered with an excess of iron
powder (this compression was sufficient to hold most Fe powders in the cavity). When
the cavity was full, the electrode tip was warmed briefly with a heat gun to melt the wax
layer, thereby ensuring that the disk material was completely protected from contact with
electrolyte (which may fill the pore space after immersion). When good electrical contact
was not made between the iron powder and the underlying disk, this gave open circuit
potentials that were obviously spurious. In such cases, a new electrode was prepared,
starting with polishing of the RDE.

Electrochemical Experiments. Experiments were carried out in a three-electrode cell
(BAS, West Lafayette, IN). Along with the working electrodes described above, a Pt wire
was used as the counter electrode and a Ag/AgCl electrode was used as the reference. All
potentials are reported relative to the Ag/AgCl reference, and currents are reported in

accord with JUPAC convention (anodic currents are positive and cathodic currents are
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negative). Prior to each scan, the potential was held at -0.8 V vs. Ag/AgCl for 1 minute to
establish a reproducible surface condition. All polarization experiments were done at a
scan rate of 0.] mV/s, which should ensure approximately steady-state conditions at the
working electrode during polanization [41].

Electrode potentials and currents were recorded with a potentiostat (Autolab
PGSTAT30, EcoChemie, Utrecht, The Netherlands) without use of the built-in resistance
(IR) compensation. Instead, we measured the total uncompensated resistance (iR) at
several appropriate electrode potentials because our working electrode matenal (iron)
undergoes significant changes in composition during each scan. The 1R drop (measured
using the current interrupt technique [42]) was 3-42 mV for the S(R)PDE and 1-4 mV for
the S(R)DE. From these results, we calculate Ru (Ru =1/V) to be between 2000 and 4000
ohms for both electrodes. Since the corresponding iR values are of the same order of
magnitude for the two types of electrodes, and very small relative to all comparisons
among measured potentials that are made in this paper, we concluded that Ru was
insignificant for the purposes of this work. A more detailed analysis of the effects of Ru
is plannead for a future study of the kinetics of contaminant reactions at PDEs.

Electrochemical expeniments were performed using the methods, solutions, and
electrodes described above, in various permutations. To represent the various electrode
designs in the discussion of results that follows, we have adopted the following
nomenclature. Conventional disk electrodes employed without rotation (stationary) are
designated SDE with subscripts to indicate the disk metal (e.g., SDr.E and SDpE). For
the stationary powder disk electrodes (SPDEs), we used a second subscript to indicate
what powder was packed n the cavity (1.e., SPrecDeE and RPgDp E where the powder
was Fisher electrolytic wron, Fele). If the PDE was operated with rotation, rather than

stationary, the prefix R is used instead of S.
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3.1.4. Results and Discussion

3.1.4.1. Preliminary Characterization.

The first step in validation of our electrode design was to show that the response
of our PDE is due to the powder packed in the cavity and not the underlying disk
contacting electrolyte in the interior of the cavity. To do this, the current vs. potential
behavior of Pt and Fe in aqueous borate buffer (pH = 8.4) were compared for S(P)DEs
(Figure 3.2) and R(P)DEs (Figure 3.3). The results are shown in two formats: linear
current vs. potential (Figures 3.2A and 3.3A), and log absolute current vs. potential
(Figures 3.2B and 3.3B). As expected, the conventional platinum disk electrodes (SDpE
and RDp,E) gave polarization curves with large cathodic currents, as is typical for Pt-
catalyzed H2 evolution in aqueous borate [43], and the conventional iron disk electrodes
(SDg.E and RDy.E) gave anodic polarzation curves that reflect the transition from active
to passive state of iron as the potential becomes more anodic, as is typical for iron in
borate bufler [44-47].

In contrast to the results obtained with the conventional disk electrodes, the
polarization curves obtained with PDEs (Figures 3.2 and 3.3) exhibit larger currents and
no significant affect of the underlying disk material (Pt or Fe). The shapes of the PDE
polarization curves, however, are similar to those of the corresponding iron disk
electrodes (SDr.E or RDr.E). Together, these qualitative results suggest that the response
of our PDESs reflects electrochemical reactions of the iron powder only, and therefore,
that this electrode design may allow direct electrochemical characterization of corrosion
by tron powders and/or solute reactions with iron powders.

A prominent feature of the log current vs. potentials plots (Figures 3.2B and 3.3B)
for the electrodes that contain iron are the singularities where net current is zero, i.e., the
corrosion potentials (Ecorr). The Ecorr’s for the conventional iron disk electrodes are at —
0.72 V, which ts typical for polished high-purily iron in pH 8.4 borate [8]. In contrast, the
Ecorr’s for al) the PDEs are shified to about —0.70 V. This shift in Ecorr appears to be

significant, becanse—with practice—we were able to prepare PDEs that gave highly
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reproducible Ecort’s (typically within 10 mV). The anodic shift in Ecorr of the PDEs
probably reflects physical properties of the granular iron used in this study, such as
microstructure, dislocation and defect densities, and/or surfacial oxide composition.

Since the majority of the electrochemical response of the PDEs seems to be
attributable to the iron powder and not the underlying disk material, we concluded that
the choice of disk material was unlikely to affect the results of further experiments.
However, for the rest of the experiments described in this paper, the Pgeic.De.E was chosen
over the PracDpE to eliminate the possibility of galvanic corrosion between the more
noble platinum and the Jess noble iron. This allows us to drop the subscript Fe below the

D for simplicity of notation in the rest of this paper.

3.1.4.2, Effect of Rotation Rate.

The differences between the polarization curves of the SPDEs (Figure 3.2) and
the RPDEs (Figure 3.3) suggest mass transport affects that must be characterized before
these electrodes can be used for any sort of quantitative analysis. For this purpose, we
systematically varied rotation rate using the RPr.DE, and the results are shown in Figure
3.4. The cathodic region of Figure 3.4 shows no effect of rotation rate, indicating that the
hydrogen evolution reaction (2H,O + 2e” = Hy(g) + 20H"), which is the predominant
cathodic half-reaction under these conditions, is kinetically limited. In contrast, the
anodic region of Figure 3.4 shows an increase in current that 1s hinear with the square root
of rotation rate (see inset). This result applies to the active and passive regions of the
anodic portion of the polarization curves, indicating that both the dissolution of iron and
the precipitation of passivating iron oxides occur by mechanisms that are similarly
influenced by mass transport. One process that might account for these results 1s transport
of Fe** out of the electrode cavity.

Mass transport control of the dissolution from an jron disk has been previously
noted and attributed to the reversible nature of the dissolution reaction in the active
region [48, 49] and the formation of a porous film of precipitates such as FeSO, or
Fe(OH); in the pre-passivation stage [50-52]. In our system, this effect presumably arises

because Fe2+ from anodic dissolution of Fe® builds up in the confined pore space of the
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PDE. Increasing rotation rate improves mass transport out of the electrode cavity, thereby
lowering interfacial concentrations of Fe?* and allowing higher sustained corrosion rates.
The same effect explains the anodic shift in passivation potential (at the peak in the
polarization curves) with increased rotation rate: more rapid removal of Fe?* from the

cavity pore space makes a more positive potential necessary to achieve passivation.

3.1.4.3. Varying Cavity Volume.

While the data in Figures 3.2-3.4 suggest that a significant and consistent fraction
of the surface area of iron in the cavity of our PDE 1s electro-active, they can not be used
to quantify the electro-active fraction, or to determine if the iron surface area within the
cavity contributes uniformly to the electrode response. To begin addressing these issues,
we obtained anodic polarization curves using PDEs with cavities of varying volumes.
The cap volume was varied by shortening the cap length, resulting in a Jess deep cavity of
constant diameter. The results are shown for stationary conditions (Figure 3.5) and
hydrodynamic conditions {Figure 3.6), along with data for the corresponding
conventional disk electrodes (SDg.E and RD¢.E) as controls. Current was found to
increase with cavity volume for all rotation rates (Figure 3.5 and 3.6) in all potential
regions (except for the portion of the 3000 rpm case, shown in Figure 3.6, where the
anodic current is concave down due to the formation of a passivating film in the pre-
passivation region). The increase in cathodic current with cavity volume, and therefore
total electrode surface area, is consistent with kinetically-limited H evolution.

In our discussion of Figure 3.4, we suggest that the effect of mass transport on the
dissolution of iron in a PDE could arise because the reaction rate is limited by the
diffusive removal of Fe?" from the electrode cavity. Under conditions where this is the
case, cavity length should have little effect on the active anodic portion of the
polarization curve, as was observed at 3000 rpm (Figure 3.6), but increased mass
transport should eventually create a regime where the anodic current would increase with
cavity volume (due to kinetically limited anodic dissolution). We did not investigate
rotation rates >3000 rpm, but we did find that current in the active anodic region was

dependent on cavity size at O rpm (Figure 3.5), which probably is due to effects of "pre-
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passive” film formation [53]. The data in this region of the O rpm polarization curves are
mostly concave down, which is consistent with pre-passivation of the iron.

An additiona) feature of the data in Figures 3.5 and 3.6 1s the anodic shift of Ecorr
(most easily seen in Figure 3.5B and 3.6B) with increasing cavity volume. This shift
exists in both the 0 rpm and the 3000 rpm cases but is significantly diminished for the
latter. In general, such a shift indicates that the cap volume induced increase in cathodic
current (H2 evolution) is greater than the concomitant increase in anodic current (FeO
dissolution). In the 3000 rpm case, the anodic current is unchanged while the cathodic
current increases with cavity volume yielding the observed anodic shift in Ecorr. Given
the kinetic limitation of H, generation and the fact that anodic current does increase with
cap volume in the O rpm case might lead one to suppose that the effect of cap volume on
Ecorr would be smaller for the 0 rpm case than for the 3000 rpm case. That the opposite
is observed implies that the slope of the anodic current with respect to potential (in the
vicinity of Ecorr) 1s significantly smaller for the O rpm case than for the 3000 rpm case.
This result provides further weight to the hypothesis that the 0 rpm case is heavily
influenced by a pre-passivation stage throughout the anodic region while the 3000 rpm
case contains distinct regions of mass transport limited iron dissolution and pre-
passivation. This shift in chemical mechanism with mass transport rate could be caused
by the increased build-up of Fe** in the pore water at O rpm. A greater concentration of
Fe*” in the pore water should also result in a more cathodic passivation potential (Epeak)

at lower rotation rates as 1s the case with the data in Figures 3.5 and 3.6.

3.1.4.4. Estimating Current Density.

If all (or a consistent fraction) of the iron in the PDE were electro-active, then the
observed current should be proportional to the surface area of the jron packed in the
electrode cavity, and the current density should be independent of cavity size. We tested
this hypothesis by estimating current densities for the data in Figures 3.5 and 3.6 using
the specific surface area of Felc iron (1.8 x 103 cm’ g-1 {40]). The results of this

calculation are shown in Figure 3.7 for stationary and hydrodynamic conditions, along
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with data for the conventional disk electrodes (assuming geometric surface area = 0.071
cmz).

The most prominent feature of Figure 3.7 is the large difference between the
current densities obtained with conventional disk electrodes and PDEs. Presumably, the
conventional disk electrodes give larger current densities because they are polished iron,
while the iron used in the PDEs was not pretreated to remove the air-formed oxide film.
Among the PDE data, the effect of cavity size on current density appears to be negligible
under all conditions except in the active region for the RPDEs. The lack of effect of
cavity size on current density under most conditions confirms that the majority of tron in
the PDE is electro-active. In the active region for the RPDEs, smaller cavity sizes gave
larger current densities presumably for the same reason that Figure 3.4A shows an effect
of rotation rate only in the anodic region: smaller cavities provide less confined pore
space where Fe*" (from anodic dissolution of Fe®) can build up and mbhtbit further

corrosion.

3.1.4.5. Implications

Having satisfied the preliminary goal of this work—to demonstrate that robust
and reproductble electrodes can be made from granular iron of the type that is relevant to
studies of environmental remediation—we began characterizing the response of these
electrodes using linear sweep voltammetry in pH 8.4 borate buffer. In this simple system,
PEelcDEs gave anodic polarization curves with features that are characteristic of the
various stages of tron corrosion, suggesting that they may be useful for characterizing the
reactivity of granular iron under a varniety of conditions that are environmentally relevant.

One application of the PreDE—on which we have already reported preliminary
data [ 54]—is characterization of changes in the passive film on granular iron due to
1notrganic anions such as carbonate (which is ubiquitous in environmental waters), sulfate
(which is reduced to sulfide and precipitates as pyrite), and chloride (which is a product
of the degradation of some key environmental contaminants). Another promising
application is the comparison of different iron powders by their electrochemical response

as PDEs. Our preliminary results in this area (unpublished) suggest that PDEs made from
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nano-sized iron powders give anodic polarization curves that are similar to those reported
in this study but with several distinctive characteristics that may be indicative of the
higher reactivity of nano-sized particles that have been reported with some environmental
contaminants [55-58). Ultimately, we hope to model the polarization curves obtained
using PDEs in the presence and absence of dissolved contaminants, and thereby, extract
kinetic data for contaminant reduction on jron powders, as we have done with RDFeEs
previously [8, 9]

To varying degrees, applications of the Pr.cDE, such as the three described above,
will be complicated by the results of this study showing that electrode response is
affected by resistance to mass transport of Fe’" in the restricted pore space of the PDE
cavity. This complication may have unanticipated benefits, however, because restricted
pore space is also characteristic of the porous media that comprise full-scale permeable
reactive barriers that are used to remediate contaminated groundwater and the packed-bed
column reactors that are used by many to model permeable reactive barriers. In fact,
recent studies have noted evidence for more strongly reducing conditions in packed-bed
reactors than 1s observed in mixed batch reactors and suggested that this could limit the
relevance of results obtained in well mixed systems [59]. For this reason, results obtained
with Pr..DEs may eventually prove to be more relevant to understanding the chemistry

of permeable reactive barriers than what has been achieved with RDr Es.
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0.1 mV/s. B. Same data plotted as log absolute current vs. potential.
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absolute current vs. poteniial.
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3.2. Characterization and Properties of Metallic Iron and Iron-Oxide

Nanoparticles: Spectroscopy, Electrochemistry, and Kinetics :

3.2.1. Abstract

There are reports that nano-sized zero-valent iron (Fe®) exhibits greater reactivity
than micro-sized particles of Fe’, and it has been suggested that the higher reactivity of
nano-Fe’ may impart advantages for groundwater remediation or other environmental
applications. However, most of these reports are preliminary in that they leave a host of
potenttally significant (and often challenging) material or process variables either
uncontrolled or unresolved. In an effort to better understand the reactivity of nano-F eo,
we have used a variety of complementary techniques to characterize two widely studied
nano-Fe’ preparations: one synthesized by reduction of goethite with heat and H, (Fe™)
and the other by reductive precipitation with borohydride (Fe®""). Fe" is a two-phase
material consisting of 40 nm c-Fe” (made up of crystals approximately the size of the
particles) and Fe;O4 particles of similar size or larger containing reduced sulfur; whereas
Fe®" is mostly 20-80 nm metallic Fe particles (aggregates of <1.5 nm grains) with an
oxide shell/coating that is high in oxidized boron. The Fe®" particles further aggregate

into chains. Both materials exhibit corrosion potentials that are more negative than

' Reproduced with permission from Nurmi, J. T.; Tratnyek, P. G.; Sarathy. V.; Baer, D.
R.; Amonette, J. E.; Pecher, K.; Wang, C.; Linehan, J. C.; Matson, D. W.; Penn, R. L.;
Driessen, M. D. Characterization and properties of metallic iron nanoparticles:
spectroscopy, electrochemistry, and kinetics Environ. Sci. Technol. 2005, 39, 1221-1230.
Copytight 2005 American Chemical Society.
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nano-sized Fe;03, FeyO4, micro-sized Fe’, or a solid Fe’ disk, which 1s consistent with
their rapid reduction of oxygen, benzoquinone, and carbon tetrachlonde.
Benzoquinone—which presumably probes inner-sphere surface reactions—reacts more
rapidly with Fe?™ than Fe™, whereas carbon tetrachloride reacts at similar rates with
FeB and Fe™, presumably by outer-sphere electron transfer. Both types of nano-Fe’
react more rapidly than micro-sized Fe? based on mass-normalized rate constants, but
surface-area-normalized rate constants do not show a significant nano-size effect. The
distribution of products from reduction of carbon tetrachloride is more favorable with

Fe?, which produces less chloroform than reaction with FeB,

3.2.2. Introduction

There are many variations on the use of granular zero-valent iron metal (Fe®) for
removal of contaminants from soil and water [1]. Among these, the use of nano-sized
particles of Fe’ (or bimetallic combinations of Fe’ and catalytic metals such as Pd) is
currently getting the most attention [2]. Two potential advantages of nano-sized F e’ over
the construction-grade scrap Fe” used in conventional permeable reactive barriers (PRBs)
are that nanoparticles may be delivered to deep contamination zones by injection and
nano-sized Fe’ may be more effective at degrading some contaminants. The appeal of this
technology has led to rapid adoption by the engineering community, and a number of

field demonstrations have already been completed and described in the literature [3, 4].

There 1s, however, not yet consensus on a number of fundamental issues
regarding the potential effectiveness of nano-Fe for environmental engineering
applications. In particular, issues that are current subjects of research include: (i) the
mobility of nanoparticles under subsurface conditions, (i7) the kinetics and products of
contaminant degradation by nano-Fe’, and (iii) the persistence of nano-Fe® as a reactive
phase during the time period of treatment. The first 1ssue is being addressed by others,
such as those involved in the field sites noted above. With respect to the issue of
reactivity, many studies have concluded that nano-Fe® degrades contaminants more

rapidly than conventional forms of granular Fe® [2, 5-13], although the basis for these
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comparisons has not always been clear. Another reactivity issue is that nano-F ¢ might
produce different distributions of products, but this possibility does not appear to have
been thoroughly investigated. On the issue of longevity, 1t is clear that the reactivity of
nano-Fe’ suspensions can persist for at least 6-8 weeks [14], but there does not appear to
have been a detailed characterization of the “diagenesis” of nano-Fe® or how diagenetic
processes (¢.g., alterations resulting from exposure to groundwater) affect reactivity with

contaminants.

One reason that nano-sized Fe’ particles might exhibit greater rates of reaction
with contaminants is simply that their large specific surface area provides more of the
sites on which reaction occurs. For contaminants that are degraded by micro-sized Fe'—
such as trichloroethylene or carbon tetrachloride—there 1s 2 well documented
dependence of contaminant reduction rate with surface area of Fe® [1, 15]. However,
increased surface area alone is not adequate to explain why nano-Fe’ apparently reduces
some compounds that exhibit negligible reactivity with micro-Fe” particles (such as
polychlorinated biphenyls [9, 10]). Other possible reasons for why nano-Fe® might
exhibit enhanced reactivity include higher density of reactive surface sites and greater

jntrinsic reactivity of surface sites.

There are several reasons that simaller particle size might result in a greater
density of reactive surface sites or surface sites of higher intrinsic reactivity [16, 17].
Below about 10 nm, properties such as the free energy and work function change
significantly with particle size, following classical equations such as the Gibbs-
Thompson relation between particle size and energy [18]. As particle size decreases,
particle dimensions approach the size of certain physical length scales—such as the
electron mean-free path and the electron wavelength—and this results in quantum size
effects that alter the electronic structure of the particle [19-21]. For metal particles,
quantum effects influence physical and chemical properties when the particle size is less
than about 5 nm [18, 22-25]. Similar effects will arise at Jarger particle sizes (10-150 nm)

for matenals with lower electron density, such as oxides and semiconductors [26, 27).
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These quantum effects cause changes in the Fermi level and band gap, which lead to

Increases in reactivity with decreasing particle size [28].

Nanoparticles containing Fe® must be surrounded by some type of passivating
layer—such as a shell of oxide—under environmental conditions. Although an Fel core
may exhibit some of the quantum effects that are characteristic of entirely metallic
nanoparticles, the particle as a whole will exhibit properties of the core and the shell [17].
Recent studies of core-shell Fe nanoparticles have shown that the composition of the
oxide shell—and therefore the nature of its surface sites—is influenced by particle size
[29] and the particle’s environment {30]. In addition to the bulk composition of the shell,
impunties (e.g., dopants) will affect the reactivity of particle surface [31]. Furthermore,
assuming that the reactivity of core-shell nanoparticles 1s driven by oxidation of the F e’
core, then charge and mass transport through the shell will be necessary for sustained
reaction, and the kinetics of these transport processes may be importaat determunants of

adsorbate (contaminant) reduction kinetics.

In addition to core-shell structure, another important characteristic of reactive
nanoparticles is their strong tendency to aggregate in solution. Although there are ways to
form stable suspensions of dispersed nanoparticles in laboratory or engineered media
(e.g., 32, 33, 34], aggregation of nanoparticles is difficult to avoid under environmental
conditions. One consequence of the aggregation of nanoparticles into larger clusters 1s
ambiguity regarding whether a property of the material reflects the aggregates or their
nano constituents. This issue Js especially important with respect to the determination of
surface area because the reactive surface area of highly aggregated nanoparticles
suspended in solution is likely to be very different from the surface area measured on dry,

dispersed nano-sized powders.

As pant of an effort to determine which of the above size and structure effects
control the reactivity of nano-Fe° under envirormental conditions, we arranged to have
sub-samples of two types of nano-Fe® characterized by a comprehensive array of

complementary methods. The two types of nanoparticles used in this study were selected
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because they represent distinct and prototypical methods of synthesis, and they have been
used in both laboratory and field studies for contaminant degradation. The methods used
to characterize these particles gave size, shape, surface area, composition and crystallinity
of the bulk and surface material, corrosion potential, and reactivity with respect to two
model contaminants (benzoquinone and carbon tetrachloride). The study demonsirates
both similarities and fundamental differences in the physical structure and reaction

pathways of the two types of nano-sized iron particles.

By necessity, this study also addresses some of the many methodological issues
associated with the study of highly reactive nano-sized matenals that change over time,
with handling, and during analysis. Because nano-Fe' is often stabilized for distribution
in aqueous suspensions ot pastes, and these matenals do not allow accurate and
reproducible dispensation of quantities of particles for experimentation, we investigated a
procedure we call “flash-drying” to remove water (and associated solutes) while
minimizing other changes in the particle composition. Another major methodological
1ssue that we address is the determination of the particle surface area that is relevant to
quantifying their reactivity in solution. This issue proved to be a major obstacle in
making quantitative comparisons of reactivity among nano- and micro-sized Fe’

particles.

3.2.3. Experimental

Reagents. A)) chemicals were obtained in high purity and were used as received,
inciuding boric acid (Fisher, Certified A.C.S), sodium borate (Fisher, Certified A.C.S),
benzoquinone (Acros, 99+%), hydroquinone (Fisher, Laboratory Grade), N-[2-
hydroxyethyl] piperazine-N’-[3-propanesulfonic acid] (Sigma, 99.5%), carbon
tetrachloride (Sigma, HPLC grade), chloroform (Sigma, HPLC grade), and argon
(Airgas, UHP). All stock solutions were prepared with N,-sparged deionized water and
stored in an anaerobic chamber. Borate buffer (pH = 8.4) was made from 0.15 M H3;BO;
and 0.0375 M Na;,B;0,. EPPS buffer was made from 0.01M N-[2-hydroxyethyl]
piperazine-N’-[3-propanesulfonic acid], by titrating with NaOH to pH §.4.
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Iron Samples. The iron and iron oxide powders characterized in this study were
from five sources. Characteristics provide by the suppliers are summarized in Table 3.1.
Nano-sized metallic iron was obtained from Toda America, Inc. (Schaumberg, [L) and
W.-X. Zhang (Lehigh University). The material from Toda (FeHz) was the commercial
product known as RNIP-10DS, wluch is produced by reduction of goethite and hematite
particles with H, at high temperatures (200-600 °C) [35]. Two samples of this material
were received, and proved to be similar, but all the data presented here are from the
second lot. Fe™ is known to be a two-phase material consisting of Fe;O4 and o-Fe’ [35];
however, no effort was made to assure “uniform” mixing of the two phases. This matenal
has been used in previous laboratory studies [9, 36] and at least one field test [37]. The
material from Zhang (Fe") was synthesized by reductive precipitation of FeCls with
NaBHj [5]. Three different batches of this matenal were provided and they proved to be
substantially similar. This material should be similar to the nano-Fe® used by Zhang in
previous laboratory studies [5, 6, 8] and at least one field test [S, 38]. Other recent studies
that have used nano-Fe® prepared by reductive precipitation with NaBH, include [9, 12,
34, 39-41].

Nano-sized magnetite (Fe;O4) was synthesized by rapid thermal decomposition of
solutes (RTDS), a flow through hydrothermal method [42, 43]. Maghemite (Fe,0;) was
purchased from Nanophase Corp. (NanoTek, Romeoville, [L, Catalog no. Fe-0800-007-
025). The micro-sized electrolytic Fe® powder (Fe"") was from Fisher (Pittsburgh, PA,
99%, Catalog no. I60-3). Nano iron powders were not sieved or polished before use.
Some expernments were performed with nano iron powders that were “flash-dried” by
rnsing with acetone/water during suction filtration (as described previously [44]),
because preliminary experiments suggested that this process can facilitate samp)e
handling and increase reproducibility without significantly altering the reactivity of the
particles. Except where noted otherwise, all handling of these materials was done under
anoxic conditions (e.g., in an anoxic chamber containing 5% H, in N3). The Fe"- was

seived with a 200 mesh seive, and the fines were discarded. The remaining iron powder
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(100-200 mesh) was then washed with water, ultrasonicated for 15 min until the
supernatant water showed no color or turbidity (3 times was always sufficient), and then

flash dried. The resulting material was stored under anoxic conditions.

Transmission Electron Microscopy (TEM). High-resolution TEM was performed
using either a Jeol JEM 2010F operated at 200 kV or a Tecnai 12ST (Cs of 2 mm)
operated at 120 kV. Al) images were digitally recorded using slow scan 1024 x 1024
CCD cameras and processed using Digital Micrograph (Gatan). Pre-reaction samples
were mounted on carbon-coated TEM grids in an anaerobic chamber but were exposed to
air briefly during transfer from the anaerobic chamber to the microscope. Prior to
insertion into the microscope, post-reaction samples were mounted on carbon-coated

TEM grids inside an anaerobic glove bag.

X-ray Photoelectron Spectroscopy (XPS). Samples for XPS were mounied on
double-sided adhesive tape 1n an anaerobic chamber and transferred into the mstrument
without exposure to air via a N>-purged glove bag attached to the sample entry system.
The XPS measurements were performed using a Physical Electronics Quantum 2000
Scanming ESCA Microprobe with a focused monochromatic Al Ko X-ray (1486.7 eV)
source for excifation, a spherical section analyzer, and a 16-element multichannel
detection system. The X-ray beam was 105 W with a 100 um spot rastered over a 1.4 mm
x 0.2 mm rectangle on the sample surface. The X-ray beam was incident normal to the
sample and the X-ray photoelectron detector was at 45° off normal. Data were collected
using a pass energy of 23.5 eV. For the Ag 3d5/2 line. these conditions produced a full
width at half maximum (FWHM) of 0.77 eV. The binding energy scale was calibrated
using the Cuo 2p3/2 feature at 932.62 + 0.05 eV and Au 4f at 83.96 = 0.05 eV for known
standards. 1 eV, 20 uA electrons and low energy Ar” ions were used to minimize

charging.

X-Ray Diffraction (XRD). Specimens were prepared for XRD analysis by
spreading ~25 mg of Fe"? or Fe®" on a zero-background slide and allowing it to dry for

2-3 days 1n an anaerobic chamber that was constantly purged with Nj. The dried
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specimens were protected from oxygen by applying a few drops of 10% glycerol in 95%
ethanol, and allowed to dry for 1-2 more days. The glycerol-coated specimens were then
analyzed in ambient air with Cu-K,, radiation using a Philips X' Pert MPD diffractometer
(PW3040/00) operated at 40 KVP and 50 mA. Continuous scans from 2-75 °20 were
collected at a scan rate of about 2.4 °2 6 min™'. Successive scans, as well as scans taken
after 24 h of exposure to ambient air, showed no change in the structural properties of the
glycerol-coated specimens, verifying the protective effect of the glycerol film with
respect to oxidation. The mean crystallite dimension was estimated using the Scherrer

equation, after correction for instrumental broadening.

Scanning Transmission X-ray Microscopy (§TXM). X-ray absorption
measurements were done at the Advance Light Source (Lawrence Berkeley National
Laboratory) on beam line 11.0.2. For end station and beam line details see: htip://www-
als.lbl.gov/als/microscopes/ scopel1.0.2.htm). All samples were prepared inside an
anaerobtc chamber (<0.1 ppm O;) by dipping carbon-coated TEM grids into dried
powder samples and mounting the grids onto aluminum sample holders. Transfer of these
holders into the microscope resulted in short (<30 s) exposure of the sample to air.
Details regarding the methods used for data acquisition and analysis have been described

previously [45].

Surface Area by Gas Adsorption. BET (Brunauer-Emmett-Teller) surface areas
were determined from N, physisorption with an RXM-100 advanced catalyst
characterization system (ASDI, Inc), using the BJH (Barrett-Joyner-Halenda) and multi-
point BET methods. Samples were loaded in a anaerobic chamber and evacuated at

specified temperatures between 50 C and 150 C for 4 hr before each measurement.

Electrochemical Experiments. Powder disk electrodes (PDEs) were prepared by
pressing the powders into the electrode cavity (this compression was sufficient to hold
most Fe powders in the cavity). Details of the design and application of these electrodes,
including extensive validation and analysis of their response with Fe™", has been reported

previously [46]. In this study, we used only high purity iron as the underlying disk
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material, in order to avoid any possibility of galvanic processes. Electrode potentials and
currents were recorded with a potentiostat (Autolab PGSTAT30, EcoChemie, Utrecht,
The Netherlands). Electrochemical experiments were performed using the methods,
solutions, and electrodes described above, in various permutations. All potentials are
reported relative to a Ag/AgCl reference, and cwrrents are reported in accord with [UPAC
convention (anodic currents are positive and cathodic currents are negative). Al
polarization experiments were done at a scan rate of 0.1 mV/s, which should give

approximately steady-state conditions at the working electrode [47].

Batch Experiments (Benzoquinone). Benzoquinone (BQ) batch experiments
were performed in an anaerobic chamber with 2 3.4% H, in N, atmosphere. Particle
samples (flash-dried Fe®", flash-dried Fe'™, and as-received FeFh) were weighed mto 40-
raLL amber reaction vials and suspended in 20.0 mL of deoxygenated, deionized water.
After > 4 hr exposure, 5.0 mL of BQ stock solution was added to each of the reaction
vials (final concentration = 0.2-2 mM). The vials were sealed and removed from the
anaerobic chamber and placed on a shaker table (200 rpm). Pertodically, vials were
moved back into the anaerobic chamber and sampled for analysis by high-performance
ligwd chromatography (HPLC). HPLC was done with a Sorbax C18 StableBond column
(at 30 °C), 40 mM aqueous acetate buffer (pH 5) and ~35% acetomtrile, with a UV-

absorbance detector at A = 235 nm.

Batch Experiments (Carbon Tetrachloride). Three complementary procedures
were used for the batch experiments with carbon tetrachloride (CT). The first was
optimized for routine determination of CT disappearance kinetics and the yield of
chloroform (CF); the second gave full time-series data on all products, and therefore mass
balance, but was only done for a few samples of Fe’; and the third gave the yield of all
products and mass balance readily but without the time-series data needed for full kinetic

analysis.

For the first and second procedures, expetiments were performed in well-mixed,

120-mL, zero-headspace reactors. Target quantities of Fe® (3.00 g Fe®', 0.15 or 0.30 g
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Fe'™, and 0.15 or 0.30 g Fe®") were selected to give roughly equal surface areas (~6 m’
L"). The Fe” was exposed to deoxygenated, deionized water or buffer for 24 hours, and
then CT-saturated deoxygenated water was added to give an imtial CT concentration (Co)
of 4.0 uM for the first procedure and 862 uM for the second procedure. During reaction,
vials were covered with foil to exclude light, and they were mixed on a rotary shaker at
24 rpm at room temperature (~22°C). Samples were taken periodically and analyzed for
CT, CF, HCOO, and CI'. Controls were prepared without Fe° (for leakage of CT or
volatile products) and without CT (for leaching of HCOO™ or CI7). Concentrations of CT
and CF were measured by gas chromatography with a headspace autosampler, DB-624
columa, and electron capture detector. Chloride was analyzed using ion chromatography,
using an Allsep Amion A2 column with carbonate-based eluant. Formate was analyzed
with an assay based on photoluminescence, as described elsewhere [48]. Methane and
carbon monoxide were detected by headspace analysis using gas chromatography with

thermal conductivity detection with a GS-GASPRO capillary colurun operated at -80° C.

For the third procedure, experiments were performed in 12-mL headspace
reactors. Target quantities of each sample (10 mg) were exposed to deoxygenated
deionized water overnight. Then, CT-saturated deoxygenated water was added (giving
initial concentrations of 2.4 mM CT and 0.2 g L"' Fe"), the vials were crimp-scaled with
Teflon-lined septa, and the sealed vials were gently agitated in the dark using a
mechanical shaker until analysis. Concentrations of chlorinated methane species were
analyzed by gas chromatography with a DB-1 column and a mass spectrometric detector.
Analysis for non-chlonnated gas species was performed with gas chromatography using

thermal conductivity detection (TCD).

3.2.4. Results and Discussion

Structure and Composition. Particle shape, size, and composition are impottant
properties that affect the chemical and physical properties of nanoparticles. To provide
primary characterization of these properties, XRD, TEM, and XPS measurements were

made on specimens of Fe? and FeBH, as received and after flash-drying. In addition,
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STXM and BET measurements were made on selected samples. The results of these
analyses are summarized in Table 3.2.

XRD on the as-received Fe"™ showed two phases, a-Fe’ and Fe;04, with the
proportion of metal and oxide ranging from 70 to 30% metal (and 30 to 70% oxide). The
proportions of ¢-Fe” and Fe;0. agree well with the manufacturer’s description of this
product [35]. The mean crystallite dimension (from the Scherrer equation) for the metal
grains was ~30 nm while that for the oxide was ~60 nm. In coutrast, FeBH yielded very
broad peaks for a-Fe? with mean crystallite dirnensions <1.5 nm. The non-Lorentzian
shape of these peaks (Supporting Information, Figure S)) suggests a distribution of
crystallite dimensions. In addition to the much smaller crystallite size, the XRD pattems
for Fe®" differ from those for Fe'” by having no reflections for oxide phases. Flash-
drying had essentially no effect on the XRD patterns for both Fe"? and Fe®".

The TEM data (Figure 3.8A) show that as-recejved Fe'? is composed of
aggregates of faceted plates and smaller urregular particles. The plates—which appear to
be oxide—are usually larger than the particles and vary in size and quantity. The small
irregularly shaped particles consist of a nearly single crystal Fe® core with a

polycrystalline oxide shell, as shown in Figures 3.8B and C. Flash-dried Fe js similar,
except that more large oxide plates are shown in Figure 3.8D (however, this difference

could be due to sampling bias).

The TEM images of the three batchs of Fe®" appear similar to one another (Fi gure
3.9). The matenial is comprised of <1.5 nm crystals that are aggregated into
approximately spherical 20-100 nm diameter particles, and these particles are further
aggregated into the chains shown in Figure 3.9A. Electron diffraction from the particle
cores ndicates that the cores are made up of either very small grains or are amorphous.
For several particles, however, small discrete spots are visible on the diffraction patterns,
which indicate crystalline matenal (Figures 3.9B and 3.9C). Dark-field imaging (Figure
3.9C) of these particles clearly reveals crystallites that are only a few nanometers in size.

This js consistent with the average crystallite size of <1.5 nm measured from diffraction
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peak broadening in the XRD data. The spherical particles appear to be coated with a shell
of apparently amorphous material, which partially decomposed after | min under the 200
V electron beam of the TEM (Supporting Information, Figure S2). Flash-dried Fe®"is
similar to as-received FeB", except for variations in the distribution of the material

coating the particles (Figures 3.9D and 3.9E).

The TEM images were used to determine particle size (Supporting Information,
Figure $3), from which specific surface areas (p,, m* g'') were calculated assuming that
the particles have spherical geometry and density equa) to that of Fe” (9.49 g cm™). For
Fe'2, the average particle size was 38 nm as received and 45 nm after flash-drying.
Calculating p, for each particle and averaging gives 25 and 30 m’ g, respectively.
However, because the particle size distrnibutions are skewed by a small number of large
particles (they appear to be log-normally distributed, Figure S3), smaller estimates of p,
(11 and 3.5 m” g', respectively) are obtained by dividing the total surface area of the
particles by their (calculated) mass. This procedure i1s comparable to the property that 1s
measured by BET gas adsorption, and the value of p, calculated from total surface area
agrees well with the value we measured for flash-dried Fe'™ by BET (3 m” g). The
calculated values of p, are inverse)y proportional to the assumed density of the particles,
so using the average density of magnetite and Fe’ (=6.7¢g cm™) would increase the
estimated values of p, by 14%. Overall, our values are consistent with the low end of the

range of BET-determined p, values given by the manufacturer of Fe™ (4-60 m® g™, [35)).

For Fe®", the TEM data gave average particles sizes of 59 nm and 67 nim, for the
as-received and flash-dried samples, respectively (Figure S3). Calculating p, for each
measured particle and averaging gives 19 and 14 m’ g whereas, dividing the total
surface area of the particles by their mass gives p, = 7 and 8.5 m* g”'. The latter value
agrees well with the value of p, that we measured for flash-drieg Fe®" by BET gas
adsorption (5 m” g). Even if a particle density closer to that of magnetite 1s assumed in
the calculations, our estimates of p, for Fe® are lower than the BET-determined values

that have been reported previously for this material (33.5-35 m” g [, 8]).



133

XPS showed that the Fe"? surfaces are made up of mostly Fe and O with small
amounts of S, Na, and Ca (Table 3.3). The presence of sulfur is expected due to the use of
FeSO;, as a precursor 1n the synthesis of this product, and the manufacturer claims that
reduced S plays an important role its reactivity [35]. The Fe/O ratio observed by XPS
varied from 0.72 to 1.13, which is consistent with a mixture of metallic wron and iron
oxide (c.f., the Fe/O ratio for Fe,O3, which would be 00.67). In coatrast to the
composition of Fe"?, Fe®" contains significantly less Fe and S, more B, and the Fe/O
ratio varies from 0.4 to 0.55. The relative amounts of Fe, O, B and Na appear to be
consistent with the presence of a metal core, a thin iron oxide layer, and an outer layer
that 3s predommunant)y a sodium borate phase. The XPS spectra of the as-received samples
of FeB" suggest mostly oxidized B (borate) with some reduced B (bortde), as might be
expected based on previous work showing that iron borides can be formed from reduction
of agueous Fe*" with borohydride [49]. In the air-exposed and flash-dried samples, the
surface contained less Na than B, but the data are still consistent with a borate component
in the sheli. Most of the B we see is located in the surface layer of the particles, as has
been observed previously [50]; however, others have described Fe®" type particles as

doped with B [9], and our measurements do not exclude that possibility.

The Fe 2p XPS data give Fe” and Fe-oxide peaks for Fe" and Fe®" (Supporting
Information, Fig S4). We have not atiempted to quantify the ratios of Fe™? and Fe* from
these spectra, but it is evident from the data presented in Table 3.3 that the ratio of Fe” to
oxide signal varies with the sample type and history. Because XPS is sensitive to the
outer 3-5 nm of the particles, the presence of a peak for Fe” confirms that the shell is less
than a few nanometers thick. Exposure of the nanoparticles to air caused the Fe’ peak in
the XPS spectra to decrease or disappear. Flash-drying decreased the Fe? to oxide signal
strength, but Fe® was always present. It may prove to be significant that the S on the Fe2"

is in an oxidized form while the S oo the Fe™ appears to be in a reduced form.

STXM was used to measure the L-edge X-ray absorption near edge structure

(XANES) to give spatially resolved chemical state information on the Fe absorbers in the
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samples. The spectral information obtained by this method is particularly sensitive to
oxidation states, because of the strong dipole-allowed L-edge 2p—3d electronic
transition. The XANES data (Supporting Information, Figure S5) show that Fe® is
similar to the Fe’ standard, with little oxide peak area (which would appear at slightly
higher energy), whereas the XANES for Fe" has broader peaks that suggest iron oxide as
well as Fe’. In addition, the area-to-area variation of the XANES was greater for Fe'"

than for Fe®', which is consistent with the XRD and TEM data (Table 3.2), confirming

that there are separate metal and oxide iron phases in the Fe" material.

Electrochemical Properties. During preliminary testing of the reproducibility of
anodic polarization voltammograms obtained with our powder disk electrodes (PDEs),
we found that Fe"” that had been allowed to dry under our glovebox atmosphere gave
currents that declined steadily over a period of 14 days (Figure S6). However, flash-dried
Fe'*? gave anodic polarization voltammograms that were reproducible over 20 days
(Figure S7), so all further electrochemical characterizations were performed with PDEs
made from flash-dried powders. Even with flash-dried Fe™, consecutive voltammograms
obtaimed with the same PDE showed a decreasing current response. To determine if this
behavior is due to passivation by reaction with the electrolyte or potential driven

12 6 borate

transformation of the electrode material, we exposed the PDE packed with Fe
solution (pH = 8.4) for various amounts of time before recording the anodic polarization
voltammogram. After one hour of exposure in borate, the current response decreased,
indicating that the loss of electrochemical response was due to solution driven passivation
(Figure S8). Since solution driven passivation cannot be overcome in our system, all
further polarization experments were initiated immediately after the electrode was put in

solution

Al] of the above experiments provide a baseline from which we can interpret and
compare the electrochemical results of the nano-Fe® materials. Figure 3.10 shows the
anodic polarization voltammograms obtained with PDEs of the nano-Fe® materials,

several powder iron oxides, and Fe"!. For reference, data obtained with a polished disk
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Fe’ electrode are also included in the figure. As expected, the conventional Fe’ disk
electrode and Fe"" PDE gave anodic polarization voltammograms that reflect the
transition from the active to passive state of iron as the potential becomes more anodic,
which is typical for Fe® in borate buffer [S1-54]. A prominent feature of the log current
vs. potential plot for these electrodes is the singularities where net current 1s zero, 1.¢., the
corrosion potential (E.or). The conventional Fe® disk and the Fe®" PDE g@ive Ecopr’s that
are very similar to each other and also to the literature value for Fe® in borate [51-54).
The anodic polarization voltammograms for Fe;O4 and Fe;O: PDE’s give Ecor’s more
anodic than the Fe® disk and Fe®" PDE. This is not surprising, given that Fe;O, is a mixed
oxide containing Fe’ and Fe*™ and Fe,05 contains only Fe’". Thus, it appears that our
expenimental design is sensitive to the oxidation state of the iron used in the fabnication
of the working electrode in that the material with the most oxidized iron gives the most

anodic E. relative to Fe” and Fet*.

Figure 3.10 also shows two sets of anodic polarization voltammograms for the
two nano-Fe’ materials (Fe'"? and Fe®"). The solid Jines represent Fe™ and Fe™" after
they were dried in the anaerobic chamber. The most striking difference is that the Eqor’s
for both materials are shifted cathodically relative to the Eyqr of Fe” and FeF" and that the
Econ’s for the nano matenals are very similar to one another. Recall, from experiments

H2

mentioned above that Fe ™ dried in the anaerobic chamber gave decreasing current

response, and therefore, more stable and representative results are expected with flash-

H?2 1 .
and Fe®" are shifted even more

dried material. The E,’s for flash-dried Fe
cathodically relative to the Fe® and Fet' electrodes (Figure 3.10). The shift in Ecor must
reflect disproportionate changes in the kinetics of the coupled half-reactions that
determine E.qy in this system: anodic dissolution of Fe’ and the reduction of water.
Exactly how electrode material (i.e., conventional Fe® disk vs. our nano-Fe® PDE) affects
the kinetics of these half-reactions is stil} under investigation, but it is likely to involve
the high surface areas of the nano-Fe” powders, which often have large surface

concentrations of edges, comers, and other defect sites.
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Batch Results. Two model contaminants were used as probe compounds to
investigate the reactivity of nano-Fe with solutes: benzoquinone (BQ) and carbon
tetrachloride (CT). BQ was chosen because it is 2 well established probe for the reactivity
of iron oxides (55, 56], and CT has been used in many detailed studies of the reactivity of
iron and iron oxides [e.g., 57, 58-64]. BQ is likely to form comparatively strong inner-
sphere complexes on iron and iron oxides (at pH > 7, as is relevant to this study [56]),
whereas CT is believed to form weak and outer-sphere complexes with oxide-coated iron
[65]. BQ is labile to reduction by electron transfer (ET) and hydrogen atom transfer (HT),
and both pathways will produce mainly hydroquinone (HQ). In contrast, while CT js
believed to react mainly by ET in systems containing Fe’ [66, 67], branching among two
pathways of ET produces diagnostic products: chloroform (CF) for the “1-¢electron
pathway’ and methane, carbon monoxide, ot formate for the “2-clectron pathway” [61,
68]. Since the latter are the preferred products—from the perspective of remediation—
any nano-size effect on branching between these two reaction pathways is of practical, as

well as fundamental, interest.

For BQ, pseudo-first-order disappearance rate constants were obtained from the
concentration vs. time data (not shown), and the results were used to calculate mass
normalized rate constants (ky, L g min™). Assuming a range of p, for each type of nano-
Feo, we calculated surface area normalized rate constants (ksq, L m? min'l) for each value
of k4. The results are summarized in Figure 3.11, which allows comparisons between
types of iron, over ranges of p, (note that changes in assumed p, causes points to move
vertically on the plot) and vanations in experimental conditions for a particular type of
iron (initial Cy’s, pH, mixing rate, etc., which cause the data to distribute diagonally
along the contour for the assumed value of p,). For the whole range of conditions tested,
the trend in &y is Fet- < Fe"? < FeB". With respect to ksy, the data in Figure 3.11 show
that Fe™" = Fe™ < Fe®" for the whole range of plausible values of p,. The greater
reactivity of Fe®™ (vs. Fe™?) with BQ is consistent with the more metallic composition of

Fe®" but the role of other factors (e.g., the B-rich shell matenal and very small crystallite
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size) is unknown. The products formed from BQ were the same for all three types of iron:
HQ was the only identified product, and it gave mass balance with respect to the amount
of BQ reacted.

Figure S9 shows TEM micrographs of flash-dried FeB" (A and B) and Fe'™ (C
and D) after reaction with BQ. The lower magnification images (A and C) demonstrate
that some particles appear unaltered even after substantial reaction with BQ (c.f., Figures
3.8-3.9). Of particular note is that the thickness of the coating on the Fe®" particles
appears similar to what was observed before reaction, and none of the unreacted particles
show “disrupted” shells. It is likely that the microstructure of the B-rich shell material
plays a key role in the relative reactivity of Fe®”. Higher-resolution images (Fig. S9, B
and D) demonstrate that the solid-state reaction products are nanocrystalline and appear
to be well separated from the parent particles, which suggests that the products are
formed by oxtdative dissolution followed by precipitation. Lattice fringe measurements
and diffraction patterns show that the main product is maghemite/magnetite (with some
goethite, in the case of Fe).

The kinetic data obtained with CT show somewhat different trends than were
obtained with BQ. Figure 3.12 shows ks, vs. £y for CT, calculated with the same ranges
of p, that were used for Figure 3.11. Clearly, &, for reduction of CT is larger with nano-
Fe” than micro-Fe® (FeEL <Fe' = FeBH). The relative values of ks vary, however,
depending on the assumed values of p,. For high p,, it appears that Fe®' > Fe'? = FeBH,
but for low p,, Fe®" = Fe"> =~ Fe®". Thus, given the difficultics in determining accurate
(and relevant) values of p, for nano-Fe’, it is unclear whether there is a nano-size effect
on the surface area normalized rate constants for reduction of CT. This conclusion holds
over the whole range of expennmental conditions tested (initial CT concentration, buffer
type, pH, and sample handling), the effects of which are represented by the range of data
along the contours in Figure 3.12. The conclusion that nano-Fe® may not be more reactive
than micro-Fe” on a surface area normalized basis does not necessarily contradiet prior
claims that nano-Fe’ is more reactive than micro-Fe’ on a per mass basis. It does,

however, demonstrate the importance of clearly defining the basis of comparison. Of
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course, if mass transport (across the stagnant boundary layer or some passivating surface
layer) were rate limiting under the conditions of the batch experiments performed in this
study, this could mask differences in the intrinsic reactivity of surface sites. We do not
think mass transport effects are significant in this study because we observed no change
in kg4 with rpm > 15 (data not shown); however, subtle mass transport effects might be
revealed by further study with more sensitive methods [63, 69].

Figure 3.13 shows the yield of CF (Y¢p)—one measure of the branching between
the one- and two-electron pathways for reduction of CT—for the same experiments
included in Figure 3.12. In general, the values of Y¢g are > 0.4 for Fef! and FeP" bur are
< 0.4 for Fe™. It is not yet clear why Fe'? gives such a low, and favorable, Ycr, but this
result is likely to be due to (i) the Fe;O, shell on Fe™, (if) the reduced S on the surface of
Fe'? and/or (iti) the B associated with Fe®”. The first possibility is supported by the low
values of Ycr that have been reported for suspensions of nano-sized Fe;O4 [61]. Previous
studies of CT reduction by FeS [70], showed that CF was a major product, with CS;
being a notable minor product, neither of which were observed in this study with F&'*2. In
Figure 3.13, as in Figure 3.12, the range of results for each type of Fe reflects the effects
of buffer type, pH, and sample handling, which helps to establish the significance of the
difference between Ycr for Fe™” relative to the two other types of Fe’.

To determine what products other than CF were formed, it was necessary to
perform batch experiments at high initial CT concentration (0.86-2.4 mM) with a variety
ot analytical methods, as appropriate for the range of anticipated products. Typical results
from headspace GC/MS, shown m Table 3.4, suggest that CF was the major product for
Fe' ang FeBH, CH,Cl; 1s a minor product, and a significant portion of the CT reacted 1o
undetermined products. Although not reflected in Table 3.4, GC/TCD analysis of these

samples also showed trace quantities of CH, (<0.1% by volume) in the Fe®"

samples,
whereas no CH, was detected in the Fe'™ samples. No CS;, CO; or CO was detected in
the headspace products of either material. Little difference was noted between the as-
received and flash-dried samples. In other experiments (not shown), small amounts of

formate (1-5 uM at Cp =4 pM, 5-11 uM at Cy = 862 uM) were detected, but these
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quantities are not enough to close the mass balance for CT degraded. Recall that formate
is produced through the “2-electron™ pathway. This data indicates that at low Cy’s, the *2-
electron” pathway may be favored over the “1-electron” pathway. We are still left with a
large fraction of carbon that has not been detected, however, and further studies are on-

going to determine all of the products formed under these expenmental conditions.
3.2.5. Implications.

Data from this paper demonstrate that the two types of nano-Fe’ used in this study
are composed of particles with a core/shell structure, and that the shells are composed of
passivating or protective phases that impart stability to the particles in aqueous

B the shell is

suspensions. For Fe'™ the shell is mainly iron oxide, whereas for Fe
composed of iron and boron oxides. Flash-drying these materials—to remove water and
solutes—generally had little effect on the properties studied, again suggesting passivation

of the particles.

Despite their stability with respect to aqueous corrosion and other solvent-driven
dissolution processes, both types of nano-Fe’ react rapidly with BQ and CT. Although the
rate constants for these reactions are large when normalized to iron mass, the surface area
normalized rate constants are similar for nano- and micro-sized Fe’. The apparent lack of
an “intrinsic” nano-size effect may reflect the difficulty in defining or measuring the
(relevant) specific surface area for highly reactive materials whose properties change
with time and environmental conditions. Nevertheless, our results suggest that the
extraordinarly high contaminant degradation rates that have often been ascribed to nano-
Fe? are mostly due to the Jarge amount of surface area used in laboratory tests with these
materials. Tn contrast, it appears that nano-Fe’ can have a profound effect on the
distribution of products formed from contaminant degradation. In particular, the low
yield of chloroform from carbon tetrachloride that was obtained with Fe™ suggests the
possibility of an effective new chemical technology for remediation of carbon

tetrachloride contaminated groundwater.
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BET

Name Source Method Pamc_lc Surface Major Minor
Size (dia.) Phase Phase
Area
Toda High temp. 29
Fe? Americas, reduction of 70 nm .Y a-Fel Magnetite
Inc. oxides with H, &
W.-X.
FeBH Zhang, Precip. w/ 10-100 33.5 Fel Goethite,
Lehigh NaBH, nm m’/g Waustite
Univ.
EL Fisher . 0.1-1 99%
Fe Scientific Electrolytic 150 ym mg/g Fed
Precip from 4-94
Fe3O4 PNNL PGSO4 w/ 30-100 nm 1’[‘12/ P€304
KOH 8
Physical
Nanotek Vapor 50 v-
3 ok N
Fex0s Corp. Synthesis -2 nm m’/g Fe-.O;

(PVS)
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Table 3.2. Summary of Physical Properties.

Mean
Particle
. Shell XRD
Name Sa.mple Size Thickness TEM (Grain Size XPS STXM
History  from Strueture
TEM () nm)
()
“large™plates
-38 (oxide) and
Fe smaller Fe’
” As- 560 Fe-Oxide iregularly  Fe (_ 30) o Fe'
Fe ) shaped oxide Fe"+Fe :
received nm ~3.4 : oxide
oxide pan?cles (~60)
plates W]th>
crystalline
- .__Oxide shell .
As above
FeH? Fdl[ise};li- Fiﬂ with more Less Fe’
___________________________________________________ _. large plates
Three levels
of structure:
1) small
crystallites
(<1.5 nm),
- 11) 20-100 0, o3
FeBH As- 759 nm spherical Mostly Fe® Fe +Fe Mostly
© ceceived 2O 23 aggregates (<1.5) * B and Fe°
100) 88Te8 ‘ Na
with an
amorphous
coating, and
111) chains of
20-100 nm
_____________________ _ ... particles -
~67 As above Less Fe'
FeBH 1;121}:1 (20- ~32  with thicker +B and

100) coating Na
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Table 3.3. Particle Surface Compositions Determined by XPS.

Fe/O Fe O B Na S Ca
Fe"? i
 Asreceived (Fresh) LIS 509 442 00 30 19 00
| Air-exposed 0.89 45.7" 51.5 | 00 17 " ll OO
o - 81 ............... > 0 )
....... iy 085 450 - 5_2,.9___,, o . o ol
L —
As-recelved(;resh) 0.41 200491 16.0 14.5 0.5 00 |
s A N 5”_40 2_.3‘5 59.2.. ............................... l . ve . .
As-ré;eived ("Aged) 056 2 9-—2—— ...... :52.4 16.2 22 0.0. 0.0
............. F _}_;gh-dded S - 308564___ s s OO 00

In atomic %.
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Table 3.4. Mass balance data for CT and products.

Particle Prep. CCl, CHCls CH,Cl, Unknown
Fol2
As-recetved 542 21.7 0.0 24.1
Flash-dried 583 18.4 0.0 233
FeBH
As-received 28.8 34.8 0.7 36.7
Flash-dned 15.8 39.3 2.4 42.5

% of initial CT concentration (2.4 mM) at t =27 hr.
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Figure 3.8 (A-B)
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Figure 3.8 (C-D)

Figure 3.8. TEMs of Fe"?. (A) Low magnification image of as-received sample, (B)
Higher resolution of image of iregularly-shaped metal particle, {C) Higher resolution
image of oxide shell around metal particle, (D) Low resolution image of flash-dried
sample.
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Figure 3.9 (A)

- 100 nm




155
Figure 3.9 (B-C)
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Figure 3.9 (D-E)

20 nm

Figure 3.9. TEMs of Fe®™. (A) Low magnification image of as-received sample, (B)
Higher resolution image of metal particle, (C) Dark field image of metal particle
highlighting small metal crystalhtes in particle, (D) Low resolution image of flash-dried

sample. (E) higher resolution image of flash-dried sample showing spreading of coating
layer between particles.
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Figure 3.10. Log absolute current vs. potential plot from anodic polatization of stationary
powder disk electrodes packed with various iron and jron oxide powders. At scan rate =

0.1 mV/s 1in anoxic aqueous borate (pH = 8.4).
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Figure 3.11. Surface area normalized rate constants (kg4) vs. mass load normalized rate
constants (k), for disappearance of benzoquinone (BQ) in batch expeniments. Diagonal
Jines are contours for representative values of p, (m” g”). For both types of nano-Fe®, ks,
is shown for high and low p, values (given in the Jegend). High values of p, are from
Table 3.1, Low values or p, are BET measurements from this study. The resulting ranges
of rate constants are shaded.
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Figure 3.12. Surface area normalized rate constants vs. mass load normalized rate
constants, for the disappearance of carbon tetrachloride (CT). Diagonal lines are contours
for representative values of p, m’ g"). For both types of nano-Fe’, kg4 is shown for high
and low p, values (given in the legend). High values of p, are from Table 3.1, Low values

or p, are BET measurements from this study. The resulting ranges of rate constants are
shaded.
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Figure 3.13. Yield of chloroform (Y¢¢) vs. iron type (Feth, Fe®F, FeHz). The range of Ycr
for each iron type reflects the wide range of experimental conditions tested (pH, buffer,
age and handhng of the iron, etc.).
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3.2.7. SUPPORTING INFORMATION

Characterization and Properties of Metallic Iron Nanoparticles: Spectroscopy,

Electrochemistry, and Kinetics

James T. Nurmi, Paul G. Trainyek, Vaishnavi Sarathy,
Donald R. Baer, James E. Amonette, Klaus Pecher, Chongmin Wang,

John C. Linehan, Dean W. Mutson, R. Lee Penn, and Michelle D. Driessen

Figure S1.
Figure S2.
Figure S3.
Figure S4.
Figure SS.
Figure S6.

Figure S7.

Figure S8.

Figure S9.

XRD patterns for as-received Fe'? and Fe®".
TEMs showing beam damage of shell on Fe™.

Particle size distributions obtained from TEM.

XPS photoemission spectra for Fe™™ and Fe®".

L-edge XANES spectra from as-received Fe®”, Fe™, and a Fe” standard.
Anodic polarization voltammograms for stationary powder disk electrodes
packed with Fe" that was dried and allowed to age under a glove-box
atmosphere.

Anodic polarization voltammograms for stationary powder disk electrodes
packed with Fe™” that was flash-dried and then aged under a glove-box
atmosphere.

Anodic polarization voltammograms for a stationary powder disk
electrode packed with flash-dried Fe'? as a function of pre-exposure time

to aqueous borate.

TEMs of Fe™ and Fe®" after reaction with benzoquinone.



162

A. [e21175¢.aif] Toda PNIP 1 ‘\m—é,—n
[0311250.4if] Toda PHIF 1T cay+ 30min
[a511 Raﬂl'oca?\f-‘ﬂbda\«
|
0%
SO0
T %o
5
g™ [ q t
1 | i
e CYSIRDN PO | DRSSO S A |, &\ W |
1
| o
[
i e ‘:’J;k P iIL_,'n
s i _JL AU A
5GEee Don, sy - Fr
- 19-0625> Magnetite, svn - Fes2Fels 304
| | | | |
T w 0 NS 0 ) TR
2Theta("

(031 124g.017 Nanc-Fe Znang/IEA 60 min exp
[d31124e.0f] Nar-Fe Zhang/JEA 30 min ap
[d3111244.d#] NanhirFe Zha

Luteaytr{CPS)

| 1907137 Goeinis - fe-

N | T on, gyn - Fe
|
f
|
|
‘ D6-D615> WistRe, oym - Fed

|
|
el

19 0 m <0 E &0 ™
2:Them(®]

Figure S1. XRD pattems produced from as-received (A) Fe'? and (B) Fe®"'. The narrow
peaks from the Fe' are from both Fe® with a 30 nm grain size and magnetite with a 50
nm grain size. The metal-to-oxide ratio in this Fe" sample is about 70% metal and 30%
ox1de In other samples the ratio is reversed. The diffraction peaks observed from the
FeP™ are from Fe’ crystallites with an average crystallite or grain size of 1.5 nm.
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5nm

Figure $2. TEMs showing beam damage of shell on Fe®". Top: image taken as quickly as
possible after loading, Bottom: after 1 min expsoure to the 200 V electron beam.
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Figure S3. Particle size distributions obtained from TEM. Left axes (number of particles
counted) go with the histograms. Right axes (cumulative distribution) go with the squares
(individual particles measured) and the solid lines (fits of these data to a log-normal
distribution function). In alt cases, the log-normal distribution gave a better fit than a

normal distribution (not shown).
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Figure S4. XPS photoemission spectra of the Fe 2p*” and 2p'/2 regions for Fe' (top) and
Fe®" (bottom). Binding energies are scaled to 707.0 eV for Fe’. In most cases both
metallic (FeO) and oxide states (Fe-Ox) are observed, consistent with an oxide coating on

a metallic core.
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Figure S5. Area averaged L-edge XANES extracted from STXM and TEY (Total
Electron Yield) measurements produced from as-received Fe®" Fe', and a Fe standard.
(Fe® standard spectrum provided by T. Droubay).
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Figure S6. Anodic polarization voltammograms for stationary powder disk electrodes
packed with Fe"” that were dried and allowed to age under a glove-box atmosphere. At
scan rate = 0.1 mV/s in anaerobic aqueous borate (pH = 8.4).
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Figure S7. Anodic polarization voltammograms for stationary powder disk electrodes
packed with Fe" that was flash-dried and then aged under a glove-box atmosphere. At
scan rate = 0.1 mV/s in anaerobic aqueous borate (pH = 8.4).
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Figure §8. Anodic polarization voltammograms for a stationary powder disk electrode
packed with flash-dried Fe™ as a function of pre-exposure time to aqueous borate. At

scan rate = 0.1 aV/s in anaerobic aqueous borate (pH = 8.4).
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Figure S9. TEM:s after reaction with benzoquinone: (A-B) Fe®", (C-D) of Fe". For both
types of iron, two types of material are observed after the reaction: larger particles that
appear essentially unaltered, and smaller oxide particles, which are shown at higher
magnification in B and D. Diffraction pattemns taken from the smaller particles Produced
from Fe®" are consistent with maghemite/magnetite and goethite and from Fe™ are
consistent with magnetite/maghemite.
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