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Abstract

Influence of electrolyte chemistry on the structure and reactivity of Fe(Ill) precipitates
generated by Fe(0) electrocoagulation: Implications for low-cost arsenic treatment

by
Case Michael van Genuchten
Doctor of Philosophy in Civil and Environmental Engineering
University of California, Berkeley

Professor Ashok J. Gadgil, Co-Chair
Professor Jasquelin Pefia, Co-Chair

The formation of Fe(Ill) (oxyhydr)oxide precipitates from Fe(II) oxidation and/or
Fe(IlI) hydrolysis is a key process that often governs the fate and bioavailability of
contaminants and nutrients in natural and engineered systems. Electrocoagulation (EC)
using Fe(0) electrodes is a low-cost water treatment technology that generates reactive
Fe(IlI) precipitates in-situ via the electrolytic dissolution of an Fe(0) anode. EC-
generated Fe(Ill) precipitates efficiently sorb contaminants, such as arsenic, and can then
be separated from treated water by gravitational settling and/or filtration. The goal of this
work is to determine the influence of electrolyte chemistry and EC operating parameters
on the structure and reactivity of EC-generated Fe(Ill) precipitates.

This dissertation begins with an investigation of the structure and arsenic removal
mechanism of Fe(IIl) precipitates generated by EC at a range of current densities in
synthetic Bangladesh groundwater (SBGW). Shell-by-shell fits of the Fe K-edge
extended X-ray absorption fine structure (EXAFS) spectra indicate that EC precipitates
consist of nanoscale chains (polymers) of edge-sharing FeO, octahedra. Shell-by-shell
fits of As K-edge EXAFS spectra show that arsenic binds to EC precipitates in the
binuclear, °C corner-sharing geometry. When bound in this specific configuration, arsenic
prevents the formation of FeOg corner-sharing linkages. Phosphate and silicate
oxyanions, abundant in SBGW, likely bind to EC precipitates in a similar configuration
and contribute to the absence corner-sharing Fe-Fe linkages. The high extent of As(II)
oxidation indicated by the As K-edge spectra is likely due to the reactive intermediates
generated during EC treatment by the oxidation of Fe(Il) by dissolved oxygen (i.e.,
Fenton-type reactions). Fe and As K-edge EXAFS spectra were found to be similar
among samples generated at a large range of current density (0.02, 1.1, 5.0, 100 mA/cm?),
suggesting this operating parameter does not play a major role in the structure of EC
precipitates.



The next objective after characterizing EC precipitates generated in SBGW is to
systematically investigate the individual and combined effects of major solutes (Ca®,
Mg**, P, As(V), Si) on the structure and reactivity of EC-generated Fe(III) precipitates.
Fe(Il) oxidation in the presence of weakly adsorbing electrolytes (NaCl, CaCl,, MgCl,)
produces pseudo-lepidocrocite (pseudo-Lp; v-FeOOH), a poorly crystalline version of Lp
with low sheet-stacking coherence. In the absence of bivalent cations, P and As(V) have
similar uptake behavior, but different effects on the average Fe(Ill) precipitate structure:
pseudo-Lp dominates in the presence of P, whereas a disordered ferrihydrite-like
precipitate akin to hydrous ferric oxide (HFO) is the dominant phase that forms in the
presence of As(V). Despite its lower affinity for Fe(IlI) precipitates, Si leads to Si-HFO
under all conditions tested. The presence of 1 mM Ca* or Mg®* enhances oxyanion
uptake, destabilizes the colloidally stable oxyanion-bearing particle suspensions and, in
some P and As(V) electrolytes, results in more crystalline precipitates. The trends in
oxyanion uptake and Fe(III) precipitate structure in the presence of Ca’*/Mg”" suggest a
systematic decrease in the strength of bivalent cation:oxyanion interaction in the order of
Ca’*>Mg** and P>As(V)>>Si.

In the third research chapter, the effect of the interaction between cations and
oxyanions on the structure of EC-generated Fe(IIl) precipitates is examined in greater
detail. The sequential formation of Fe(Ill) precipitates from Fe(II) oxidation in the
presence of oxyanions leads to multiple mineral phases: short-ranged oxyanion-rich
Fe(IlI) polymers with a large sorption capacity form at the onset of electrolysis followed
by pseudo-Lp after oxyanions are depleted from the electrolyte. The larger As:Fe and
P:Fe solids ratios in the presence of Ca®* leads to less Fe required to deplete oxyanions
from solution, and thus pseudo-Lp forms earlier in the electrolysis stage in Ca*-
containing electrolytes. Shell-by-shell fits of the As K-edge EXAFS spectra of all
samples indicate no significant change in As(V) coordination in the presence or absence
of Ca™ and that As(V) binds primarily in the *C binuclear, corner-sharing geometry.
Structural models for the oxyanion-bearing Fe(III) polymers that form at the onset of
electrolysis are proposed using constraints derived from batch sorption experiments,
mobilization data, and molecular scale characterization techniques. According to these
structural models, the role of Ca®* in increasing the As:Fe or P:Fe solids ratios is two-
fold: 1) “structural” Ca* participates in direct bonding with sorbed As(V) or P and
increases oxyanion uptake via specific bonding interactions and 2) “electrostatic” Ca**
associates with the solid in weaker, non-specific interactions that increase oxyanion
uptake by minimizing electrostatic repulsion between oxyanions and the negatively
charged Fe(III) precipitate surface.

The sustainable operation of EC systems in the field requires a rigorous
understanding of the effects of EC operating parameters, such as current density, on EC
system performance. = Knowledge of the effects of individual and combined
concentrations of major dissolved species on the local bonding environment, mineral
phase, crystallinity, and mechanism of ion uptake of EC-generated Fe(IIl) precipitates
will permit more accurate predictions of EC system performance across a diverse range
of chemical matrices likely to be encountered in the field. This information also



advances the understanding of contaminant and nutrient transport at natural redox
boundaries such as hyporheic zones in soils and sediments.
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Chapter 1: Introduction

1. Arsenic Contamination in Natural Systems: A Historic Problem for
Environmental Engineers

The contamination of water supplies by geogenic and anthropogenic arsenic is
one of the most devastating public health and environmental problems of the twenty-first
century. The worldwide occurrence of geogenic arsenic in groundwater exceeding the
World Health Organization (WHO) maximum contaminant level (MCL) of 10 ug/L is
well documented (Nordstrom 2002, Welch & Stollenwerk 2003, Katsoyiannis &
Zouboulis 2004). Arsenic in groundwater has been measured above 10 pg/L in countries
such as Chile, Peru, Argentina, Mexico, the United States, Ghana, Italy, Hungary,
Thailand, Cambodia, China, and Japan (Nordstrom 2002, Welch & Stollenwerk 2003,
Katsoyiannis & Zouboulis 2004). However, the estimated 50 million people in the
arsenic-affected regions of rural South Asia (i.e., India and Bangladesh) appear to be at
the greatest risk (Nordstrom 2002), owing at least in part to excessive arsenic levels
(Rahman 2002) and the lack of resources and infrastructure to effectively remediate water
supplies (Sarker 2010). Among other diseases, prolonged exposure to toxic levels of
arsenic in drinking water can lead to reproductive disorders and cancers of the bladder,
kidney, and lungs (Smith et al. 2000). The mobilization of arsenic from sediments in
most groundwater, particularly in South Asia, has been reported to be due to
microbiologically catalyzed reductive dissolution of arsenic-bearing Fe (oxyhydr)oxide
aquifer minerals (Islam et al. 2004, Rowland et al. 2007). Inputs of dissolved organic
carbon through organic-rich ponds are also reported to increase microbial activity and
enhance arsenic mobilization (Islam et al. 2004). Anthropogenic arsenic, conversely, is
often connected with industrial (e.g., metal refinement and smelting) or agricultural
activities (e.g. production and application of arsenical pesticides), with particularly high
arsenic levels linked to mining activities (Han et al. 2003). Anthropogenic arsenic not
only degrades the environment, but has the potential to lead to serious public health
problems if contamination reaches natural drinking water supplies (Han et al. 2003,
Maillot et al. 2013).

In most conditions encountered in the environment, the majority of arsenic exists
in the inorganic form as neutral arsenite, H;AsO; (As(IIl); pKa, = 9.2) or negatively
charged arsenate, H,AsO,/HAsO,” (As(V); pKa, = 6.9) (Smedley & Kinniburgh 2002).
In reducing aquifers, As(IIl) typically dominates, whereas As(V) is generally favored in
oxic groundwater or in surface waters. Methylated forms of organic arsenic have been
detected in natural systems, but they are typically a minor species and their toxicity is
lower than their inorganic counterparts (Smedley & Kinniburgh 2002). As(III) is more
toxic and less easily removed than As(V) in most treatment systems (Smedley &
Kinniburgh 2002, Kang et al. 2000).

The global incidence of arsenic contamination, and particularly the ongoing
arsenic crisis in South Asia, has prompted concentrated efforts to develop low-cost,
sustainable strategies of obtaining arsenic-safe water that fit within the design constraints
of resource-scarce rural areas. However, the potentially vast difference in culture,



socioeconomic status and behavior among arsenic-affected populations combined with
the spatial heterogeneity of arsenic contamination suggest that a universal strategy to
obtain arsenic-safe drinking water does not exist. Rather, careful consideration of the
characteristics of each particular arsenic-affected region should inform the selection of an
arsenic-safe water strategy. Two major strategies, well-switching and arsenic treatment
technologies, tend to fit the socioeconomic and technical constraints of resource-scarce
areas and seem to be proposed most frequently (van Geen et al. 2002, Ahmed et al. 2006,
Mudhoo et al. 2011). Well-switching consists of avoiding or switching from the use of
groundwater wells contaminated with arsenic to nearby arsenic-safe groundwater wells.
Well-switching is arguably the simplest strategy, but relies on the presence of multiple
pre-existing groundwater wells in short distance. Furthermore, cultural barriers to well-
switching can exist. For example, in some arsenic affected regions, taking water from
one's own well is considered honorable, whereas obtaining water from a public well or
asking a neighbor for access to a private well is less honorable (Sarker et al. 2000).
Because private wells are not tested for arsenic at government expense, there is
widespread ignorance and denial about risk of drinking from one's own untested well.
Well-switching typically does not involve a drastic change in behavior because most
arsenic-affected populations already use wells to obtain drinking water. Existing
infrastructure can also be used for well-switching, which minimizes capital costs.
However, arsenic concentrations can vary in wells separated by only several meters and
can also vary with time. Therefore, well-switching requires continuous monitoring of
each groundwater well over extended periods of time (van Geen et al. 2003, Zheng et al.
2005, Dhar et al. 2008). Consequently, developing a low-cost and robust analytical
technique for measuring arsenic in the field has been the focus of intense research, but is
a challenge because the technique must be accurate down to levels below the WHO MCL
of 10 ug/L (Van Geen et al. 2004, Van Geen et al. 2005, van Geen et al. 2000).
Conversely, appropriate and low-cost treatment technologies that remove arsenic below
the 10 pg/L threshold should require less monitoring, but inevitably require new
infrastructure. However, when switching from a contaminated well to an arsenic-safe
groundwater is not possible (due to monitoring costs, or scarcity of arsenic-safe wells),
arsenic removal technologies are generally the only method of obtaining arsenic-safe
water for the majority of people living in resource-scarce arsenic-affected regions.



2. Iron-based Arsenic Removal Technologies

Arsenic removal in engineered systems has been the focus of significant research
in the decades following the first evidence linking arsenic-contaminated groundwater
with human poisoning in South Asia. Although reverse osmosis and ion-exchange resins
have been proposed to remove arsenic in some areas, these technologies are expensive,
are difficult to operate and maintain, do not efficiently remove uncharged As(Ill), and
can require large inputs of electricity or unavailable chemicals for regeneration (Kang et
al. 2000). Consequently, treatment technologies based on arsenic sorption reactions are
commonly employed. Several reactor designs and an impressive number of sorbent
materials have been reported in the literature, ranging from metal (Fe, Mn, Al)
(oxyhydr)oxides to organic biomass, activated carbon and even human hair (Mohan &
Pittman 2007) (and references therein). Among the metal oxide minerals investigated for
arsenic removal, Fe(Ill) (oxyhydr)oxides typically display the highest affinity for arsenic,
reportedly forming strong, inner-sphere complexes with As(III) and As(V) (Fendorf et al.
1997, Manning et al. 1998, Sherman & Randall 2003). Because Fe (oxyhydr)oxide
minerals have a high affinity for both As(IIl) and As(V) and are also non-toxic and
relatively simple to obtain, these ubiquitous materials are often the sorbent of choice to
treat arsenic-contaminated water supplies.

The sorption mode of arsenic does not differ significantly across most common
Fe(Ill) (oxyhydr)oxide minerals, 2- and 6-line ferrihydrite, akaganeite ($-FeOOH),
lepidocrocite (y-FeOOH), goethite (a-FeOOH), and hematite (a-Fe,O;) (Fendorf et al.
1997, Farquhar et al. 2002, Ona-Nguema et al. 2005, Morin et al. 2008, Wang et al.
2008). The dominant sorption reaction pathway is reported to be ligand exchange with
surface oxygen atoms unsatisfied with respect to bond valence (Jain et al. 1999, Hiemstra
2013); however the exact coordination geometry of arsenic depends on its oxidation state.
Figure 1.1 illustrates the possible inner-sphere coordination geometries of arsenic bound
to a cluster of FeO, octahedra. Uncharged As(III) forms both mononuclear edge-sharing
and binuclear corner-sharing complexes (Fendorf et al. 1997), whereas negatively
charged As(V) is most often reported to bind in binuclear corner-sharing geometries
(Sherman & Randall 2003). Recent studies have reported the presence of a six-
membered ring site on the surface of spinel-type Fe minerals (magnetite, Fe,O,, and
maghemite, y-Fe,O;), which can bind As(III) and As(V) in strong trinuclear complexes
(Auffan et al. 2008, Wang et al. 2008, Wang et al. 2011). The existence of a similar 6-
membered ring site on the surface of 2-line ferrihydrite has been suggested in previous
work, but the importance of this site with respect to arsenic uptake is still unknown
(Cismasu et al. 2012).

Considering the similar arsenic binding geometries and reactive surface sites
among Fe(Ill) (oxyhydr)oxide precipitates, the difference in arsenic removal efficiency
among Fe(III) (oxyhydr)oxides is likely due to the amount of reactive surface per mass of
Fe. In terms of efficiency, the formation of Fe(IIl) precipitates in the presence of arsenic
offers the advantage of having the largest reactive surface area, and thus largest arsenic
adsorption capacity (As:Fe = 0.7), of any Fe(Ill) (oxyhydr)oxide mineral including 2-line
ferrihydrite (As:Fe = 0.2) (Waychunas et al. 1993, Dixit & Hering 2003, Mohan &
Pittman 2007). Therefore, the Fe(Ill) precipitates generated from Fe(II) oxidation and/or



Fe(III) hydrolysis in the presence of arsenic are likely the optimum arsenic sorbent in
most reactor designs.

Mononuclear Corner-sharing = 1C
Ruse3-6A o ° °
NAs-Fe =1

Mononuclear Edge-sharing = 2E
Rpcse 2.8 A
NAs-Fe =1

Binuclear Corner-sharing = 2C
Racse = 3-3A
NAs-Fe =2

Figure 1.1: Possible inner sphere coordination geometries of arsenate bound to a cluster of FeOg
octahedra. N v, r and Ry, r are given for each geometry. Due to the larger As-O distance in
As(IIT) pyramids compared to As(V) tetrahedra, the As-Fe distances for As(III) sorption
complexes are slightly larger than those listed for As(V).

Pre-formed Fe(IIl) (oxyhydr)oxides currently used for arsenic remediation include
granular ferric hydroxide, “natural red earth” and iron oxide coated sand (IOCS) filters
(Mohan & Pittman 2007, Rajapaksha et al. 2011). These technologies share the property
that the Fe(III) mineral structure is fixed. However, even if a nanoparticulate Fe mineral
phase is used, the arsenic removal efficiency per mass of Fe is likely less than freshly
precipitated Fe(Ill) (oxyhydr)oxides (Roberts et al. 2004, Dixit & Hering 2003). Another
drawback of pre-formed Fe(Ill) minerals is that they do not produce beneficial side
reactions, such as As(IIl) oxidation, that can occur during the oxidation of Fe(II) and in-



situ formation of Fe(Ill) precipitates. Treatment techniques employing the in-situ
generation of Fe(III) precipitates include zero valent iron (ZVI)-based techniques, such as
the SONO filter, “passive arsenic removal”, which relies on the oxidation of natural co-
occurring Fe(Il), direct addition of ferrous or ferric salts, and electrocoagulation using
Fe(0) electrodes (Manning et al. 2002, Kumar et al. 2004, Roberts et al. 2004, Voegelin
et al. 2010, Neumann et al. 2013). The SONO filter is based on layering ZVI filings atop
a layer of sand grains and passing the arsenic-contaminated water through the ZVI and
sand. The ZVI filings corrode in the influent water to produce Fe(Il) that, along with any
natural co-occurring Fe(Il) present in the influent, is oxidized to Fe(Ill), which forms
reactive precipitates that are trapped in the subsequent layer of sand. Passive arsenic
removal is likely the simplest and lowest-costing treatment strategy, and is based on
exposing pumped arsenic-contaminated groundwater to the atmosphere to oxidize co-
existing Fe(II) (Roberts et al. 2004). The Fe(Ill) precipitates generated in this technique
bind arsenic efficiently and can be separated subsequently by a filter or by gravitational
settling. Despite the simplicity and cost-effectiveness of both of these techniques, the
SONO filter and passive treatment both rely on Fe(Il) present in natural groundwater
and/or produced by natural corrosion of ZVI, which can become passivated (Reinsch et
al. 2010). Consequently, sufficient arsenic removal in matrices with high initial arsenic
concentrations or in the presence of high levels of phosphate, a known competing
oxyanion, might not be technically possible. The Fe(II) concentration introduced to the
contaminated water during electrocoagulation using Fe(0) electrodes, conversely, is
precisely controlled, which allows for sufficient arsenic removal in virtually all worst-
case-scenario electrolyte compositions. This technique is the major focus of this
dissertation work.

Regardless of the reactor design and the identity of the reactive sorbent or
chemical reaction used to remove arsenic, no perfect remediation strategy exists. Some
differences in technical efficiencies among technologies include arsenic sorption
capacity, controlled production of Fe(II) and the ability to oxidize As(Ill). However,
real-world implementation of these technologies, particularly in areas with very little
resources or infrastructure, requires a more holistic approach to ensure sustainable
operation. In addition to removing arsenic in a variety of different chemical matrices,
each technology must also conform to the local socioeconomic, geographical, political,
and cultural characteristics of the end-users. Sustainable technologies also require careful
placement in society to facilitate operation and maintenance, replacement of
consumables, and to ensure financial viability by collection of revenue. Satisfying the
socioeconomic constraints combined with efficient arsenic removal properties seems to
be a major reason why arsenic poisoning from drinking water in South Asia continues to
be a major public health concern (Sarker et al. 2000).



3. Electrocoagulation Using Fe(0) Electrodes

Electrocoagulation (EC) using Fe(0) electrodes has recently been proposed as a
promising arsenic-removal strategy for rural South Asia because this technology has
many inherent properties believed to fit well within the technical and socioeconomic
constraints of resource-scarce areas, rural areas (Amrose et al. 2013). Electrocoagulation
is low-cost, efficiently removes arsenic, and produces little waste. Perhaps most
important for sustainable treatment in the field, EC systems seem to be easily scalable
and easy to operate and maintain using only locally available and affordable materials.
EC treatment (Figure 1.2) is based on applying a small external voltage to a sacrificial
Fe(0) anode in contact with pumped groundwater to promote the oxidative dissolution of
Fe(Il) ions. Equations 1.1 and 1.2 describe the primary anode and cathode reactions.
(Lakshmanan et al. 2009, Wan et al. 2010). Dissolved oxygen (DO) rapidly oxidizes the
Fe(Il) ions in aerated solutions at near-neutral pH, producing insoluble Fe(Ill). The
newly produced Fe(IIl) polymerizes in the presence of co-occurring ions, creating Fe(III)
precipitates in-situ with a high affinity for binding arsenic. The arsenic-laden precipitates
can then be separated from treated water by gravitational settling and/or filtration.
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Figure 1.2: Schematic of electrocoagulation process (adapted from van Genuchten et al., 2012).
Fe(IlI) (oxyhydr)oxide precipitates are generated via the electrolytic dissolution of an Fe(0)
anode. The Fe(Ill) precipitates efficiently bind arsenic and other co-occuring ions and can be
removed by gravitational settling and/or filtration.

Although the first documented application of EC for water treatment dates back
several decades (Osipenko & Pogorelyi 1977), the recent EC literature is relatively sparse
and is often relegated to low-impact journals with limited visibility. Among these
previous studies, nearly all are strictly empirical investigations of contaminant removal
written primarily in a “proof-of-concept” framework. Using EC to remove arsenic
specifically has been documented in the published literature a handful of times (Kumar et



al. 2004, Lakshmanan et al. 2010, Lakshmipathiraj et al. 2010, Wan et al. 2010), but
similar to most other EC studies, these investigations are limited in scope and report
results that are difficult to generalize. Furthermore, the EC literature is inconsistent in the
language used to describe key properties of the system (e.g. current density, charge
density, charge loading rate, cell voltage, interface potential) and a poor understanding or
misunderstanding of the operating parameters governing the performance of EC systems
(Holt et al. 2005, Gomes et al. 2007, Parga et al. 2009, Lakshmipathiraj et al. 2010, Wan
et al. 2010). Consequently, fundamental investigations to elucidate the basic chemical
reactions of the EC system are essential to improve the understanding of this low-cost
water treatment technique with potentially far-reaching application.

Several properties set EC systems apart from typical Fe-based water treatment
technologies. In particular, two properties seem to be most important in the context of
arsenic removal. The first property unique to EC systems is the ability to control the
applied current, and thus the gradual production of Fe(Il), using a simple low-wattage DC
power supply. The oxidation of Fe(Il) by dissolved oxygen (i.e. Fenton-type reactions)
produces strong oxidizing reactive intermediates capable of oxidizing As(IIl) to As(V)
(Hug & Leupin 2003). By controlling the rate of Fe(Il) production, and using the rate of
Fe(Il) oxidation by dissolved oxygen, it is possible to minimize the build-up of aqueous
Fe(Il), which competes with As(IIl) for the oxidizing intermediates. Minimizing the
amount of residual Fe(II) lessens the competition with As(Ill) and maximizes the extent
of As(IIl) oxidation to As(V) during treatment. Because As(V) is more easily removed
(and less toxic) than As(III), maximizing the extent of As(III) oxidation during EC
treatment is an important step to optimize treatment performance. Controlling the current
not only allows for optimized As(III) oxidation, but also ensures that enough Fe is
generated for sufficient arsenic removal, which is not possible using other Fe-based
treatment technologies.

The second key property unique to EC systems, which will be the focus of the
subsequent chapters of this dissertation, is that Fe(Ill) polymerizes to form Fe(III)
precipitates in the presence of co-occurring ions. By interfering with the pathway by
which individual Fe(IlI) monomers, dimers and oligomers polymerize into more
crystalline Fe(IlI) (oxyhydr)oxide precipitates, strongly sorbing oxyanions (P, As, Si) and
bivalent cations (Ca**, Mg**) common in natural waters can modify important properties
of the resulting precipitate. The structural properties influenced by the presence of
oxyanions and bivalent cations can include the local Fe bonding environment, mineral
phase and crystallinity, composition of the solids, arsenic uptake mechanism and the
surface charge (Waychunas et al. 1993, Rose et al. 1996, Doelsch et al. 2000, Pokrovski
et al. 2003, Sposito 2008, Voegelin et al. 2010). These structural properties govern the
macroscopic behavior of EC precipitates and their reactivity with arsenic, which
ultimately determines the performance of EC systems. Therefore, understanding the
interdependent influence oxyanions and bivalent cations on the formation of Fe(IlI)
precipitates can improve predictions of EC system behavior in the field and, more
broadly, will advance our understanding of contaminant and nutrient transport in natural
systems.



Figure 1.3: 700 L electrocoagulation field prototype in Kolkata, India (Photo: C. van Genuchten)



4. Iron Polymerization in the Presence of Co-occurring Ions

Geochemists have long studied the effect of co-occurring ions on formation of
Fe(IlI) precipitates from Fe(Il) oxidation or Fe(Ill) polymerization in both natural and
model systems. The oxidation of Fe(Il) and polymerization of Fe(Ill) in pristine natural
systems is an important component in the global cycling of Fe and often occurs at natural
redox boundaries, such as hyporheic zones in soils and sediments, root zones, and
metalimnia in lakes (Buffle et al. 1989, Perret et al. 2000, Gunnars et al. 2002). The
formation of Fe(Ill) precipitates from Fe(II) oxidation in natural systems can also occur
near hydrothermal vents and can be catalyzed near the cell surface of Fe(Il)-oxidizing
bacteria (Toner et al. 2009). Another important instance of Fe(IIlI) polymerization in
natural systems frequently occurs in polluted environments where low pH prevents
Fe(IlI) from forming a solid phase. In this case, which is typical in natural systems
contaminated by acid mine drainage, aqueous Fe(III) remains in solution until the pH of
the contaminated water increases above the threshold of Fe(IIl) precipitate formation
(Morin et al. 2003). In engineered systems, a common approach to drinking water
treatment incorporates the addition of ferric salts as a coagulants or ferrous salts as a
method of generating Fe(Ill) precipitates for contaminant removal (Hering et al. 1997).
In these engineered systems, much like the previously described natural systems, the
interdependent effects of bivalent cations and oxyanions on Fe(III) polymerization play
an important role in determining the phase, crystallinity and ion uptake behavior of the
resulting Fe(IIl) precipitates. However, the presence of several different oxyanions and
bivalent cations during Fe(IlI) polymerization in most real-world natural or engineered
systems makes it difficult to derive much generalizable information about the structural
effects and uptake behavior of each individual ion or each oxyanion-bivalent cation pair.
Consequently, the formation of Fe(III) precipitates in model systems has been extensively
studied.

4.1 Single Solute Model Systems

The effects of co-occurring ions on the composition and structure of Fe(III)
precipitates generated from Fe(Il) oxidation and/or Fe(IIl) hydrolysis has been
investigated in controlled, model laboratory systems for many decades. A “classic”
study, Schwertmann and Taylor (1979) found that “pseudo” lepidocrocite (Lp; y-
FeOOH), a type of Lp characterized by poor ordering along the sheet-stacking axis,
forms from the oxidation of Fe(Il) at near-neutral pH values in solutions containing
weakly sorbing ions (i.e. an indifferent or background electrolyte). The formation of Lp
from aerated Fe(II) solutions has been confirmed in background electrolytes of different
composition (e.g. NaHCO,, Na,SO,, CaCl,) using different characterization techniques
(Cumplido et al. 2000, Voegelin et al. 2010, Kaegi et al. 2011). The hydrolysis of Fe(III)
solutions in background electrolytes at near-neutral pH, conversely, typically leads to the
initial formation of 2-, 3-, 4- or 6-line ferrihydrite (Schwertmann & Cornell 1991).
Although the initial phase formed from Fe(Il) oxidation and Fe(IIl) hydrolysis in
background electrolytes are different, both ferrihydrite and Lp are metastable and often
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transform to goethite (a-FeOOH) or hematite (a-Fe,O;) depending on reaction time,
temperature, and aqueous chemistry (Schwertmann & Cornell 1991).

The presence of strongly sorbing ions alters the composition and structure of
freshly precipitated Fe(IlI) (oxyhydr)oxides. Schwertmann and Thalmann (1976) showed
that the high uptake of Si oxyanions during Fe(IlI) polymerization inhibits the formation
of lepidocrocite and leads to Fe(IIl) precipitates with a diffraction pattern indicating less
structural order than 2-line ferrihydrite. However, the disruption of Fe(IIl) crystal growth
in the presence of strongly sorbing Si prevented a more detailed structural description
using X-ray diffraction, which relies on long range structural order. After these few
initial studies, the increased use of synchrotron-based X-ray characterization techniques
lead to significant advances in the understanding of iron polymerization in the presence
or absence of strongly sorbing ions.

The molecular-scale level detail provided by X-ray absorption spectroscopy
(XAS) was essential to using the “polyhedral approach” to describe Fe(IIl) precipitate
nucleation and crystal growth processes. The identity of Fe(Ill) (oxyhydr)oxide mineral
phases depends on the type and number of FeO, or FeO, polyhedral connections (i.e.
edge- corner-, face-sharing) (Manceau & Combes 1988, Combes et al. 1989). Each type
of Fe polyhedral linkage has a different Fe-Fe interatomic distance that is easily
distinguished in the X-ray absorption spectrum (see Section 2.7.1). Using X-ray
absorption spectroscopy and the polyhedral approach, several subsequent studies
examined the influence of oxyanions on the number and type of Fe polyhedral linkages
found in coprecipitated Fe(IlI) (oxyhydr)oxides (Waychunas et al. 1993, Rose et al. 1996,
Doelsch et al. 2000, Pokrovski et al. 2004). By binding strongly to Fe(Ill)
(oxyhydr)oxide crystal growth sites, strongly sorbing oxyanions As(V), P, and Si are all
reported to inhibit the formation of corner-sharing Fe linkages, leading to disordered,
nanocrystalline Fe phases often called hydrous ferric oxide (HFO) (Doelsch et al. 2000,
Antelo et al. 2005, Zeng et al. 2008). However, the Fe(IIl) precipitates generated in the
presence of As(V) and P oxyanions have less edge- and corner-sharing Fe-Fe
coordination and higher oxyanion:Fe solids ratios than those generated in equimolar
concentrations of Si, which is consistent with the higher sorption affinity of As(V) and P
for Fe(Ill) (oxyhydr)oxides (Roberts et al. 2004). These results suggest that oxyanions
with higher binding affinity disrupt Fe-Fe bonding to a greater extent, which leads to
disordered Fe(Ill) polymeric clusters with higher oxyanion:Fe ratios. Accordingly,
As(V):Fe and P:Fe solids ratios reported for these As-Fe and P-Fe polymers are as high
as 0.7:1, whereas Si:Fe ratios approach 0.4:1 (Waychunas et al. 1993, Voegelin et al.
2013).

4.2 Binary Solute Model Systems

Relatively few studies have systematically investigated the polymerization of
Fe(IlI) in binary model electrolytes containing both oxyanions and bivalent cations.
Voegelin et al. (2010) and Kaegi et al. (2011) used X-ray absorption spectroscopy (XAS)
and transmission electron microscopy (TEM) to investigate the structure, morphology,
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and composition of the Fe(IIl) precipitates generated by Fe(II) oxidation in the presence
of P and Ca’* concentrations typical of South Asian groundwater. In these studies, Ca®*
modified the surface-poisoning effects of P oxyanions typically observed due to P
sorption. Using P and Ca K-edge XAS, the authors showed that the tendency of P to
form P-O-Ca linkages can reduce crystal growth poisoning normally caused by the
formation of P-O-Fe bonds. This study also proposed the importance of the sequential
formation of Fe(IIl) precipitates in systems where Fe(IIl) polymerizes gradually in the
presence of strongly sorbing oxyanions, either by Fe(II) oxidation or by slow titrations of
acidic (or basic) solutions. The sequential formation of Fe(IIl) precipitates can occur
both spatially or temporally and typically leads to multiple mineral phases, with each
Fe(Il) phase having a different structure and oxyanion sorption capacity. The
multiphase nature of solids generated during the sequential formation of Fe(IIl)
precipitates can be difficult to detect with characterization techniques probing average
structure (e.g. XAS).

In systems where Fe(III) polymerizes in the presence of As(V) and Ca**, oxyanion
- bivalent cation interactions are likely similar to those observed in the Fe(Il)-P-Ca
system. Jia et al. 2008 examined the effect of Ca®* and As(V) on the formation and
composition of Fe(IIl) precipitates generated by neutralization of acidic Fe(Ill) solutions.
In this study, Ca®* was reported to enhance As(V) uptake by forming direct Ca-O-As(V)
bonds, which promoted the formation of high As(V)-bearing polymeric Fe(IlI) phases.
Similar results were found in the Fe(II)-As(V)-Ca* system by Guan et al., 2009. This
study reported that the oxidation of Fe(Il) by Mn(VII) and polymerization of Fe(IIl) in
the presence of As(V) and Ca* lead to Fe(IIl) precipitates with a larger As(V):Fe ratio
than in the absence of Ca*, which was explained again by the formation of direct Ca-O-
As(V) bonds on the surface of Fe(IlI) precipitates. Although direct Ca-O-As(V) and Ca-
O-P linkages were reported to be important in the Fe(II)-As(V)-Ca®* and Fe(I)-P-Ca*
systems, respectively, no distinct Ca®* bearing minerals were detected. Both systems
were supersaturated with respect to Ca-bearing As(V) or P apatite minerals (johnbaumite,
Ca,(AsO,);OH and hydroxyapatite, Ca;(PO,);OH) (Myneni et al. 1997), which indicates
that the interaction between bivalent cations and oxyanions during Fe(IlI) formation
cannot be explained by bulk equilibrium calculations. To my knowledge no analogous
systematic investigations of the composition and structure of Fe(Ill) precipitates
generated in Mg-Si, Ca-Si, Mg-As, or Mg-P model binary electrolyte systems exist in the
literature.

The significant work investigating the formation of Fe(Ill) (oxyhydr)oxides in
natural and model systems that appears in the geochemical literature provides a starting
point for this dissertation work. However, these previous studies have not been extended
to the EC system or to systems where the rate of Fe(II) production can be controlled.
Controlling the production of Fe(II) permits the investigation of Fe(III) polymerization in
more controlled model systems. Furthermore, most previous work has not probed the
effects of electrolyte chemistry on the formation of Fe(Ill) precipitates in chemical
compositions similar to natural systems. The goal of my dissertation research is to
understand the role of EC operating parameters and major dissolved ions present in
natural systems on the structure and reactivity of EC-generated Fe(III) precipitates. This
information is crucial to predict the performance of EC-based water treatment systems in
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the field and will also advance our understanding of contaminant (As) and nutrient (P)
transport in natural systems.
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5. Dissertation Organization

The dissertation organization follows a progression from investigating the role of
current density in a “synthetic groundwater”, which also probes the composite effects of
several co-occurring ions, to more focused and detailed examinations of single and binary
model electrolytes consisting of only one or two major solutes. This approach allows for
better comparisons and interpretations of the effects of each major inorganic ion in both
relatively simple model electrolytes and in more complicated synthetic matrices
approaching the complexity of natural systems.

Chapter 2 of this work is a brief summary of the theory and application of two
synchrotron-based X-ray techniques that play a major role in each of the subsequent
research chapters: X-ray absorption spectroscopy and the pair distribution function
analysis of high-energy X-ray scattering.

The first research chapter of the dissertation (Chapter 3) focuses on understanding
the effects of EC operating parameters and the chemical composition of synthetic
Bangladesh groundwater (SBGW) on the structure of EC precipitates and the speciation
of sorbed arsenic. The SBGW recipe, containing both As(III) and As(V), follows similar
synthetic groundwater recipes found in the literature and is based on a comprehensive
analysis of tens of thousands of tube wells in Bangladesh (BGS 2001). In this work, EC
precipitates are generated in SBGW at a wide range of current densities. The structure of
the poorly-ordered Fe(Ill) precipitates are investigated using Fe K-edge XANES and
EXAFS spectroscopy. The average oxidation state and dominant binding mode of
arsenic are determined using As K-edge XANES and EXAFS spectroscopy. The
oxidation of As(IIl) and strong binding of As(V) directly observed using the As K-edge
spectra is explained. The surface-poisoning effects of As(V), Si, and P in SBGW and the
insignificant role of current density on the structure of EC precipitates are discussed in
the context of EC treatment in the field.

Having characterized the precipitates generated in a SBGW electrolyte, the focus
of Chapter 4 is a more systematic investigation of the structural effects and uptake
behavior of each major oxyanion (P, As(V), Si) and bivalent cation (Ca®*, Mg*") in
SBGW in both single solute and binary solute model electrolytes. To elucidate the
structure and reactivity of EC precipitates, macroscopic measurements of ion uptake and
aggregation (settled turbidity) were integrated with molecular-scale structural data
obtained from complementary synchrotron-based X-ray characterization techniques: Fe
K-edge EXAFS and the pair distribution function (PDF) analysis of high-energy X-ray
scattering. The structures of Fe-bearing reference minerals are examined using EXAFS
and the PDF technique and aid in interpreting the structures of experimental samples.
Trends in the structural effects and ion uptake in single solute systems (P, As(V), Si) are
compared to binary systems (P+Ca, P+Mg, As(V)+Ca, As(V)+Mg, Si+Ca, Si+Mg) and
the relative effects of Ca®* and Mg™ on the structure and uptake of oxyanions are
discussed. For the first time, the intermediate-ranged polyhedral connections of poorly-
ordered hydrous Fe(Ill) oxides are reported. The structures of these oxyanion-bearing
Fe(IlI) precipitates are interpreted using the Michel model for 2-line ferrihydrite. The
implications of the interdependent effects of P, As, and Si oxyanions and Ca®* and Mg**
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bivalent cations on the structure and reactivity of EC precipitates are discussed with
respect to EC performance in the field.

Outstanding questions based on wet chemistry and structural data left unanswered
in Chapter 4 are examined in detail and form a major portion of the research described in
Chapter 5. In Chapter 5, the interaction of Ca> and As(V) or P, and the effects of these
interactions on the structure and oxyanion uptake mode, are investigated in greater detail
by combining measurements of ion uptake as a function of time and mobilization data
with molecular-scale characterization techniques: As K-edge EXAFS spectra and the
PDF technique. A major goal of this work is to develop structural models describing the
interaction between Ca®* and As(V) during Fe(Ill) polymerization, particularly at the
onset of electrolysis when the Ca:Fe and As:Fe ratios are the largest. This work focuses
primarily on the Ca**-As(V) and Ca*-P ion pairs, but data from the Mg**-As(V) and
Mg*-P binary electrolytes are also presented. The sequential formation of Ca-As-Fe
polymers with large As:Fe solids ratios at the onset of electrolysis, followed by a more
crystalline Fe(IlI) (oxyhydr)oxide phase is shown to be important during EC. The dual
role of Ca® (“structural” and “electrostatic”) in enhancing As(V) removal and altering the
resulting Fe(Ill) phase is described. Structural models of highly reactive oxyanion-
bearing Fe(IlI) polymers are presented and the effects of “structural” and “electrostatic”
Ca* in the Ca’*-As(V) and Ca**-P binary electrolyte model systems are compared.

The final chapter of the dissertation (Chapter 6) outlines the key results and
implications of this research in the context of 1) the broader literature of Fe(IIl)
(oxyhydr)oxide formation in natural and engineered systems and 2) the current
understanding of arsenic removal using EC in the field. Chapter 6 also includes
prospective research directions resulting from this work.
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Chapter 2: Synchrotron-based X-ray Characterization
Techniques

The advent of synchrotron radiation has revolutionized many aspects of interfacial
chemistry and the molecular scale characterization of nano-scale or disordered materials.
Molecular scale descriptions of mineral nucleation and sorption reactions are more
constrained with synchrotron-based X-ray techniques. Macroscopic measurements of ion
sorption, such as those that might be made for an adsorption isotherm, do not yield
mechanistic information on the type of sorption reaction (i.e. outer-sphere adsorption,
inner-sphere adsorption, ternary surface complexation, incorporation) (Sposito 2008).
Deriving unambiguous mechanistic details of surface reactions requires spectroscopic
techniques directly probing the chemical environment of the atoms involved.
Furthermore, many reactive minerals governing the fate of contaminants and nutrients in
the environment occur on the nano-scale, and thus, lack the long-ranged order necessary
for structural determination using standard X-ray diffraction (Perret et al. 2000, Morin et
al. 2003, Voegelin et al. 2013). Consequently, techniques that do not rely on lattice
periodicity are also essential to characterize the short- to intermediate-ranged structures
mineral nanoparticles. Synchrotron-based X-ray techniques have allowed researchers to
investigate the atomic configurations of these complex systems (i.e. surface complexes
and nanocrystalline mineral phases) with an unprecedented level of detail. Here I shall
give overviews of the two X-ray characterization techniques that figure prominently in
my dissertation research: X-ray absorption spectroscopy (XAS) and the pair distribution
function (PDF) analysis of high-energy X-ray scattering. The application of the PDF
technique to environmental geochemistry is younger and less documented than XAS,
therefore I shall give a more intensive treatment of the theoretical and experimental
aspects of this technique. For additional information about the theory and application of
the PDF and XAS techniques, useful resources are also available in the literature (Egami
& Billinge 2003, Kelly et al. 2008, Bunker 2010, Calvin & Furst 2013).

1. X-ray Absorption Spectroscopy

Because X-ray absorption edge energies are element-specific, and because the
absorption of X-rays does not rely on lattice periodicity, XAS is an element-specific
technique that can probe dilute species in complex matrices, such as sorbed contaminants
at ng/g levels in environmental samples. Consequently, XAS is often the technique of
choice to investigate surface reactions in complex, natural systems. However, XAS is
limited to the short-ranged environment around the absorbing atom. Furthermore, the
large X-ray flux, precise control of X-ray energy, and often very sensitive detection
equipment required for X-ray absorption experiments limit the collection of high-quality
X-ray absorption spectra to synchrotron facilities.
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An X-ray absorption spectrum is generated by scanning the energy of incident X-
rays across the binding energy of a core-shell electron of a specific element. The X-ray
energy at which an electron is excited is termed the “absorption edge”. X-ray energies
far below the absorption edge of an element not interact with the atom and no X-ray
absorption occurs. However, when the incident X-ray energy reaches the absorption edge
energy, the X-ray is absorbed, exciting a photoelectron, which can interact with the
neighboring atoms around the absorbing atom. As the incident X-ray energy increases
above the absorption edge, the additional X-ray energy is transferred to the photoelectron
as kinetic energy. This increase in the energy of the ejected photoelectron with incident
X-ray energy alters the interaction of the photoelectron with neighboring atoms, which
leads to oscillations in the absorption spectrum of the absorbing atom with increasing X-
ray energy above the absorption edge. The oscillations in the extended X-ray absorption
fine structure (EXAFS region, x(k), can be expressed by the EXAFS equation as a sum of
sine waves occurring from all photoelectron scattering paths, with each individual path
written as:

NSHF. (k b, 2R
( ok)Rzeff( )Sin[ZkR+(,0(k):k_2ak e Mk 2.1]
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where the terms scaling the amplitude of the sine wave, N, S,*, and F_;; are the number of
coordinating atoms, the passive electron reduction factor, and the effective scattering
amplitude, respectively. The k term is the wavenumber, which is related to the mass of
the electron, m,, Planck’s constant, h, and X-ray energy, E, in Equation 2.2. The R term
is the distance between the absorbing atom and neighboring atom. Inside the sine
function, the ¢ term is a phase shift that accounts for the interaction of the photoelectron
with the absorbing atom. The last terms in the EXAFS equation include the exponentials
where 0 is the mean displacement, which is a measure of both thermal and structural
disorder, and A is the mean free path of the photoelectron. Each term in the EXAFS
equation can explain general properties of the EXAFS technique and gives useful insight
into the physical processes that lead to the shape of the EXAFS spectrum. For example,
the reason it is difficult to detect atomic pairs with R > 6 A using EXAFS is due to the
1/R? scalar term and the exponential term that includes the mean free path, which both
serve to decrease (k) at increasing R. In Equation 2.1, N and S,” are coupled, which is
important when deriving N by EXAFS modeling (discussed below). The sine function
gives the EXAFS another useful property in that it can be Fourier-transformed to pick out
the major frequencies that contribute to the overall signal. Fourier transformation of the
EXAFS spectrum leads to a series of peaks similar to radial distribution functions where
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the positions of the peaks are related to the physical interatomic distances between the
absorbing atom and neighboring atoms (see Figure 2.1).

The raw X-ray absorption spectrum, EXAFS spectrum, and Fourier-transformed
EXAFS spectrum of goethite (a-FeOOH) is given in Figure 2.1. As highlighted in this
plot, X-ray absorption spectra can be separated into two regions, with each region
providing separate, but complementary information on the local structure of the
absorbing atom. The X-ray absorption near edge structure (XANES) occurs
approximately -50 to +200 eV relative to the absorption edge and is sensitive to the
oxidation state and coordination symmetry (i.e. tetrahedral, octahedral, etc) of the
absorbing atom. The extended X-ray absorption fine structure (EXAFS) yields
information on the local (< 6 A) bonding environment of the absorbing atom (i.e. the
types, number, and interatomic distances of neighboring atoms) (Kelly et al. 2008).

Quantitative analysis of background-subtracted and normalized experimental X-
ray absorption spectra, particularly the EXAFS region, is well documented (Kelly et al.
2008, Bunker 2010, Calvin & Furst 2013). XANES modeling is becoming possible due
to advances in the understanding of the complicated X-ray and photoelectron interactions
occurring near the absorption edge and the development of sophisticated computational
tools, but modeling this region of the X-ray absorption spectrum remains uncommon
relative to the EXAFS region. Modeling the EXAFS region of experimental spectra is
typically based on modeling neighboring atoms one “shell” at a time (Kelly et al. 2008).
This “shell-by-shell” approach typically involves fitting theoretically calculated atom-
atom scattering to the position and amplitude of peaks in the Fourier-transformed EXAFS
spectrum. Although this approach is widely used, some caution in interpreting the results
of these fits is necessary. First, deriving a unique value of N is impossible without
estimating a value for S,* beforehand because these values are coupled in the EXAFS
equation (Eq. 2.1). Second, it is generally difficult to derive values of N without high
uncertainty due to difficulties associated with normalizing the EXAFS spectrum and
because high correlation is also common between N and o (refer to Eq. 2.1).
Consequently, typical standard errors on N derived from EXAFS fits are 10-30% or more
(Kelly et al. 2008). Much higher precision on the fit-derived value of R is possible
(typically < 1%), which is one of the strengths of the EXAFS technique (Kelly et al.
2008).
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Figure 2.1: From top to bottom, the raw X-ray absorption spectrum showing both the XANES
and EXAFS regions, the EXAFS spectrum, and the Fourier-transformed EXAFS spectrum of
goethite (a-FeOOH).
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2. Pair Distribution Function Analysis of High-energy Total X-ray
Scattering

The atomic pair distribution function (PDF) analysis of high-energy X-ray
scattering is a method traditionally applied to characterizing liquids, glasses, and
amorphous material, but has very recently (relative to XAS) become a common method
in environmental and geochemical systems. The PDF gives the probability of finding
two atoms within a solid separated by a given radial interatomic distance, weighted by
the scattering strength of the atoms involved. Because the PDF is sensitive to all atoms
within the crystallite, this technique is not element-specific, which makes detecting dilute
and/or adsorbed species difficult (Egami & Billinge 2003). Other more simple and
convenient ways to conceptualize the PDF is to think of it as a distance map of the solid,
or a histogram of interatomic distances within a solid. Mathematically, the PDF, g(r), can
be expressed by Equation 2.3:

1
8r) = 0, 47NT’ 2;50 =) 23]

where Q, is the number density of atoms in a system with N number of atoms, (r - r,,) is a
set of interatomic distances referring to individual atoms v and w, and 0 is a Dirac
function. This equation reveals that the PDF is a one-dimensional function with peaks
located at (r - r,,). The sum is taken over all vth and uth atoms, which results in a
histogram of interatomic distances in the solid.

Experimentally, g(r) is generated by Fourier-transformation of the total scattering
structure function, S(Q), which itself is directly related to the measured diffraction pattern
obtained from a diffraction experiment. To obtain the S(Q) in practice, the measured
diffraction pattern of a material (typically collected on a 2-d image plate) is first radially
integrated and converted to a 1-d plot of intensity, I, versus momentum transfer, Q
(Figure 2.2). The S(Q) is then generated from the 1-d plot of I(Q) through several
manipulations accounting for experimental artifacts. The first correction to I(Q) accounts
for X-ray scattering due to air and the sample container during the diffraction experiment
(typical PDF experiments are carried on powders sealed in kapton capillaries).
Background subtraction of this so-called “parasitic scattering” is typically executed by
subtracting the I(Q) obtained from an empty capillary tube with the same diffraction
setup from the sample I(Q). The second step involves correcting for absorption and
multiple-scattering of X-rays by the sample, which requires knowledge of the
approximate chemical composition of the sample (i.e. FeEOOH for goethite, As,,FeOOH
for a sample containing 10 mol % adsorbed As on goethite). After a third correction
accounting for X-ray polarization, the last step to obtain S(Q) is to normalize the
scattered X-ray intensity by the incident X-ray intensity. Although several steps are
required to properly background subtract and normalize the experimental 1(Q) to arrive at
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S(Q), standardized protocol based on the diffraction set-up is well-documented (e.g.
YouTube video data reduction walk-throughs are available (Chapman 2010)), and is
easily carried out using standard X-ray scattering software (e.g. PDFGetX2).
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Figure 2.2: Experimentally-derived scattering patters, I(Q), for an identical sample of 2-line
ferrihydrite derived from a laboratory-based Cu k-alpha X-ray source and a synchrotron-based
high-energy X-ray source. The much higher X-ray energy available at the APS relative to
standard XRD makes collecting S(Q) to high values of Q possible (i.e. > 30 AM.

With the S(Q) in hand, a simple Fourier-transformation produces the g(r);
however, it is in this step that the value of synchrotron-based X-ray facilities is revealed.
Figure 2.2 depicts the pre-normalized S(Q) for the Fe(Ill) (oxyhydr)oxide mineral
nanoparticle, 2-line ferrihydrite, collected from a standard laboratory X-ray
diffractometer using Cu Ka radiation (A = 1.54 A) and the Advanced Photon Source
(APS) of Argonne National Laboratory using high energy X-rays (A = 0.213 A). The
much higher X-ray energy available at the APS relative to standard XRD makes
collecting S(Q) to high values of Q possible (i.e. > 30 A’l). The spatial resolution of g(r)
is related to the Q,,,, value that is taken in the Fourier-transform. Consequently, a low
value of Q,,, (i.e. <20 A™), such as that obtained from Cu Ka radiation, will not result in
a high-quality g(r). However, it is not only the high energies of the X-rays available at
synchrotron-based X-ray facilities that aid in collection of a high-quality g(r). For
example, some laboratory X-ray diffractometers can be outfit with a Mo, Ag, or W X-ray
source, which provides sufficiently high X-ray energies. However, the low X-ray flux in
these systems relative to synchrotron facilities results in data collection times
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approaching several days per sample, rather than the few seconds per sample typical at a
synchrotron.

The power of the PDF technique lies in the fact that the total scattering structure
function, S(Q), as its name suggests, includes the fotal scattering from the sample — that
is, it includes both intense Bragg scattering and the low amplitude, broad, diffuse
scattering that is typically removed or ignored in traditional XRD analysis (e.g. Rietveld
Refinement). Figure 2.3 shows a cartoon of a diffraction pattern from a crystalline
material, with the inset exaggerating the contribution of the typically disregarded diffuse
scattering. Because mineral nanoparticles lack significant lattice periodicity, broad
diffuse scattering dominates the total scattering due to the absence of sharp Bragg peaks.
Consequently, the diffuse scattering component, which yields information on the short- to
intermediate-ranged structure, is often the most important information when investigating
nanoparticles. Because the PDF is generated by Fourier-transformation of the fotal
scattering structure function, both the Bragg scattering (if present) and diffuse scattering
are converted to real-space local and intermediate-ranged atomic correlations. For this
reason, the PDF and other methods making use of fotal scattering are gaining popularity
because they excel at probing the structures of materials ordered on the nanoscale.
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Figure 2.3: Cartoon depicting intense Bragg diffraction peaks and a low amplitude, broad, diffuse
scattering beneath the Bragg peaks. (Adapted from Egami & Billinge 2003)

Figure 2.4 displays key parts of the PDF for 2-line ferrihydrite and compares the
first coordination spheres with the Fourier-transformed EXAFS spectrum of the identical
sample. Consistent with the definition of the PDF, a distribution of peaks representing
atom-atom correlations at distinct interatomic distances extend throughout g(r). At very
low interatomic distances (i.e. < 1.0 A), no atom-atom correlations are physical possible,
thus the relatively small oscillations observed in the PDF correspond to artifacts due to
Fourier-transform termination and to a lesser extent background subtraction and
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normalization. The first few peaks from approximately 2.0 to 4.0 A appear in both the
PDF and Fourier-transformed EXAFS spectra, but these peaks are much more resolved in
the PDF relative to EXAFS due to the higher spatial resolution of the PDF (i.e. a larger Q
value is used in the Fourier transform). The PDF contains intermediate-ranged atomic
correlations beyond the first coordination spheres, which are not possible to detect using
XAS. In the case of the PDF of 2LFh, as the interatomic distance increases, fewer atom-
atom correlations exist due to the finite crystallite size of 2LFh, which is evident in the
decreasing intensity of the peaks. Eventually, an interatomic distance is reached that is
longer than any atom-atom pairs within the crystallite and the intensity of the PDF decays
to zero. The value of R where the atomic correlations decay to zero, termed the coherent
scattering domain (CSD), signifies the extent of the coherently scattering arrangement of
atoms within the solid. This illustrates another important feature of the PDF: the
interatomic distance where the oscillations decay to zero (i.e. the CSD) can be used as a
lower limit on the crystallite diameter. The peaks in the PDF of 2LFh decay to zero near
20 A (highlighted by the arrow in Figure 2.4), which is the particle size most often
reported for 2LFh (Michel et al. 2007b).
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Figure 2.4: A comparison between the first coordination spheres of the Fourier-transformed
EXAFS spectrum and the PDF of the identical 2-line ferrihydrite sample.

Once the experimentally derived PDF is obtained, typical quantitative PDF
analysis routines involve fitting a known structural model to the experimental PDF.
However, one of the criticisms of the PDF method is that the analysis routine can be
poorly constrained, especially for nanoparticles. Typical criticisms of this modeling
approach include 1) the starting structure must be chosen based only on prior knowledge
and general chemical reasoning and 2) the number of fitting parameters in this approach
can be large (e.g. the positions, disorder, and occupancy of all atoms within the structure
can be varied). Consequently, obtaining a unique structural model derived only from the
refinement of PDF data can be a challenge. This problem is compounded as the
nanoparticle becomes smaller and transitions to a non-periodic structure more similar to a
cluster of atoms. In this case, no model crystal structure can serve as the starting
structure and the analysis of the experimental PDF typically consists of a more qualitative
approach of fingerprinting peak position and amplitude against known reference
minerals. However, novel quantitative analysis routines are currently being developed
for extremely short-ranged atomic clusters (i.e. CSD < 1-2 nm) that are based on refining
entire model nanoparticles in a supercell with a finite number of atoms using Reverse
Monte Carlo simulations (Gilbert et al. 2013).
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Chapter 3: Removing Arsenic with Iron Electrocoagulation in
Synthetic Groundwater: An Fe and As K-edge EXAFS Study

Adapted with permission from van Genuchten, C.; Addy, S.; Pena, J.; Gadgil, A.,
Removing Arsenic from Synthetic Groundwater with Iron Electrocoagulation: An Fe and
As K-Edge EXAFS Study. Environmental Science & Technology 2012, 46, (2), 986-994.

Copyright 2012 American Chemical Society.

1. Introduction

Tens of millions of people worldwide are exposed to toxic concentrations of
arsenic in groundwater drinking supplies, the vast majority living in rural Bangladesh
(Dhar et al. 1997, Singh et al. 2007). A recent study estimates that 1 in 5 deaths in
Bangladesh are due to arsenic exposure (Argos et al. 2010). Despite much research
during the last decade, the need for a sustainable solution to the arsenic crisis still exists.
Electrocoagulation (EC) using Fe(0) electrodes is a promising arsenic removal strategy
for Bangladesh because it is effective and low cost, produces minimal waste, and is easy
to maintain and operate with locally available materials (Kumar et al. 2004, Holt et al.
2005, Addy 2008).

EC is based on applying an electric current to a sacrificial Fe(0) anode to generate
Fe ions. The Fe ions generated during EC polymerize rapidly, forming precipitates in-
situ that have a high arsenic sorption affinity. The arsenic-laden precipitates can then be
separated from treated water by gravitational settling and/or filtration. EC removes both
As(Ill) and As(V) from wastewater and drinking water of varying pH and chemical
characteristics (Kumar et al. 2004, Martinez-Villafane et al. 2009, Lakshmanan et al.
2010, Wan et al. 2010). However, the structures of EC precipitates generated in a
Bangladesh groundwater matrix are not reported in prior literature.

The successful implementation of field-scale EC systems requires the
optimization of operational parameters. The current density (current per unit area of
electrode) of EC operation has been identified as a key parameter because it influences
power consumption and treatment time (Kumar et al. 2004, Mollah et al. 2004, Holt et al.
2005). Additionally, the current density may influence the structure of the generated Fe
precipitate by altering the rate of Fe ion generation, which may lead to significant
concentration gradients and local supersaturation with respect to different Fe
(oxyhydr)oxide phases. Because the dominant mode of arsenic sorption varies among
crystalline and amorphous Fe phases (Ona-Nguema et al. 2005), it is important to
investigate the Fe precipitate structures over a wide range of practical current densities.

Previous studies indicate that the phase generated during EC is system-specific
and may be influenced by the composition of the electrolyte (in addition to the current
density). X-ray diffraction (XRD) has been used to detect Fe phases ranging from
crystalline magnetite, maghemite, and lepidocrocite, to amorphous FeAsO, and hydrous
ferric oxide (HFO) in different EC systems (Gomes et al. 2007, Parga et al. 2009,
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Lakshmipathiraj et al. 2010, Wan et al. 2010). However, none of these studies
characterized EC precipitates generated in an electrolyte similar in composition to
groundwater of Bangladesh, which is rich in PO,” and SiO,*, with smaller concentrations
of As(IIl) and As(V). The presence of PO,”, SiO,*, and AsO,” has been reported to
influence the structure of precipitates generated by Fe hydrolysis by interfering with Fe
polymerization (Waychunas et al. 1993, Rose et al. 1996, Doelsch et al. 2000).
Therefore, it is critical to study the Fe precipitate structure generated by EC in a
groundwater matrix similar to the target region of Bangladesh.

Based on the work of Doeslch et al., Rose et al. and Waychunas et al.
(Waychunas et al. 1993, Rose et al. 1996, Doelsch et al. 2000), we expect that EC in a
Bangladesh groundwater matrix will lead to poorly crystalline material that cannot be
adequately characterized using XRD. Therefore, to best characterize the reaction
products, we applied X-ray absorption spectroscopy (XAS) to determine the short-ranged
structure of the precipitate and bonding structure of sorbed arsenic in EC precipitates
generated in synthetic Bangladesh groundwater (SBGW) as a function of current density.
The current density was varied over a larger range than in any other single previous EC
study (5000 fold: 0.02 — 100 mA/cm®) to investigate an extensive range of practical EC
operating conditions. Knowledge of the local coordination about Fe should improve our
understanding of the structure, reactivity, and colloidal stability of EC precipitates. An
understanding of the dominant coordination geometry of arsenic (Figure 1.1) should
provide insights into the behavior of arsenic during EC and offer useful constraints for
predicting arsenic remobilization during the long-term disposal of EC sludge.
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2. Materials and Methods

2.1 Synthetic Groundwater.

The chemical composition of synthetic Bangladesh groundwater (SBGW; Table
3.1a) was derived from a comprehensive British Geological Survey (BGS) analysis of
over 3500 tubewells from 61 of the 64 districts of Bangladesh (BGS 2001). Batches of
SBGW were prepared with reagent-grade chemicals by first combining defined volumes
of 40 mM Na,HAsO,7H,0O, 0.14 M Na,HPO,7H,0, 045 M NaHCO,, 0.84 mM
CaSO,2H,0, 0.032 M MgC(Cl,-6H,0, and 0.14 M CaCl, stock solutions. After lowering
pH < 6 by bubbling CO,, silicate was introduced using a 0.070 M Na,Si0,:5H,O stock
solution under vigorous mixing to prevent silicate polymerization. To accurately
represent groundwater of Bangladesh, the solution was purged with N, until pH increased
to 7 and dissolved oxygen (DO) dropped below 2.0 mg/L. Finally, As(IIl) was
introduced using a 4.0 mM NaAsO, stock solution. The conductivity of SBGW was
determined to be approximately 990 pS/cm using an Accumet AP85 conductivity meter.
Batches of SBGW were stored in a covered plastic carboy with N, continuously
supplying the headspace until used in experiments. Batches were discarded unless used
within 2 days of preparation.

2.2 Electrocoagulation Experimental Protocol.
Experiments were conducted using an acid-washed Fe(0) wire anode coiled into a

spiral and a Cu(0) mesh cathode spaced approximately 1 cm apart. The active area of the
Fe(0) electrode was set by modifying the length of the submerged wire to produce the

Table 3.1a: Solution Chemistry of SBGW'

Ton Na* | Ca** | Mg* | ClI' | HCO; | SiO/* | SO, | PO, | As(IIl) | As(V) | As(tot) oH Conductivity
(mM) | (mM) | (mM) | (mM) | (mM) | (mM) | M) | @M) | M) | M) | M (uSlem)
Initial 6.0 1.5 0.33 35 4.5 0.70 84 42 4.0 4.0 8.0 7.0 990
Post- - - - - - Joso| - | 10 - - | 010 |74 930
treatment
'Post-treatment values are reported for J = 1.1 mA/cm®. Removal fractions (1 — Post-
treatment/Initial) of SiO,*, PO, and As(tot) varied < 5% across current densities. A dash (-)
indicates unmeasured ions.
Table 3.1b: Sample Operating Parameters>
Spectra Curre.nt ( Faradaic Ee Si/Fe . .P/Fe . AS/Fe .
Sample T Density b Concentration | Solids Ratio | Solids Ratio | Solids Ratio
ype (mA/cm?) (min) (mM) (mmol/g) (mmol/g) (mmol/g)
J=0.02 | Fe K-edge 0.02 453 0.39 93 1.9 0.37
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J=1.1 Fe K-edge 1.1 25.6 091 4.0 0.82 0.16
J=5.0 | FeK-edge 50 5.63 091 4.0 0.82 0.16
J=100 | Fe K-edge 100 3.17 091 4.0 0.82 0.16
J=0.02 | AsK-edge 0.02 1170 0.39 93 1.9 0.37
J=1.1 As K-edge 1.1 75.0 091 4.0 0.82 0.16
J=5.0 | AsK-edge 50 16.3 091 4.0 0.82 0.16
J=100 | AsK-edge 100 9.20 091 4.0 0.82 0.16

’A lower charge loading was used for the lowest current density samples (J = 0.02 mA/cm?)
because of the impractical t, required to generate 175 C/L. “The solids ratio was calculated using
the amount of sorbate removed (mmol) divided by the Faradaic Fe mass (g).

desired current density (J = 0.02, 1.1, 5.0, and 100 mA/cm?). Current density (J
[mA/cm?®]) is related to the charge loading (Q [C/L]), electrolysis time (t, [s]), and
electrode area to electrolyte volume ratio (A/V [cm*/L]) through the relationship: J = Q /
[t. - (A/V)]. To avoid excessive t, values while investigating the 5000-fold variation in J,
both A/V and t, were varied during sample synthesis. The value of Q is related to the
expected concentration of Fe generated during EC by Faraday’s Law as follows: Q / (n -
F) = [Fe], where n is the number of transferred electrons, and F is Faraday’s constant
(96485 C/mol). The calculation of Fe concentration assumes that n = 2 for the generation
of Fe(Il) from Fe(0) (Lakshmanan et al. 2009). A description of the operating parameters
and relevant solids ratios for each sample is presented in Table 3.1b.

EC precipitates were synthesized by applying a galvanostatic current to the Fe(0)
electrode in contact with SBGW (initial DO < 2.0 mg/L) under ambient atmospheric
conditions. After the electrolysis stage, EC precipitates were continuously stirred and
allowed to react with co-occurring ions for approximately 1 hr. Solids were then
separated from solution with a 0.1 ym filter. Concentrations of aqueous arsenic and iron
in the clear filtrate were determined by inductively coupled plasma mass spectrometry
(ICP-MS) performed by Curtis and Tompkins, Ltd (Berkeley, CA) in experiments for
which XAS samples were generated. In all other experiments, aqueous arsenic, iron,
phosphate, and silicate were measured using a Perkin Elmer 5300 DV inductively
coupled plasma optical emission system (ICP-OES).

2.3 X-ray Absorption Spectroscopy.

2.3.1 Sample Preparation. For As XAS samples, a wet paste was collected on a
0.1 um filter membrane, encapsulated in Kapton tape and sealed with epoxy within a
glove box to prevent unwanted oxygen contamination before analysis at the beamline.
For Fe XAS samples, the filter used to separate the solids was cut into uniform strips,
with the filtered solids remaining on the filter strips. The filter strips then were sealed to
the sample holder using kapton tape. The solids were maintained on the filter strips to
ensure homogeneous samples of uniform thickness, which is important for XAS data
collection in transmission mode. All samples were then placed in secondary air-tight
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containers within the glove box and transferred to a 1 °C storage unit for transport to the
beamline.

2.3.2 Data Collection. A total of about 100 mg of solid was collected onto a filter
membrane for each XAS measurement. The filter membranes were immediately
transferred into a glovebox under N, atmosphere and taped to sample holders with kapton
within the glovebox. Fe K-edge spectra were collected at beamline 10.3.2 of the
Advanced Light Source (ALS, Berkeley, CA) up to a reciprocal space value of 13.3 A" in
transmission mode, calibrated to a Fe(0) foil. Fe K-edge X-ray absorption spectra were
collected under ring conditions of 200 - 400 mA at 1.9 GeV with a double crystal Si(111)
monochromator detuned 20% to eliminate second-order harmonics. The beam size was
100 x 10 wm to 100 x 20 wm. Spectra were recorded at room temperature using ionization
chamber detectors for measurements of I, and I,. Three to five scans were taken of each
sample. Individual scans were compared for line-shape and peak position changes during
the measurements; no beam damage was observed.

As K-edge X-ray absorption spectra were collected at beamline 11-2 of the
Stanford Synchrotron Radiation Laboratory (SSRL, Menlo Park, CA) up to a reciprocal
space value of 14.3 A" in fluorescence mode, calibrated to an As(0) foil. As K-edge X—
ray absorption spectra were collected under ring conditions of 50 - 100 mA at 3.0 GeV
with a Si(220) monochromator detuned 30% to eliminate second-order harmonics. Data
collection was carried out at room temperature with an unfocused beam of 2 x 20 mm.
The intensity of fluorescent X-rays was measured with a 30-element solid-state Ge
detector (Canberra). Three to five scans were taken of each sample. Individual scans
were examined for changes in line-shape and peak position; no beam damage was
observed.  Reference spectra for synthetic Fe (oxyhydr)oxides, including 2-line
ferrihydrite and goethite, were provided by Dr. Brandy Toner (University of Minnesota)
with sample preparation and data collection described previously by Hansel et al. (Hansel
et al. 2003). Reference spectra of FeSO, and As,O, were obtained from a web-based
library of model compounds (Newville et al. 1999).

Beamline 10.3.2 was also used to acquire XRD patterns of representative samples.
Diffraction patterns were collected under ambient conditions in transmission mode with
17 KeV (0.72932 A) X-rays using a Bruker SMART6000 CCD detector. The diffraction
peaks from an Al,O; standard was used to calibrate the sample-to-detector distance and
beam center. Fit2D was used to integrate the 2-dimensional images captured on the CCD
to 1-dimensional plots of intensity versus °20 (Hammersley et al. 1996).

2.3.3 Data Reduction. All data reduction and analyses were performed with the
SIXPack software (Webb 2005). Extended X-ray absorption fine structure (EXAFS)
spectra were extracted from the deadtime-corrected, averaged, and normalized data,
weighted by k3, and Fourier transformed using a Kaiser-Bessel window with dk of 3
(Kelly et al. 2008). The deadtime-corrected and averaged spectra were normalized by
first fitting a straight line (-200 to -50 eV for Fe K-edge X-ray absorption spectra) or a
Gaussian curve (-250 to -30 eV for As K-edge X-ray absorption spectra) to the pre-edge
region and a quadratic function to the post-edge region (150 to ~780 eV). Pre-edge fits
were subtracted from the entire spectrum, which was then normalized to the edge step.
The edge step was set by taking the difference in the fits of the pre- and post-edge data at
the threshold energy, E, (7127 eV for Fe and 11875 eV for As).
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The k’-weighted EXAFS spectra (y(k)k’) were Fourier transformed using the
SIXPack software over the k-range 3-11 A" for Fe, and over both 3-13.5 A" and 4-13.5
A" for As using a Kaiser-Bessel window with dk of 3 (Webb 2005). The Fourier
transform of the EXAFS spectra is akin to a radial distribution function, where the
magnitude of the peak is related to the number of neighboring atoms and the peak
location is related to the interatomic distance between the absorbing atom and
neighboring atoms. The location of the peak is shifted by approximately -0.3 to -0.5 A
depending upon the interacting atoms (Kelly et al. 2008).

3.24 Data Analysis. Theoretical curve fitting was carried out in R+AR-space A),
based on algorithms derived from IFEFFIT (Newville 2001). Parameters varied in the
fits included interatomic distance (R), coordination number (N), the mean squared atomic
displacement (0”) and the change in threshold energy (AE,). Theoretical phase and
amplitude functions for single and multiple scattering paths were calculated using FEFF6
(Rehr et al. 1992). A single scattering Fe-O path and the Fe-Fe paths corresponding to
edge- and corner-sharing FeO, octahedra were attempted in the Fe fits. Arsenic paths
attempted in the fits included As-O, multiple scattering As-O-O, As-As, and various As-
Fe paths corresponding to specific arsenic surface complex geometries. Fe and As paths
used in the fits were derived from the structures of goethite (Gualtieri & Venturelli 1999)
and scorodite (Kitahama et al. 1975), respectively. In the polyhedral approach,
polymerization of individual FeO, octahedra into crystalline Fe phases occurs by corner-,
edge-, and face-sharing octahedral linkages (Manceau & Combes 1988, Combes et al.
1989), each with characteristic Fe-Fe interatomic distances distinguishable in the second-
shell peak. Following the approach of Mikutta et al. (2010), the Fe second-shell fits were
constrained by fixing 0 to the average of published values for Fe-Fe edge- and corner-
sharing paths of similar Fe (oxyhydr)oxide precipitates (06> = 0.012 A2, standard deviation
=0.004) (Combes et al. 1989, Doelsch et al. 2000, Toner et al. 2009, Mikutta et al. 2010,
Voegelin et al. 2010) while allowing N to float. The As second-shell fits were carried out
by floating ¢* and fixing N, . to the value of the corresponding arsenic binding
geometry (i.e. N, 1s 1 and 2 for mononuclear and binuclear geometries, respectively).
These fitting constraints reduced the high correlation and high errors between N and o”
determined in preliminary fits. Sherman and Randall (2003) suggested that the minimum
value of the k-range used in the Fourier transform can influence the detection of different
As surface complexes, including the *E complex. To avoid fitting artifacts originating
from the Fourier transform window, two k-ranges were fit for each sample (3-13.5 and 4-
135 A").

In addition to fitting parameters, we report the R-factor, which is defined as the
mean square difference between the fit and the data on a point-by-point basis: R = Y,
(data; — fit))* / 3, (data))>. An R-factor less than 0.05 is considered to reflect a reasonable
fit (Kelly et al. 2008). The passive electron reduction parameter, S,’, used in the Fe fits
was set at 0.6. This value was based on published values of material containing Fe in
octahedral coordination such as pyrite (0.45), 2-line ferrihydrite (0.70) (O'Day et al.
2004a), and goethite (0.58) (Toner et al. 2009). For the fits of As, the S,” value was set at
0.95. This value was based on published values of As in tetrahedral coordination in the
mineral scorodite (0.95) (Paktunc et al. 2008) and sorbed to HFO (1.0) (Mikutta et al.
2010). The CrystalMaker software was used to generate visualizations of EC precipitate
structures derived from the XAS analyses (Palmer 2000).
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3. Results

3.1 Chemical Behavior in the EC Cell.

During electrolysis, the clear and colorless electrolyte became turbid with a light
orange color. Measurements of pH after electrolysis revealed a < 0.5 log unit increase,
rather than the typical drop associated with Fe hydrolysis. Although HCO; contributes to
the pH buffering capacity of the solution, the evolution of H,,, observed at the Cu(0)
cathode can help balance the H* generated by the hydrolysis of Fe. For all but the lowest
current density experiment (J = 0.02 mA/cm?), DO decreased to < 0.5 mg/L by the end of
electrolysis and returned to at least its initial value (2.0 mg/L) after the mixing stage.
Laboratory experiments at each current density (J = 0.02, 1.1, 5.0, and 100 mA/cm?)
showed more than 98, 94 and 25% removal of initial arsenic (8 yM), phosphate (42 yM)
and silicate (0.70 mM) concentrations, respectively. In identical experiments to generate
XAS samples, arsenic was similarly removed by more than 98% at each current density.
Due to the removal of ions, the solution conductivity decreased to 930 yS/cm in each
experiment.

Though a significant fraction of solids were filterable after the 1-hr reaction time,
the precipitates remained suspended over a 2-3 day period, indicating their colloidal
stability. The X-ray diffractograms of EC precipitates (Figure 3.1) display features
typical of nanocrystalline iron (oxyhydr)oxides such as 2-line ferrihydrite (Voegelin et al.
2010) with two broad peaks at d-spacings of approximately 1.50 and 2.57 A. SEM
images (Figure 3.2) of filtered solids revealed an aggregated particle size of
approximately 50-200 nm composed of several smaller spherical subunits of
approximately 10-30 nm.

257 A

Intensity

10 5 20 25 30
Degrees 20 (@ 17KeV)

Figure 3.1: X-ray diffractogram of EC precipitates generated at 1.1 mA/cm®. The diffractogram
is dominated by two broad peaks at d-spacings of 1.50 and 2.57 A.
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Figure 3.2: SEM image of EC precipitates generated at 1.1 mA/cm’. Each aggregated particle (~
50 — 200 nm) is made up of several subunits of smaller diameter.

3.2 Fe K-edge X-ray Near Edge Structure (XANES).

The Fe K-edge XANES spectra of EC precipitates were compared to those of
Fe(Il) and Fe(Ill) reference materials (Figure 3.3). The position of the absorption
maximum of EC precipitates (7131.5 eV) is close to that of goethite, indicating that Fe is
present primarily as Fe(IlI). The lack of an observable shoulder at approximately 7128
eV, the absorption maximum of Fe(Il), suggests that Fe(Il) was not present in EC
precipitates at detectable levels. Lakshmanan et al. (Lakshmanan et al. 2009) have shown
that only Fe(Il) is generated in EC at current densities ranging from approximately 3-40
mA/cm®. At high interface potentials, Fe(III) can be generated electrochemically during
EC (Bard & Faulkner 2001); however, consistent with its decrease during electrolysis,
DO is the most likely oxidant for Fe(Il) in the EC system.

3.3 Fe K-edge EXAFS.

Figure 3.4a compares the Fe K-edge EXAFS spectra of EC precipitates to
goethite and 2-line ferrihydrite, a nanocrystalline Fe phase. A change in the line shape of
goethite compared to the other spectra is apparent between approximately 5.5 and 5.9 A™.
This peak 1is typical of crystalline Fe (oxyhydr)oxides and indicative of corner-sharing
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FeO, octahedra (Toner et al. 2009). The EXAFS spectrum of goethite also shows a large
peak at approximately 7.4 A, This spectral feature is dampened in 2-line ferrihydrite
and disappears in the spectra of EC precipitates. The weakening of this feature arises
from the loss of corner-sharing FeO, linkages and a decrease in the number of edge-
sharing FeOg octahedral linkages (Toner et al. 2009). Therefore, this feature indicates a
progressive loss of structure from goethite to 2-line ferrihydrite to EC precipitates. The
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Figure 3.3: Fe K-edge XANES spectra of EC precipitates and Fe reference materials. The
vertical line at 7131.5 eV indicates the absorption maximum of EC precipitates.
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spectra of EC precipitates, and to a lesser extent 2-line ferrihydrite, are dominated by
broad, low amplitude oscillations at k > 9 A"'. The spectrum of goethite shows high
amplitude oscillations throughout the analyzed k-range. Dampened spectral features at k
> 9 A" are typical of the EXAFS spectra of HFO generated by Fe hydrolysis in the
presence of strongly adsorbing organic and inorganic aqueous species (Waychunas et al.
1995, Rose et al. 1996, Doelsch et al. 2000, Toner et al. 2009, Voegelin et al. 2010).

3.4 Shell-by-shell Fits of the Fe K-edge EXAFS Spectra.

The magnitude of the Fourier transform (uncorrected for phase shift) of EC
precipitates is compared to that of goethite and 2-line ferrihydrite in Figure 3.4b. Two
peaks dominate the Fourier transform. The large peak located at approximately 1.5 A
(R+AR) corresponds to the first shell of neighboring atoms within the FeO, octahedron.
The second-shell peak arises from scattering from neighboring Fe atoms in the second
coordination shell. The fits of EC precipitates are superimposed (dashed lines) on the
data in Figure 3.4. Table 3.2 compares the results of the EC precipitate fits to those
obtained by Toner et al. (2009) for goethite and 2-line ferrihydrite.

Fe First-shell Fits. The first shell of oxygen atoms of the FeO, octahedron was fit
with one Fe-O path at approximately 1.98-1.99 A. Fitting parameters (Ny. o, R0, and
o) were similar among all of the EC precipitate samples. The somewhat large ¢* value
(0.009 A?) associated with the Fe-O path as compared to the Fe-O paths of goethite and
2-line ferrihydrite is likely due to the presence of multiple Fe-O distances within the FeO,
octahedron. Although previous studies have reported the presence of two Fe-O distances
of approximately 1.93 and 2.04 A (Rose et al. 1996, Doelsch et al. 2000, Toner et al.
2009), the spatial resolution of this data set (AR = 7/(2Ak) = 0.2) prevented fitting two
Fe-O paths (Kelly et al. 2008). The fits produced Ny, values near 6 for each sample,
which is in agreement with the theoretical value if Fe atoms are in octahedral
coordination.

Fe Second-shell Fits. Only one Fe-Fe path at approximately 3.05-3.06 A was
required for the best fit of all EC precipitate samples. This path corresponds to FeOq
octahedra sharing equatorial edges. The inclusion of additional Fe-Fe paths with
distances of 3.26 and 3.43 A yielded physically impossible Ny, values and excessive
(and often negative) values of o® (i.e. o> = 0.19 A? for J = 1.1mA/cm?®). In contrast,
published fits of goethite and 2-line ferrihydrite required multiple Fe-Fe paths to fit both
the edge-sharing and corner-sharing FeO, octahedral contributions at distances of 3.03
and 331 — 3.43 A, respectively (Toner et al. 2009). The lack of Fe-Fe scattering beyond
approximately 3 A in EC precipitates suggests that polyhedral linkages of longer
distances, such as corner-sharing FeO, octahedra, were not present in detectable amounts.
Although small differences in AE,, Ry ., and N exist among the samples, all
parameters are in general agreement within the fit-derived uncertainties.

The Fourier-filtered spectra of EC precipitates provide further evidence that only
a single Fe-Fe path contributes to the second shell. If multiple contributions were present
in the second-shell peak, the filtered spectrum would show a characteristic “beat node”
(Kelly et al. 2008), as observed in the Fourier-filtered spectrum of goethite (Figure 3.5),
and to a lesser extent 2-line ferrihydrite. No such beat node is evident in the Fourier-
filtered second-shell peak of EC precipitates.
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Figure 3 .4: a) Fe K-edge EXAFS spectra and b) Fourier transformed Fe K-edge EXAFS spectra
(uncorrected for phase shift) of selected Fe reference materials and EC precipitates. The fits of
EC precipitates (dashed lines) are superimposed on the data (solid black lines). The vertical lines
in a) at approximately 5.7 and 7.4 A" indicate line shape features in goethite that arise from the
presence of corner-sharing FeOg linkages and an increased number of edge-sharing FeOq
octahedral linkages. These features are diminished in the EXAFS spectrum of 2LFH and
disappear in the EXAFS spectra of EC precipitates. The vertical lines in b) indicate peaks arising
from edge-sharing and corner-sharing FeOq linkages.
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Figure 3.5: Fourier-filtered spectra of the 2™ shell of Fe reference materials and EC precipitates.
The arrow indicates a beat node in the filtered spectrum of goethite and, to a lesser extent, 2-line
ferrihydrite at approximately 4.9 A™.

3.5 As K-edge XANES.

The As K-edge XANES spectra of EC precipitates were compared to those of
As(1IT) and As(V) compounds (spectra shown in Figure 3.6). The shift in the absorption
maximum of the reference compounds from 11872.4 to 11876.3 eV is consistent with an
energy shift of approximately 42 eV per unit oxidation state previously reported for
arsenic (Manning et al. 2002). The maxima in the XANES spectra of EC precipitates at
approximately 11876.5 eV are in agreement with the As(V) compound, FeAsO,. Prior to
electrolysis, the initial composition of SBGW consisted of equal concentrations of As(III)
and As(V). The lack of a prominent shoulder in the XANES spectra of EC samples
indicates oxidation of As(III) during treatment and that As(V) is the primary species
present on EC precipitates.

37



Table 3.2: Summary of Fe Shell-by-shell Fitting Results

Atomic 2,22 R-
Sample Pairs N R (A) ° (A ) Factor
7=0.02 Fe-O 5.2(0.5) 1.98 (0.01) 0.009 (0.001) | 0.014
Fe-Fe 2.0 (0.3) 3.06 (0.01) 0.012
J=1.1 Fe-O 5.5(0.4) 1.99 (0.01) 0.009 (0.001) 0.010
Fe-Fe 2.5(0.3) 3.05 (0.01) 0.012
J=5.0 Fe-O 5.7 (0.5) 1.98 (0.01) 0.011 (0.001) | 0.016
Fe-Fe 2.3(0.3) 3.05 (0.01) 0.012
J=100 Fe-O 6.2 (0.6) 1.99 (0.01) 0.010 (0.001) | 0.018
Fe-Fe 2.6 (0.4) 3.06 (0.01) 0.012
2LFh Fe-O1 2.7(0.3) 1.92 (0.01) 0.003 (0.002) | 0.010
Fe-02 N Fe-Ol 2.04 (0.01) 0.005 (0.002)
Fe-Fel 3.5(1.7) 3.05 (0.02) 0.013 (0.004)
Fe-Fe2 1.4 (1.0) 3.45 (0.02) 0.006 (0.005)
Goe Fe-Ol 3.0 (0.7) 1.95 (0.02) 0.003 (0.002) | 0.020
Fe-02 N Fe-Ol 2.09 (0.02) 0.005 (0.004)
Fe-Fel 2.5 3.03 (0.01) 0.003 (0.001)
Fe-Fe2 | N Fe-Fel 3.31(0.04) 0.004 (0.005)
Fe-Fe3 | 2N Fe-Fel 3.44 (0.02) 0.006 (0.003)

The passive electron reduction factor, S,°, was fixed at 0.6 for the Fe fits. Fitting parameters
allowed to float are accompanied by fit-determined standard errors in parenthesis. Constrained
parameters appear without a parenthesis. The k-range used in the Fourier transform was 3-11 A",
All fits were carried out from 1-4 A in R+AR-space. The number of independent points (N,y,) for
was 15, while the number of variables (N,,,) was 6. The fitting results for 2-line ferrihydrite and
goethite were taken from (Toner et al. 2009).
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3.6 As K-edge EXAFS.

Figure 3.7a shows the As K-edge EXAFS spectra of EC precipitates. The
presence of similar peak positions and line-shapes among the EC samples suggest similar
As coordination across all current densities. In each spectrum, the peaks of the first two
oscillations at approximately 4.8 and 7.2 A are broadened compared to the peaks at
approximately 9.7 and 12.0 A"'. A similar broadening in the first two oscillations was
observed by Paktunc et al. (2008) in the As K-edge EXAFS spectra of amorphous and
crystalline FeAsO,. Broadening of the first oscillation has been attributed to interference
between the scattering of As-O and As-Fe atomic pairs, while broadening of the second
oscillation arises from contributions of As-O-O multiple scattering within the AsO,
tetrahedron (Paktunc et al. 2008).
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Figure 3.6: As K-edge XANES spectra of EC precipitates and As reference materials. The

vertical lines at approximately 11872.4 and 11876.3 eV indicate the absorption maxima of As(III)
and As(V), respectively.
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3.7 Shell-by-shell Fits of the As K-edge EXAFS Spectra.

To determine the geometry of sorbed arsenic, theoretical curve fits were carried
out to identify the specific atomic pair contributions to the first and second peaks. The
fits of EC precipitates are superimposed (dashed lines) on the data in Figure 3.7. The
results of the fits are given in Table 3.3.

As First-shell Fits. The values of R, ,, N, ,, and ¢° determined by the fit of the
first shell were similar amongst all EC precipitates and agreed within the standard error.
N,.o Was found to be approximately 4.0 — 4.2 and R, , was approximately 1.69 — 1.70
A, which is consistent with previous studies of tetrahedrally-coordinated As(V) adsorbed
to Fe (oxyhydr)oxides (Manning et al. 2002, Morin et al. 2008). As(II) would have an
N,.o of approximately 3 and R, ,, of 1.78 A (Ona-Nguema et al. 2005, Thoral et al.
2005). The similarity of N, , and R, , with As(V) in tetrahedral coordination provides
further evidence of the oxidation of As(IIl) to As(V) during EC treatment.

As-O-O Multiple Scattering Fits. Multiple scattering in highly symmetric
polyhedra may be significant due to the high degeneracy of the scattering path. Since
AsQ, tetrahedra contain 12 As-O-O paths, an As-O-O path was added to the fit with
constrained degeneracy of 12. Furthermore, in a regular tetrahedron the distance between
vertices is related to the distance from the center to a vertex by a geometrical factor.
Thus, the value of R, Was constrained to be equal to the product of R, , and this
geometrical factor (2(2+(8/3))”). The value of R, returned by the fit was 3.08 A,
which agrees closely with both theoretical and published values (Morin et al. 2008). The
addition of this multiple scattering As-O-O path improved the goodness-of-fit parameter,
but did not affect the fit parameters obtained for the As-Fe second shell.
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Figure 3.7: a) As K-edge EXAFS spectra and b) Fourier transformed As K-edge EXAFS spectra
(uncorrected for phase shift) of EC precipitates. The fits of EC precipitates (dashed lines) are
superimposed on the data (solid black lines). The vertical line in b) indicates the peak arising
from arsenic bound in the binuclear °C geometry.
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As Second-shell Fits. Three possible geometries of As(V) bound to EC
precipitates as inner-sphere surface complexes (Figure 1.1) can occur, each having a
characteristic R, . value distinguishable in the second-shell peak of the Fourier
transformed EXAFS spectra. Mononuclear complexes sharing edges between AsO, and
FeOy polyhedra (’E) would have R, . values of approximately 2.8-2.9 A (Waychunas et
al. 1993, Manceau 1995). AsO, tetrahedra bound in the binuclear *C geometry would
bridge the oxygen atoms of adjacent FeO, octahedra and would have R, values of
approximately 3.2-3.3 A (Waychunas et al. 1993, Manceau 1995). Mononuclear
complexes that share single corners between AsO, and FeO, polyhedra ('C) would have
an As-Fe distance of approximately 3.5-3.6 A (Waychunas et al. 1993, Manceau 1995).

For each sample at each analyzed k-range, the dominant geometry predicted by
the fit was the *C configuration, based on R, . values of 3.26-3.27 A (Figure 1). The
addition of an As-Fe path corresponding to the °E geometry did not improve the fit by a
statistically significant amount (Kelly et al. 2008). Moreover, ¢ associated with the °E
path was unreasonably large (¢*> = 0.045 A? for J = 1.ImA/cm?). Finally, addition of an
As-Fe path corresponding to the 'C geometry or an As-As path corresponding to an AsO,
polymer were not supported by our data using any k-range window for any sample.

Table 3.3: Summary of As Shell-by-shell Fitting Results

Atomic 2 R-
Sample Pairs N R (A) ° (A) Factor
J=0.02 As-O 4.2 (0.4) 1.69 (0.01) 0.002 (0.001) 0.030
As-0-0 12 1.82(Ras0) = 3.08 | Sig (As-0)
As-Fe 2.0 3.24(0.02) 0.007 (0.002)
J=1.1 As-O 4.2 (0.3) 1.70 (0.01) 0.002 (0.001) 0.022
As-0-0 12 1.82(Ras0) =3.09 | Sig (As-O)
As-Fe 2.0 3.27 (0.02) 0.010 (0.003)
=50 As-O 4.0 (0.4) 1.70 (0.01) 0.003 (0.001) | 0.040
As-0-0 12 1.82(Ras0) =3.09 | Sig (As-O)
As-Fe 2.0 3.26 (0.03) 0.010 (0.003)
J=100 As-O 4.0 (0.5) 1.70 (0.01) 0.003 (0.001) 0.043
As-0-0 12 1.82(Ras0) =3.09 | Sig (As-O)
As-Fe 2.0 3.26 (0.03) 0.010 (0.003)

The passive electron reduction factor, S,’, was fixed at 0.95 for the As fits. Fitting parameters allowed to
float are accompanied by fit-determined standard errors in parenthesis. Constrained parameters appear
without a parenthesis. The k-range used in the Fourier transform was 3-13.5 A™ for As fits. All fits were
carried out from 1-4 A in R+AR-space. The number of independent points (Nig,) was 17, whereas the
number of variables (N,,,) was 6.
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4. Discussion

4.1 As(III) Oxidation.

Both the absorption maxima in the As XANES spectra and the As-O interatomic
distance determined from first-shell fits of the Fourier transformed As K-edge EXAFS
spectra indicate As(IIl) oxidation during EC treatment. A possible oxidant for As(IIl) in
EC is Cl, generated by the anodic oxidation of CI" as hypothesized by Lakshmipathiraj et
al. (2010). However, the interface potential required to generate Cl, is likely higher than
what would be available in this system. Dissolved oxygen can also oxidize As(III), but
the reaction Kkinetics are too slow to contribute to As(IIl) oxidation in EC treatment
(Lowry & Lowry 2002). The reactive intermediates generated during the oxidation of
Fe(Il) by DO (Hug & Leupin 2003) (i.e. Fenton-type reactions) likely play the largest
role in the rapid As(IIl) oxidation seen here. Previous studies examining the Fe-catalyzed
oxidation of As(IIl) in oxic systems have suggested the identity of the oxidant is pH-
dependent, with the most likely oxidant being the ferryl ion (Fe(IV)) at near-neutral pH
(Hug & Leupin 2003). The slow and continuous addition and oxidation of Fe(II), rather
than a one-time addition of an Fe(II) salt, has also been suggested as a way to maximize
the efficiency and extent of Fe-catalyzed As(III) oxidation (Hug & Leupin 2003,
Bisceglia et al. 2005). The ability to control the current density, and thus the supply of
Fe(Il) and reactive intermediates, in EC systems might be an advantage over the single
addition of an Fe(II) salt. The oxidation of As(III) to As(V) can be beneficial in sorbent-
based arsenic treatment systems because of the different sorption behavior of As(IIl) and
As(V). At near-neutral pH, previous studies suggest that As(V) binds more strongly than
As(IIl) to iron (oxyhydr)oxide mineral surfaces, making the removal of As(V) easier
within this pH range (Raven et al. 1998, Dixit & Hering 2003). The *C bonding structure
derived from our EXAFS analysis is consistent with a strong As(V) inner-sphere
complex.

4.2 Interaction of EC Precipitates with Arsenic and Co-occurring Ions.

Shell-by-shell fits of the Fourier transformed Fe K-edge EXAFS spectra indicate
that EC precipitates consist of primarily edge-sharing FeO4 octahedra. The low degree of
FeO, polymerization can be explained by the high concentrations of oxyanions present in
SBGW. Before treatment, SBGW contained considerable amounts of SiO," and PO,”,
with smaller concentrations of AsO,” and AsO,”. The substantial removal of AsO,”,
PO, and SiO,* points to the strong affinity of these oxyanions for EC precipitate
surfaces. The As shell-by-shell fits suggest that AsO, tetrahedra bind primarily in
binuclear, corner-sharing complexes with the apical oxygen atoms of adjacent FeOq
octahedra. Previous EXAFS studies have shown that SiO,* and PO,” likely bind in
similar corner-sharing configurations to the same site as AsO,” on Fe (oxyhydr)oxides
(Rose et al. 1996, Rose et al. 1997, Doelsch et al. 2000). This is the same site where free
FeO, octahedra would join to form corner-sharing linkages. Sorption of oxyanions such
as AsO,”, PO, and SiO," can poison the surface of FeO, edge-sharing clusters and
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retard crystal growth by blocking the formation of FeO, corner-sharing linkages
(Waychunas et al. 1993, Rose et al. 1996, Rose et al. 1997, Doelsch et al. 2000).
Moreover, corner-sharing FeO, octahedra are essential in the evolution from disordered
FeO, polymers to crystalline (3-dimensional) Fe (oxyhydr)oxide phases. The observed
colloidal stability of the suspension (2-3 day settling time) is consistent with the
nanoscale, surface-poisoned structure as determined by shell-by-shell fitting.

Due to the nanoscale structure of the EC precipitates, the insignificant
contribution of the °E arsenic binding geometry is somewhat surprising. The °E and *C
arsenic binding geometries on Fe (oxyhydr)oxide surfaces (Figure 1.1) are debated in the
literature (Waychunas et al. 1993, Manceau 1995, Manning et al. 2002, Sherman &
Randall 2003, Mikutta et al. 2010). Short-ranged polymers consisting of only small
clusters of edge-sharing FeO, octahedra should exhibit maximized edge-sharing sites
(Waychunas et al. 1995). Ample sites for the ’E complex should be present in EC
precipitates; however, the °C complex is the dominant geometry supported by the data.
This may be due to the higher surface free energy of the ’E geometry suggested by
Sherman and Randall (2003).

4.3 Implications for Field Treatment.

Since both the structure of EC precipitates and coordination geometry of sorbed
arsenic were generally unchanged over a large range of current densities (0.02 - 100
mA/cm®), the choice of optimum current density for EC operation will depend on trade-
offs between additional operating parameters such as power consumption and treatment
time. The applied voltage and power required to operate EC systems increase with
increasing current density. However, the electrolysis time required to generate sufficient
sorbent decreases with increasing current density. In rural areas with intermittent
electricity, one might favor high power consumption (high current density) to complete
treatment while power is available. Conversely, if the locality is connected to a reliable
electrical grid, one might favor longer treatment duration (low current density) to
minimize energy use.

The nanoscale structure of EC precipitates has implications for the application of
EC as an arsenic removal technology. Nanoparticulate Fe (oxyhydr)oxides have a high
surface area to volume ratio, which may lead to increased contaminant sorption per
adsorbent mass (Waychunas et al. 2005). The nanoparticulate clusters of FeO, octahedra
identified in this study can reduce the electricity and mass of Fe needed for adequate
arsenic removal due to their large specific surface area. However, separating colloidally
stable FeO, clusters from treated water in this system might require additional steps.
Improved separation can be achieved by adding a filter to treatment design or enhancing
aggregation and settling by adding a coagulant or adjusting the pH to the point of zero
charge (PZC ~ 8 for nanocrystalline iron (oxyhydr)oxides) (Stumm et al. 1992).
However, any additional step in treatment design may add complexity and unwanted
supply chains to the system, which will be a burden on achieving low-cost, robust and
sustainable operation in the field.

The fate of arsenic and the likelihood of remobilization from EC precipitates after
treatment is a concern for treatment efficiency and ultimate disposal of treatment sludge.
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The absence of the 'C geometry or complexes of longer As-Fe distance suggests
increased stability of the arsenic surface complex on EC precipitates. Evidence of a *C
binuclear geometry as noted in our study is useful for explaining the minimal release of
arsenic from Fe (oxyhydr)oxide precipitates reported in previous leaching tests (Ghosh et
al. 2004). Knowledge of the arsenic bonding structure determined in this study will aid in
the assessment of disposal strategies as well as the economic viability of recovering
arsenic from treatment sludge for further application.
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Chapter 4: Structure of Fe(III) Precipitates Generated by the
Electrolytic Dissolution of Fe(0) in the Presence of
Groundwater Ions

Currently under review in Geochimica et Cosmochimica Acta (Submitted May, 2013).

1. Introduction

Due to their large reactive surface area and high affinity for adsorbing
contaminants and nutrients, Fe(III) (oxyhydr)oxides play an important role in controlling
the fate and bioavailability of solutes in natural and engineered systems. For example, at
natural Fe redox boundaries such as hyporheic zones and hydrothermal vents, Fe(IIl)
(oxyhydr)oxides formed from Fe(Il) oxidation efficiently immobilize contaminants and
nutrients like P and Si (Kuhn & Sigg 1993, Rancourt et al. 2001, Caetano & Vale 2002).
Electrocoagulation (EC) is an analogous engineered water treatment system that is based
on the electrolytic dissolution of an Fe(0) anode, producing Fe(Il), which is oxidized
rapidly to insoluble Fe(IIl) by dissolved oxygen at near-neutral pH (Stumm & Lee 1961,
Lakshmanan et al. 2009). The Fe(Ill) ions polymerize in-situ, creating Fe(II)
precipitates with a high ion sorption affinity. The EC cell is akin to an engineered redox
boundary where the rates of Fe(Il) production and oxidation can be controlled, resulting
in reactive Fe(Ill) precipitates (Li et al. 2012, van Genuchten et al. 2012).
Electrocoagulation of Fe is also exploited for effective and low-cost water treatment of
contaminants such as arsenic (Kumar et al. 2004, Lakshmanan et al. 2010, Amrose et al.
2013). Due to widespread arsenic contamination of groundwater, particularly in South
Asia (Nordstrom 2002), the uptake of arsenic during Fe(Ill) precipitation strongly
motivates EC research.

By interfering with Fe(Ill) polymerization, ions common in natural waters (P,
As(V), Si, Ca**, Mg®") can modify properties of the resulting precipitate such as the local
bonding environment, mineral phase, crystallinity, and arsenic uptake mechanism
(Waychunas et al. 1993, Rose et al. 1996, Doelsch et al. 2000, Pokrovski et al. 2003,
Voegelin et al. 2010). Major dissolved species can also alter particle surface charge,
which strongly influences particle aggregation and settling velocity (Sposito 2008).
These structural properties govern the macroscopic behavior and reactivity of Fe(IIl)
(oxyhydr)oxides coprecipitated with arsenic and other ions. Therefore, knowledge of the
structural effects and uptake behavior of major solutes is necessary to better understand
contaminant and nutrient transport in natural systems. This information is also crucial to
predict the performance of EC-based water treatment systems.

Bivalent cations (Ca*", Mg®") and oxyanions (P, As(V), Si) are ubiquitous in
natural waters, yet their interdependent effects on the structure and reactivity of Fe(III)
coprecipitates have only received attention recently. Voegelin et al., (2010) applied X-
ray absorption spectroscopy (XAS) at the P, Ca, and Fe K-edges to investigate the
formation of Fe(Ill) precipitates in the presence of Ca** and P at levels typical of South
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Asian groundwater. The authors showed that the tendency of P to form P-O-Ca linkages
can reduce crystal growth poisoning normally caused by the formation of P-O-Fe bonds
during P uptake. However, the interaction between Ca®* and As(V) and its effect on
Fe(Il) polymerization in analogous Fe(Ill)-As(V)-Ca systems remain unclear. The
observed increase in As(V) uptake by Fe(III) (oxyhydr)oxides in the presence of Ca** has
been attributed to several mechanisms ranging from the formation of direct Ca-O-As(V)
linkages (Jia & Demopoulos 2008, Guan et al. 2009, Kanematsu et al. 2013) to non-
specific interactions such as Ca*'-induced neutralization of particle surface charge
(Wilkie & Hering 1996, Stachowicz et al. 2008) or compression of the repulsive double
layer (Masue et al. 2007). Some research has focused on the interaction of ion pairs
involving Mg*" or Si during adsorption to pre-formed Fe(IIl) minerals (Stachowicz et al.
2008, Kanematsu et al. 2010, 2013), but spectroscopic and X-ray scattering studies that
probe systematically Fe(Ill) precipitate formation in binary electrolytes containing ion
pairs involving either Mg”** or Si (i.e. Mg-As(V), Mg-P, Si-Ca, Si-Mg) are largely absent
from the literature.

In this research we begin by determining the macroscopic behavior and structure
of EC precipitates generated in weakly-adsorbing background electrolytes. Next, we
amend the electrolyte with a range of single oxyanion concentrations to compare the
uptake and structural effects of P, As(V), and Si. Finally, we add either 1 mM Ca®" or 1
mM Mg”" to each of the single oxyanion electrolytes to investigate the bivalent cation-
oxyanion interaction and its effect on the structure and reactivity of EC precipitates. By
varying the composition of each electrolyte systematically, we can interpret the
interaction of each ion pair (P-Ca, P-Mg, As(V)-Ca, As(V)-Mg, Si-Ca, Si-Mg) during
Fe(Il) oxidation and Fe(Ill) polymerization in model systems. Our study represents a
significant contribution to understanding the formation of Fe(Ill) precipitates in more
complex, but well defined binary electrolytes. These matrices may be more
representative of natural systems than single solute electrolytes, but still permit the
interpretation of the interdependent effects of each ion.

The structure and sorption reactivity of EC precipitates are investigated by
integrating wet chemical measurements and complementary synchrotron-based X-ray
techniques: Fe K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy
and pair distribution function (PDF) analysis of high-energy X-ray scattering data.
EXAFS spectroscopy yields element-specific information that is limited to the short-
ranged coordination about the absorbing atom (<6A). The PDF technique yields
quantitative structural information from all atomic pairs within the coherently scattering
structure and is thus sensitive to both short- and long-ranged order (Egami & Billinge
2003, Proffen et al. 2003). Real-space resolution is also improved in the PDF due to the
large scattering vector value accessible with high-energy X-rays (Petkov 2005).
However, the PDF technique is not element-specific and its fitting routine has been
criticized as being poorly constrained, especially for nanocrystalline material (Manceau
2009, 2011).

To more precisely guide the interpretation of EC precipitate characterization data,
we report the EXAFS and PDF analyses of a suite of Fe(Ill) reference minerals. Pair
distribution function refinements have been reported previously for 2-line ferrihydrite
(Michel et al. 2007a, Michel et al. 2010), but not for goethite (a-FeOOH), lepidocrocite
(y-FeOOR), or scorodite (FeAsO,2H,0) to our knowledge. Our study is one of the few
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to date (Toner et al. 2012) to combine the EXAFS and PDF techniques to examine the
local and intermediate-ranged structures of Fe(Ill) precipitate samples. Guided by the
PDF refinements of reference minerals, we identify the Fe polyhedral connections (edge-
/corner-sharing) that give rise to pair correlations beyond those reported previously for
Fe(III) precipitates using EXAFS spectroscopy (>6 A). Knowledge of the polyhedral
linkages that contribute to the intermediate-ranged structure of our samples constrains
and simplifies the interpretation of the EXAFS spectra, which is difficult to do for
nanoparticles such as oxyanion-bearing HFO, where multiple overlapping scattering
paths (e.g. edge-/corner-sharing Fe-Fe, Fe-P/As/Si) contribute to the broad second-shell
peak in the Fourier transform.
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2. Materials and Methods

2.1 Preparation of electrolytes.

Stock solutions of reagent grade Na,HAsO,7H,O (10 mM), Na,HPO,-7H,O (10
mM), Na,SiO;-5H,0 (10 mM), CaCl, (100 mM), MgCl,-6H,O (100 mM), and NaCl (100
mM) were added to 18 MQ Millipore water to generate all electrolytes. The
concentrations of P, Si, Ca®" and Mg*" used in our study are chosen to represent typical
values in South Asian groundwater (BGS 2001). The As(V) concentrations reflect a
range of values associated with arsenic-contamination from geogenic sources (e.g. South
Asian groundwater, hydrothermal vents) (Rancourt et al. 2001, Rahman 2002) and
anthropogenic sources (e.g. metal refinement and mining activities) (Han et al. 2003).
The sample naming convention followed in this work lists the initial amount of oxyanion
(#M) in the electrolyte, along with the bivalent cation if present (i.e. sample As50+Ca
represents the Fe(Ill) precipitates generated in an electrolyte containing initial
concentrations of 50 uM As(V) and 1 mM Ca®). Samples generated in background
electrolytes containing no oxyanions (NaCl, CaCl,, MgCl,) are herein designated as BgE
samples. In experiments involving single oxyanions, 4 mM NaCl was added to facilitate
charge transfer during electrolysis. The pH was adjusted to 7.5 +/-0.3 with 0.01 or 0.1 M
NaOH or HCI prior to electrolysis under vigorous stirring, in part to prevent the
formation of SiO4 polymers in electrolytes containing Si (Roberts et al. 2004).

To identify the dominant aqueous species in each electrolyte, speciation
calculations were preformed using Visual Minteq (Gustafsson 2013) at a pH range of 3-
11 at 25° C (Figure 4.1). Thermodynamic data used in the speciation calculations was
based primarily on the NIST selected stability constant database (2004). At pH 7.5 in
both the presence and absence of 1 mM of Ca**/Mg*, the dominant forms of P, As(V)
and Si are HPO,> (~60-70%), HAsO,” (~85%), and H,SiO, (~100%), respectively. At
this pH, Ca* (~90-100%) and Mg>* (85-100%) exist primarily as free ions in the presence
of 0.5 mM P, 0.5mM As(V), 0.75 mM Si. Consistent with previous work (Lee & Nriagu
2007), only P was found to form significant minor species with Ca**/Mg** (CaHPO, and
MgHPO,).
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The EC cell set-up is described in van Genuchten et al. (2012). Briefly, an acid-
washed Fe(0) sheet anode (submerged surface area of 12 cm?®) and a Cu(0) mesh cathode
spaced 1 cm apart were inserted into 500 mL of electrolyte. Precipitates were generated
by applying a galvanostatic current under ambient atmospheric conditions. This cell
configuration generates Fe(Il) at the anode and H,, at the cathode (Lakshmanan et al.
2009, Li et al. 2012). The amount of Fe [mol] generated during EC is related to the
current (i [C/s]) by Faraday’s Law as follows: Fe=(i-t,)/(n-F), where t, is the electrolysis
time [s], n is the number of transferred electrons, and F is Faraday’s constant (96485
C/mol) (Bard & Faulkner 2001). For all experiments, a total iron concentration of 0.5
mM was generated at a current density (j, current per unit submerged area of electrode) of
2.5 mA/cm’ and an iron dosage rate (D, amount of Fe added per time) of 0.83 uM/s.

After 10 min of electrolysis, the electrodes were removed and the suspension was
allowed to react for 2 h under continuous stirring. Throughout the duration of the
experiment, pH was measured and, if needed, adjusted to pH 7.5 +/- 0.3. After the
reaction stage, EC precipitates were separated from solution using 0.1 or 0.45 ym filters.
The filtered solids of select samples were then prepared for characterization experiments.
Concentrations of aqueous Fe, As, P, Si, Ca, and Mg in the initial electrolyte and clear
filtrate were determined using a Perkin Elmer 5300 DV inductively coupled plasma
optical emission spectrometer (ICP-OES). Solids ratios [mol:mol] were determined by
taking the difference between measured values of the initial electrolyte and filtered
solution normalized by the amount of added Fe. All experiments were replicated at least
twice, with the chemical conditions used for most characterization experiments (Table
4.1) replicated at least three times. In separate experiments, after the 2 h reaction stage,
the particle suspension was left to settle by gravity for 1 h (unstirred). An aliquot of
sample was taken approximately 1-2 cm below the surface of the suspension using a
wide-mouthed syringe before and after the 1 h settling time for turbidity measurements
(Hach 2100N Turbidimeter).
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Table 4.1: Names, initial compositions, and solids ratios for samples in EXAFS and PDF
experiments.

Sample Initial Composition (M) Solids Ratio (mol/mol)
As P Si Ca Mg As P Si Ca Mg

NaCl - - - - - - - - - -
CaCl, - - - 1000 - - - - 0.10 -
MgCl, - - - - 1000 - - - - 0.26
As50 50 - - - - 0.10 - - - -
As50+Ca 50 - - 1000 - 0.10 - - 0.15 -
As50+Mg 50 - - - 1000 0.10 - - - 0.18
As150 150 - - - - 0.25 - - - -
As150+Ca 150 - - 1000 - 0.30 - - 0.21 -
As150+Mg 150 - - - 1000 0.29 - - - 0.31
P50 - 50 - - - - 0.09 - - -
P50+Ca - 50 - 1000 - - 0.10 - 0.12 -
P50+Mg - 50 - - 1000 - 0.10 - - 0.30
P150 - 150 - - - - 0.23 - - -
P150+Ca - 150 - 1000 - - 0.29 - 0.30 -
P150+Mg - 150 - - 1000 - 0.30 - - 0.35
Si250 - - 250 - - - - 0.21 - -
Si250+Ca - - 250 1000 - - - 0.26 0.12 -
Si250+Mg - - 250 - 1000 - - 0.25 - 0.21
Si7150 - - 750 - - - - 0.35 - -
Si750+Ca - - 750 1000 - - - 0.46 0.20 -
Si750+Mg - - 750 - 1000 - - 0.50 - 0.27
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2.3 Synthesis of Reference Minerals.

Goethite (Goe, a-FeOOH), lepidocrocite (Lp, y-FeOOH), and 2-line ferrihydrite
(2LFh) were prepared according to Schwertmann and Cornell (1991). Goethite was
synthesized by mixing a 100 mL solution of 1 M Fe(NOs); with 180 mL of 5 M KOH,
diluting the mixture to 2 L with 18 MQ water, and allowing the reaction to proceed for 60
h at 70° C. For Lp, 12 g of FeCl,-4H,0O was dissolved in 300 mL 18 MQ DI water. The
pH was then increased and maintained at approximately 6.5 by addition of 1 M NaOH
while aerating for 5 h. For 2LFh, 40 g of Fe(NOs3); was dissolved in 500 mL of 18 MQ
DI water and neutralized to pH 7 by adding approximately 330 mL of 1 M KOH. When
the solution pH stabilized at 7, the blood-red precipitates were immediately centrifuged.
Scorodite (Scor, FeAsO42H,0) was synthesized following the procedures described in
Paktunc et al. (2008). A 100 mL volume of a 0.2 M Fe(NOs); solution was added to a
100 mL volume of a 0.2 M Na,HAsO, solution, and the mixture was adjusted to pH 2
with HNOs. The suspension was allowed to react for 14 d with pH and temperature
maintained at 2 and 70° C, respectively. The initially brown, semi-translucent solution
turned to white with a greenish tint as the reaction completed. All reference minerals
were centrifuged, washed with 18 MQ Millipore water and air-dried at room temperature
prior to being stored in air-tight sealed containers. Mineral phase was verified with a
PANalytical X’Pert Pro diffractometer using Co K-a radiation.

2.4 Extended X-ray Absorption Fine Structure Spectroscopy.

Samples for EXAFS analysis were prepared for measurements according to Kelly
et al. (2008). The mass of sample material on the filter membrane was such that the total
absorption from the entire sample was less than 2.5 absorption lengths, while the
absorption of Fe was 1.0 absorption length. Immediately after collecting the solids, a 3 x
15 mm segment of the filter membrane was covered with a thin sheet of polycarbonate
film (4 um thickness) and affixed with Kapton tape (25 um thickness) to a sample holder.
The film was used to prevent any potential chemical reactions between the wet sample
and Kapton adhesive. Samples were kept frozen until time for analysis.

Spectra were collected at beam lines 4-1 and 4-3 of the Stanford Synchrotron
Radiation Lightsource (SSRL, Menlo Park, CA) under typical ring conditions of 350 mA
at 3.0 GeV. All samples were housed in a liquid nitrogen (77 K) cryostat during data
collection. Ionization chamber detectors were used for transmission mode measurements,
while a Lytle detector (4-1) or solid-state PIPS detector (4-3) was used to collect
fluorescence mode measurements. Fe K-edge spectra were simultaneously recorded in
both transmission and fluorescence modes out to a reciprocal space value of 14-15 A’!
with the data having the highest signal-to-noise ratio selected for analysis. Self-
absorption corrections were carried out using SixPack software (Webb 2005) if self-
absorption was observed in the fluorescence data relative to transmission data. At least
four spectra were measured from each sample. An Fe foil (7111.25eV) was
simultaneously measured during data collection to calibrate the X-ray energy. Second
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order harmonics were eliminated with harmonic rejection mirrors (4-3) or by detuning the
Si(220) double crystal monochromator (phi 90) 20-40% (4-1).

Data reduction and analyses were performed with SixPack software (Webb 2005)
following the procedure described in van Genuchten et al. (2012). Averaged spectra
were background-subtracted by standard methods using a value of 7127 eV for E;,. The
k>-weighted EXAFS spectra ((k)k’) were Fourier-transformed over the k-range 2-12 A’!
using a Kaiser-Bessel window with dk of 3.

To quantify the type and amount of Fe polyhedral linkages contributing to the
second shell of the Fourier-transform, shell-by-shell fits were carried out over the R-
range of 1-4 A using the SixPack software (Webb 2005), which is based on IFEFFIT
algorithms (Newville 2001). Scattering paths used in the fits were derived from the first-
shell Fe-O and second-shell edge- and corner-sharing Fe-Fe linkages of goethite
(Gualtieri & Venturelli 1999). An Fe-As scattering path corresponding to corner-sharing
FeO4 and AsO, polyhedra derived from the scorodite structure (Kitahama et al. 1975) was
also used in the fits. A common EXAFS curve-fitting approach for Fe(Ill)
(oxyhydr)oxides involves determining the passive electron reduction factor, S,*, from a
material with a known structure (e.g. Lp, Goe) and applying that value to subsequent fits
of experimental samples. This approach has a limited value for Fe(Ill) (oxyhydr)oxides
due to the multiple Fe-O distances present in FeOg octahedra, thus making it difficult to
find a suitable material for S,° determination. The distribution of first shell Fe-O
distances in Fe(Ill) (oxyhydr)oxide minerals differs from an ideal “shell” of nearest-
neighbor atoms, and because this distribution also changes among Fe(III) (oxyhydr)oxide
minerals, we opt to report the fit-derived amplitude (A), in lieu of reporting N. The
amplitude (A) is equivalent to the product of the coordination number (N) and S,>. This
approach allows for direct comparisons among Fe reference material and samples without
invoking values for N that do not represent directly the number of near neighbors.
Consistent with Voegelin et al., (2010), for the purpose of the fitting routine S,> was set to
0.85, which was obtained from fitting the EXAFS spectrum of aqueous Fe’* obtained
from the F. W. Lytle database hosted by the Illinois Institute of Technology
(http://ixs.iit.edu/database).

Fitting variables of reference materials typically included A, the change in
threshold energy (AE,), interatomic distance (R), and the mean squared displacement
parameter (0°). In addition to fitting reference minerals, we carried out shell-by-shell fits
of the EXAFS spectra of representative samples. Following the approach of van
Genuchten et al., (2012) and Mikutta et al., (2010), we constrained the ¢* value of
second-shell Fe paths of EC precipitate samples to previously reported values (0.01 for
Fe-As, and 0.012 for Fe-Fe) in our EXAFS fits of samples to avoid large fit-derived
uncertainties on A and o> due to their high correlation. The goodness-of-fit was
evaluated using the R-factor or the reduced-chi-square (y,”) value. A statistically
significant change in the final y,;> value when compared with the initial final y,;> value is
greater than two standard deviations (i.e. (%,;/%.) — 1 = 2(2/v)*?, where v is the degrees
of freedom) (Kelly et al. 2008).

2.5 Pair Distribution Function Analysis of High-energy X-ray Scattering.
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For high energy X-ray experiments, up to 20 mg of homogenized sample were
tightly packed into 3 cm long capillary tubes with inside diameter of 0.3 mm as air-dried
powders and sealed with epoxy (Chapman 2010). High-energy X-ray scattering
experiments were carried out on beam line 11 ID-B of the Advanced Photon Source at
Argonne National Laboratory (ANL; Argonne, IL). Data were collected out to a Q value
near 29 A at room temperature using 58.9 keV (A = 0.2128 A) X-rays. An amorphous
Si image-plate detector (General Electric) was used to collect data, allowing for rapid
data acquisition (Chupas et al. 2003). Several exposures lasting 0.5-5 s were taken and
summed for each sample, for a total detection time of 5-10 min per sample. An empty
capillary tube and a CeO, standard (NIST 647b) were measured to aid in background
subtraction and energy calibration. Direct background subtraction was carried out using
the scattering from an empty capillary tube. Measured scattering patterns corrected for
sample-to-detector distance, tilt angle of the detector with respect to the direction of the
incident beam, and X-ray polarization were integrated radially and converted to 1D plots
of the scattering intensity versus scattering angle using the program Fit2D (Hammersley
et al. 1996). The total structure function, S(Q), was obtained with PDFgetX2 (Farrow et
al. 2007) by normalizing the samples using the chemical formula of FeOOH if Bragg
diffraction maxima consistent with lepidocrocite were observed. Due to the lack of
consensus on the 2LFh formula, a general formula consisting of FeOOH with increasing
water content from 1-2.5 H,O was used for the 2LFh-like samples with decreasing
structural order, which is consistent with the formulas used in previous work of
disordered 2LFh-like material (Cismasu et al. 2012). For each sample, the mol fraction
of sorbed P, As(V), Si, Ca’" and/or Mg2+ based on wet chemical measurements was also
included in the chemical formula used during data normalization. The PDFs were
obtained by direct Fourier transformation of S(Q) using a Q value of 22 A™!. Real-space
PDF structural refinements and PDF calculations were carried out using PDFgui (Farrow
et al. 2007).

The starting structures used for the PDF refinements of reference materials were
based on the crystal structure of goethite (Gualtieri & Venturelli 1999), lepidocrocite
(Wyckoff 1963), 2-line ferrihydrite (Michel et al. 2007a) and scorodite (Kitahama et al.
1975). Structural variables refined over the R-range of 1-25 A in the PDFs of crystalline
reference minerals typically included the lattice constants (a, b, c), isotropic displacement
parameters (U), and scale factor. For the refinement of 2LFh, the lattice constants,
atomic positions and site occupancies, U values, and correlated atomic motion (8) value
were taken from a previous 2LFh refinement (Michel et al. 2007a) and were held
constant while the scale factor, and peak broadening (Qprad) Were refined over the R-
range of 1-20 A. The goodness-of-fit for all refinements was evaluated using the
weighted agreement factor, Ry, (Egami & Billinge 2003).

The method used to synthesize Goe in our study yields primary crystallites larger
than 90 A in size (Weidler et al. 1998). Accordingly, the decay in the Goe PDF at high R
is considered due to instrumental resolution. Thus, in the refinement of Goe, the
instrumental resolution (Qy,,,) was also refined. A value of approximately 0.07 was
returned by the refinement, which is consistent with previous studies using a similar rapid
acquisition beam line set-up and detector geometry (Michel et al. 2005). Consequently,
Quamp Was set at 0.07 for all subsequent PDF refinements. If the decay of the PDF
oscillations in other samples is within this resolution, this decay can be attributed to a
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lack of structural coherence, rather than to image-plate detector geometry (Egami &
Billinge 2003, Michel et al. 2005).

Several attempts to refine the PDFs of EC precipitate samples showing Lp-like
fingerprints were carried out beginning with the Lp crystal structure (Wyckoff 1963).
Although the refinements reproduced the atomic correlations at < 4 A in the sample
PDFs, they did not adequately replicate prominent peaks beyond 5 A, particularly the
decreased intensity of the peak diagnostic for sheet-stacking near 8.6 A. Accordingly, to
explore the differences between the PDFs of Lp and these samples, we adopted a non-
crystallographic (i.e. non-periodic) analysis routine following the “big box” approach of
Alayoglu et al. (2009). In this approach, virtual Lp nanoparticles composed of a finite
number of atoms with the basic Lp structural motif in different sizes, shapes, aspect
ratios, and morphologies were placed in a supercell (100 x 70 x 100 A) and manipulated
using CrystalMaker (Palmer 2000) or Materials Studio (Accelrys Software Inc. 2012)
softwares. PDFs were then calculated directly from the virtual model Lp nanoparticles
using PDFgui to understand how the short- to intermediate-ranged structure of the model
nanoparticles influences the resulting PDF and to best reproduce the PDFs of samples
displaying Lp-like signatures.

2.6 Field Sludge Collection.

In EC field treatment experiments, precipitates were generated in the local
groundwater of an arsenic-affect region of West Bengal, India and spiked with an
additional concentration of 500 ppb As(IIl). The EC cell consisted of a 600 L tank with
four modular electrode assemblies, each made up of several sheets of mild steel. After a
reaction time of 2 h, a sample of the bulk suspension was collected, rinsed, decanted and
dried overnight, leaving a dried powder. This material was shipped to the University of
California, Berkeley and loaded into capillaries for PDF data collection
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3. Results

3.1 Macroscopic Properties of EC Precipitate Suspensions.

3.1.1 Turbidity. The initial and final turbidity of a subset of EC precipitate
samples, together with the corresponding oxyanion percent removal from the supernatant
solution, appear in Figure 4.2. The suspension of precipitates generated in the weakly-
adsorbing background electrolytes (BgE; NaCl, CaCl,, MgCl,) is dark orange with high
initial turbidity after the reaction. The large aggregated flocs settle quickly leading to <1
NTU final turbidity after 1 h of settling (Figure 4.2). When filtered and dried, the BgE
samples form densely-aggregated, dark red spherical particles. Variations in the initial
turbidity of EC precipitate samples with similar mass but different chemical composition
may be explained by floc density, a property to which turbidity measurements are
insensitive. In contrast to the BgE samples, the presence of oxyanions leads to
translucent light yellow suspensions with no visible flocs and lower initial turbidity. The
colloidally stable suspensions generated in electrolytes containing initial concentrations
of 150 uM P, 150 uM As(V), or 750 uM Si (i.e. samples P150, As150, Si750) showed
little change in turbidity after the 1 h settling time. The presence of 1 mM Ca®* or Mg**
in the oxyanion electrolyte samples leads to cloudy suspensions with a greater initial
turbidity than the individual oxyanion samples, but smaller visible flocs than the BgE
suspensions. The low turbidity in these samples after 1 h of settling indicates that
bivalent cations promote the aggregation of crystallites into visible flocs that settle
quickly, even in the presence of high levels of oxyanions. When filtered and dried, the
high oxyanion-bearing samples form thin, beige flakes that were visually observed to be
loosely aggregated.

3.1.2. Ion uptake and molar composition of EC precipitates. Figure 4.3 presents
ion removal as a function of initial oxyanion concentration in the presence or absence of
1 mM Ca* or Mg*. In the absence of Ca** or Mg**, P and As(V) exhibit similar removal
behavior. Around 90% removal of both P and As(V) is obtained for initial P or As(V)
<100 uM (P50, P100, As50, As100 samples), whereas a significant fraction of P or As(V)
remains in solution as the initial concentration increases. Normalizing P or As(V)
removal by the 0.5 mM Fe dosed leads to solid ratios ranging from 0.09-0.4 mol:mol for
initial P or As(V) values of 50-500 uM. In contrast, a significant fraction of Si remains
in solution after the reaction in all conditions with and without Ca®* or Mg**. Lower
solids ratios for Si (0.06-0.35 mol:mol for initial concentrations of 50-750 uM) are
observed than for the same initial P or As(V) concentrations, confirming the weaker
affinity of Si for Fe(IlI) mineral surfaces (Roberts et al. 2004).
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Figure 4.2: Turbidity measurements as a function of the electrolyte chemistry. Initial turbidity
measurements (open bars) were taken immediately after 2 h reaction stage. Final turbidity
measurements (solids bars) were taken after 1 h of settling (the x-axis thickness obscures the final
turbidity in the NaCl and CaCl, samples). Percentages above final turbidity indicate oxyanion
removal in the supernatant solution.

The presence of Ca** or Mg** enhances both P and As(V) removal, but this effect
is larger for P than As(V), especially at higher initial oxyanion concentrations. The
addition of 1 mM Ca* leads to >90% P removal for all conditions tested. The
corresponding uptake of Ca®" also increases with initial P, approaching 1:1 stoichiometric
removal of Ca® and P at the highest initial P values. Although Mg** also enhances P
removal, the effect is less pronounced. Only 70% removal of the highest initial P value is
observed in the presence of Mg®*, and the corresponding removal of Mg* is not
stoichiometric.

The As(V):Fe solids ratio at the highest initial As(V) concentration increases by
approximately 66% in the presence of Ca’*, but over 30% of the initial 500 uM As(V)
concentration remains in solution after the reaction. The corresponding uptake of Ca**
increases with initial As(V), reaching 1.4 and 1.5 As(V):Ca* for the highest As(V)
samples. The presence of Mg** enhances As(V) removal, and the corresponding removal
of Mg** increases with initial As(V), but both to a lesser extent than Ca**.
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The presence of Ca> or Mg”* enhances Si removal by only a small percentage and
there is no significant difference between the effects of Ca®* versus Mg**. In line with
this result, the uptake of both Ca®* and Mg”* does not vary significantly over the large
range of initial Si concentrations (50-750 uM). The insignificant roles of Ca’** and Mg**
on Si removal, and vice versa, suggest there is not a strong direct interaction between Si
and Ca™/Mg™*.

3.2 Structural Characterization of Reference Materials.

In this section, we relate the crystal structure of each reference mineral to
characteristic features in the characterization data. Images of the polyhedral structures of
each investigated reference mineral along with a brief description of important structural
features are given in Figure 4.4. Figures 4.5a and 4.5b overlay the EXAFS spectra and
their Fourier-transforms, respectively, on top of the shell-by-shell fits. The PDFs of
reference material are overlain to the refinements and are also separated into their partial
component PDFs in Figure 4.5c. A summary of the EXAFS and PDF fitting parameters
is given in Table 4.2.

3.2.1 Goethite. Goethite (Goe) consists of bands of edge-sharing FeO, octahedra,
with each band oriented to share corners, forming tunnels that are bridged by H atoms
(Figure 3) (Schwertmann & Cornell 1991). Each FeO, octahedron in the Goe crystal
consists of different Fe-O distances ranging from 1.93-2.14 A. The FeO, octahedra of
Goe are connected by three distinct linkages, giving rise to three next nearest-neighbor
Fe-Fe distances: Ry, ., = 3.02 A for single edge-sharing, Ry, s, = 3.29 A for double-edge
sharing, and Ry, j.,; = 3.43 A for corner-sharing FeO, octahedra.
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Figure 4.4: Polyhedral representations of reference materials.
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Figure 4.5: A) Fe K-edge EXAFS spectra, B) Fourier-transformed Fe K-edge EXAFS spectra, and C)
complete and partial pair distribution functions (PDF) of reference Fe minerals. The output from PDF
refinements and shell-by-shell EXAFS fits appear as dotted lines while all experimental data appear as
solid black lines. The inset in C) shows the PDFs extended out to approximately 2.5 nm.
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Compared to the other Fe minerals in Figure 4.5, the Goe EXAFS spectrum is
characterized by a flattened oscillation near 4.0 A"'. The beat feature around 5.5 A has
been attributed to corner-sharing FeOj octahedra and the intense oscillation near 7.5 A™ is
characteristic of edge- and corner-sharing Fe-Fe coordination (Toner et al. 2009). The
Goe EXAFS spectrum contains intense oscillations throughout the analyzed k-range.
Two peaks corresponding to Fe-O and Fe-Fe linkages dominate the Fourier-transformed
EXAFS spectrum of Goe. The shoulder on the high R side of the second-shell peak
indicates the contribution of multiple Fe-Fe paths, consistent with the Goe crystal
structure.

Although four different first-shell Fe-O distances exist in the Goe crystal
structure, due to the lack of spatial resolution (AR = /2Ak = 0.16 A) in the data set, a
single Fe-O path was used to fit the first shell with R o of 2.00 A and A, of 6.3.
Following the Goe fitting routine of Toner et al. (2009), the coordination numbers (and
thus A) of edge-sharing (Ap.p;> Aper) and corner-sharing (Ap. ;) paths were
constrained to be equal to those of an ideal Goe crystal. The o values on the two edge-
sharing Fe-Fe paths were also constrained to be equal (0%, y.; = O%g.re)- The fit returned
values of 3.02, 3.29, and 3.44 A for Ry i, Reerers and Ry s, Which are in excellent
agreement with crystallographic distances and values reported previously (O'Day et al.
2004b, Toner et al. 2009).

The partial PDFs (Figure 4.5c) verify the Fe-O, edge-sharing Fe-Fe and corner-
sharing Fe-Fe peaks near 2.0, 3.0 A and 3.4 A, respectively. The subtle asymmetry at
lower R in the corner-sharing Fe-Fe peak at 3.4 A is consistent with the overlapping
edge-sharing Fe-Fe pair at ~3.3 A identified from the shell-by-shell EXAFS fits (Table
4.2). The most intense peak in the PDF at approximately 5.4 A is primarily due to Fe-Fe
correlations. The crystal structure of Goe contains 14 different Fe-Fe atomic pairs in the
range of 5.3 to 5.5 A. Two of these 14 Fe-Fe pairs exist exclusively within the band of
single and double edge-sharing FeO, octahedra, whereas the remaining 12 pairs (85% of
the Fe-Fe pairs at this distance) contain a contribution from corner-sharing FeOq
octahedra. Thus, in addition to the direct corner-sharing peak near 3.4 A, we consider the
peak near 5.4 A diagnostic of corner-sharing FeO,octahedra.

3.2.2 Lepidocrocite. The basic building block of lepidocrocite (Lp) is a band of
edge-sharing FeO, octahedra similar to Goe, but in Lp, individual bands are linked
together through additional edge-sharing connections to produce zig-zagging sheets
(Figure 4.4) (Wyckoff 1963). The two types of edge-sharing linkages in Lp result in
edge-sharing Fe-Fe distances at 3.05 and 3.06 A. The corrugated edge-sharing FeO,
octahedral sheets in Lp are offset from one another by approximately 6.4 A in the (001)
direction and are held together by H-bonds, resulting in sheet stacking along the c-axis
direction (Wyckoff 1963).

One of the defining features of the Lp EXAFS spectrum is the first oscillation at
approximately 3.0-5.5 A, which is asymmetric at higher k values with two minor
undulations near 4.2 and 5.0 A", The intense oscillation in the Goe EXAFS spectrum at
6.5-8.2 A is reduced in Lp, and a subtle beat feature appears near 7.8 A"'. Intense
oscillations extend throughout the Lp EXAFS spectrum. Two peaks resulting from Fe-O
and Fe-Fe paths dominate the Fourier transform. The first shell peak is comparable to
that of Goe, whereas the second-shell peak is symmetric, indicating the absence of
corner-sharing Fe-Fe pairs near 3.4 A. The best fit to the first and second-shell peaks
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yielded an Fe-O distance at 2.01 A (Ap. of 3.5) and an Fe-Fe distance at 3.05 A (Ag.r.
of 2.4). Although a mononuclear corner-sharing FeO, linkage at 3.8 A exists in the
crystal structure of Lp, an attempt to include an Fe-Fe path at this distance was not
supported by the fit, suggesting that this contribution to the EXAFS signal is minor
compared to edge-sharing Fe-Fe.

Consistent with the Fourier-transformed EXAFS spectrum, the dominant features
of the Lp PDF at low R include two peaks near 2.0 and 3.0 A, which are assigned to Fe-O
and Fe-Fe atomic pairs of edge-sharing FeO, octahedra. Based on the partial PDFs, the
Fe-O peak at 42 A and Fe-Fe peak at 5.2 A can be assigned to atomic pairs within an
octahedral sheet (i.e. intra-sheet atomic pairs). The differences in the shape of the Lp
PDF in the region from 6.4-9.2 A compared to the other Fe reference materials identify
this region of the PDF as a fingerprint for Lp. The Fe-Fe contribution to the peak near
8.6 A arises exclusively from inter-sheet Fe-Fe atomic pairs. Accordingly, the amplitude
of this peak can be used to approximate the extent of coherent sheet-stacking in Lp.

Table 4.2a: Summary of Fe shell-by-shell fits of reference minerals

Sample Aliz?;slc A=N-S,’ R (A) o’ (A% AE,(eV)  R-Factor
Goe Fe-O 62(1.0)  2.00(0.01) 0.011(0.002) -4.1(1.6) 0.026
Fe-Fel 1.7 3.02(0.01)  0.002 (0.001)
Fe-Fe2 AFe-Fel  3.29(0.03) o’ Fe-Fel
Fe-Fe3  2AFe-Fel 3.44(0.02)  0.005 (0.001)
Lp Fe-O 3.5(04)  2.01(0.01) 0.007(0.001)  -2.9(1.0) 0.021
Fe-Fe 2.4(04)  3.06(0.01)  0.004(0.001)
2LFh Fe-O 42(0.4)  1.99(0.01)  0.009 (0.001)  -3.9(L.1) 0.020
Fe-Fel 2.5 3.07 (0.01) 0.012 (0.001)
Fe-Fe2 33 3.45(0.02) 0.016 (0.002)
Scor Fe-O 5.8(0.7) 1.99 (0.01) 0.006 (0.001) -2.6 (1.2) 0.025
Fe-As 3.2 (0.8) 3.35(0.01) 0.003 (0.001)
Table 4.2b: Summary of PDF refinement results
Ry, a b C Scale o Qbroad
Goe  20.1 9.880(3) 3.001(1) 4.572(2) 0.96(2) ] -
Lp 252 12.443(3) 3.846(1) 3.0524(9) 1252)  1.20(6) -
2LFh 325 - - - 1.47(3) 0.34 0.32(1)
Scor 26.6  10.294(5) 8.915(4) 10.013(5) 1.76(3) 1.43(3) -

Boxes identified by a (-) sign indicate parameters that were not applied to the fit/refinement. The
fit-derived standard errors in the EXAFS fits appear in parenthesis next to each value in Table 1a.
The number of independent points (Njp) and variables (Ny,g) in the shell-by-shell EXAFS fits
was 18.85 and 7-9, respectively. The values in parenthesis in Table 1b represent the error in the
last digit of each refined parameter.
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3.2.3 2-Line Ferrihydrite. Currently, two structural models are cited for 2-line
ferrihydrite (2LFh). The two models differ primarily in that the model of Michel et al.
(2007a) describes 2LFh as a single phase consisting of approximately 20% tetrahedral Fe
(""Fe), whereas the model of Drits et al. (1993) consists of entirely octahedral Fe (V'Fe) in
the form of three different phases. The confirmation of ""Fe in 2LFh has been reported
by independent research groups using Fe K-edge XAS, Fe L-edge XAS, neutron
scattering, and X-ray magnetic circular dichromatism (Harrington et al. 2011, Maillot et
al. 2011, Guyodo et al. 2012, Peak & Regier 2012), although these studies have been
disputed in recent work (Manceau 2011, 2012, Manceau & Gates 2013, Paktunc et al.
2013). However, there seems to be a growing consensus of the use of the Michel model
for 2LFh (Cismasu et al. 2011, Cismasu et al. 2012, Dyer et al. 2012, Toner et al. 2012).
In this work, we use the Michel model as a starting point to identify characteristic
features present in the PDFs of the samples.

The Michel model of 2LFh consists of Fe atoms in different coordination
environments occupying multiple sites. Edge-sharing FeO, octahedra (V'Fe, site Fel:
Rior. = 2.94-3.02 A) form an octahedral sheet similar to Lp, but in 2LFh, each edge-
sharing sheet contains a six-membered ring vacancy (Figure 4.4). Either a second FeO,
octahedron (V'Fe,, site Fe2: Ry, =3.50 A) or an FeO, tetrahedron ("Fe,, site Fe3: R,
==3.39 A) sits atop the vacancy and shares corners with multiple V'Fe,, octahedra of the
six-membered ring vacancy site. The Fe polyhedra that occupy the vacancy sites link
together octahedral sheets by sharing either edges (R, .=3.13 A) or corners (Ry, ;=331
A) with V'Fe,, octahedra of a different sheet.

One of the defining features of the EXAFS spectrum of 2LFh is the round and
nearly symmetric first oscillation from 3.0 to 4.2 A!, which contrasts the asymmetric first
oscillation in Lp and the flattened oscillation in Goe. A small bump is visible near 5.5 A"
', and like that of Goe, has been attributed to the presence of corner-sharing polyhedra
(Toner et al. 2009). Consistent with less structural order, the oscillation at 7.5 A in the
2LFh EXAFS spectrum is reduced relative to the EXAFS spectrum of Goe. Beyond 9 A-
', the oscillations become damped relative to the other reference minerals. The first shell
of the Fourier transform is similar to that of Lp or Goe, but the amplitude of the second
shell is diminished and contains a shoulder at higher R, suggesting the presence of both
edge- and corner-sharing polyhedral linkages. The best fit to the first shell returned
values of 1.99 A for Ry, and 4.2 for Ap.,. The second-shell fit was carried out by fixing
N (and thus A, A=N-S;%) to the theoretical number of edge- (N=3.0, A=2.5) and corner-
sharing (N=3.9, A=3.3) Fe polyhedra in a 2.0 nm roughly spherical particle of 2LFh
based on the Michel model (95 total Fe atoms). The first path used to fit the second shell
corresponds to edge-sharing FeO, octahedra based on the fit-derived value of 3.07 A for
Ry (0° = 0.012 A?%), whereas the second path corresponds to corner-sharing polyhedra
based on the fit-derived value of 3.45 A for Ry, (0° = 0.016 A?). The fit-derived R
values for the second shell are in good agreement with previous shell-by-shell fits of
2LFh (Manceau & Drits 1993, Toner et al. 2009, Voegelin et al. 2010, Maillot et al.
2011).

The peaks in the 2LFh PDF are broader than for the other reference materials,
pointing to the disordered nature of 2LFh. In contrast to the PDFs of Lp and Goe, the
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oscillations in 2LFh disappear near 2.0 nm. This peak decay is within the instrumental
resolution (see section 2.5), indicating that the range of structural coherence in 2LFh is
near 2.0 nm, consistent with previous studies (Michel et al. 2007b, Toner et al. 2012). To
most accurately assign peaks in the complete PDF, the partial Fe-O and Fe-Fe PDFs were
subdivided (Figure 4.6) into the three Fe sites described above: octahedral edge-sharing
Y'Fe;, octahedral corner-sharing “'Fe., and tetrahedral corner-sharing "“"Fe.. Consistent
with our shell-by-shell EXAFS fits (Table 4.2), the first Fe-O and Fe-Fe peaks in the PDF
(< 4 A) are due to the first and second shell of Fe polyhedra sharing edges and corners.
An intermediate-ranged fingerprint of 2LFh appears in the region from 4.0-7.0 A and
includes three characteristic peaks near 4.7, 5.3,6.2 A, with a smaller peak around 6.8 A
(herein denoted as Fh1, Fh2, Fh3, and Fh4; see Table 4.3 and Figure 4.6). Peaks Fhl and
Fh3 are due primarily to Fe-O pairs exclusive to the edge-sharing octahedral sheet (i.e
V'Fey), whereas peaks Fh2 and Fh4 arise primarily due to corner-sharing Fe polyhedra
(ie. V'Fe. and “'Fe;). Based on the 2LFh model refinement, Fe atoms contained
exclusively in the octahedral sheet of 2LFh cannot produce the four peaks in the 2LFh
fingerprint without some corner-sharing Fe polyhedra.

Table 4.3: Identification of Peak Fingerprints in 2LFh and Lp PDFs

. . Primary Atomic Primary
2LFh  R(A)  Atomic Pair(s) Contributions Lp RA) Pair(s) Contributions
Fhl 4.7 Fe-O VFep-0 Lpl 58 F‘;glf:d Inter-sheet

Vig, VI
Feg-' Fec and Fe-O and
Fh2 53 Fe-Fe Vige, VFe, Lp2 6.2 Fe-Fe Intra-sheet
Fh3 6.2 Fe-O VIFep-0 Lp3 7.2 Fe-O and Intra-sheet
Fe-Fe
Fh4 6.8 Fe-Fe VIFeE-VIF ec Lp4 8.6 Fe-Fe Inter-sheet

Peak identification is based on PDF refinements of reference 2LFh (Michel et al. 2007a) and Lp
(Wyckoff 1963).
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Figure 4.6: Partial component pair distribution functions of 2LFh. In the Michel model of 2LFh,
site Fel is V'Fey, site Fe2 is 'Fe, and site Fe3 is "VFec. Fhl, Fh2, Fh3 and Fh4 indicate peaks in
the 2LFh fingerprint. The PDF refinement appears as a solid black line and the experimental PDF
appears as a dotted black line.

3.2.4 Scorodite. In the mineral scorodite (Scor), each corner of an AsO,
tetrahedron (R, ,=1.68-1.69 A) is linked to the corner of an FeO, octahedron (R,
o=1.68-169 A). The two remaining uncoordinated vertices of the FeO, octahedron are
bound to two hydrogen atoms (Kitahama et al. 1975). No direct edge- or corner-sharing
Fe-Fe (or As-As) linkages exist in the mineral. Thus, the major polyhedral linkage
consists of corner-sharing AsO, and FeO, polyhedra (Ry, ,, = 3.34-3.39 A). Although
Scor contains direct bonding between AsO, and FeOg polyhedra, the dominant
coordination environments of Fe and As(V) are different than observed for As(V)
adsorbed to Fe(II) (oxyhydr)oxides in the *C geometry, where R, is 3.25 A instead of
approximately 3.36 A as found in Scor (Sherman & Randall 2003).

The first oscillation from 3.2-4.8 A" in the Scor EXAFS spectrum is slightly
asymmetric with a shoulder at lower k. Two beats appear near 5.5 and 7.9 A, The most
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intense oscillations occur near 6.2 and 8.5 A" and have a similar line shape and phase as
those of Goe. The first shell of the Fourier-transformed EXAFS spectrum resembles that
of the other reference material, but the second shell is located at higher R. The fit to the
first and second-shell peaks returned values of 1.99 for R, o (Ap.o=5.8) and 3.35 A for
Rpens (Apeas=3.2), which is in excellent agreement with the crystallographic values
(Kitahama et al. 1975).

The PDF of Scor shows scattering from atomic pairs involving both As and Fe
atoms. The peak near 1.7 A in the PDF is due to As-O pairs of the AsO, tetrahedron.
The next two peaks at approximately 2.0 and 3.4 A in the Scor PDF are consistent with
the Fe-O and Fe-As pairs identified in the Fourier-transformed EXAFS spectrum. The
intense peak near 5.5 A is mainly due to Fe-Fe pairs; no peak is due to As-As pairs only.
Most intermediate-ranged peaks are mixtures of the atomic pairs present in Scor.

3.3 Background Electrolytes.

The Fe K-edge EXAFS spectra, Fourier transforms and PDFs of the background
electrolyte (BgE) samples (NaCl, CaCl, and MgCl,) as well as Lp and 2LFh appear in
Figure 4.7.

3.3.1 EXAFS Spectroscopy. The EXAFS spectra of the BgE samples display
features similar to that of Lp, such as the broadened asymmetric first oscillation between
3-5.5 A, The few differences between the EXAFS spectra of BgE samples relative to
that of Lp include the slightly reduced oscillation near 6.1 A, the absence of the subtle
shoulder in the oscillation at 7.5 A, and the reduced amplitude of the two oscillations
between 9-11 A'. As shown in the Fourier-transformed EXAFS spectra, the short-
ranged structures of Lp and the BgE samples are generally similar and consist of
comparable contributions of Lp-like Fe-O and edge-sharing Fe-Fe scattering.

3.3.2 Pair Distribution Function. Consistent with Lp, two peaks attributed to Fe-
O and edge-sharing Fe-Fe atomic pairs dominate the BgE sample PDFs at R<4 A.
Beyond 4 A, the BgE sample PDFs begin to show differences in relative peak amplitude
and breadth compared to the Lp PDF. Figure 4.7 shows the calculated PDFs derived
from a supercell (see section 2.5) of model Lp nanoparticles with one, two, and three
coherently stacked edge-sharing FeOg¢ sheets along with the calculated PDF of an “ideal”
periodic Lp crystal extending out to infinity in all directions.

The calculated double-sheet PDF reproduces almost all intermediate-ranged peaks
of the BgE sample PDFs better than the single-sheet, triple-sheet, or periodic models.
Comparison between the single-sheet model PDF and the periodic Lp model PDF
suggests that peak Lpl near 5.8 A and peak Lp3 near 7.2 A correspond to scattering
within a single sheet, whereas peak Lp2 near 6.2 A and peak Lp4 near 8.6 A correspond
to scattering between individual sheets. Beyond 10 A, the double-sheet calculation also
most accurately reproduces the sample PDFs (see inset of Figure 4.7).

Although all of the PDFs for the BgE samples are similar, some differences exist.
The first and second nearest-neighbor atomic correlations in the MgCl, sample PDF are
similar to the other samples in relative height, but the absolute magnitude of these peaks
in the MgCl, sample PDF is reduced. The majority of the peaks beyond 4 A in the MgCl,
sample PDF are broader and less intense than the PDFs of NaCl and CaCl, samples,
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suggesting reduced intermediate ordering. Additionally, the amplitudes of the peaks in
the MgCl, sample (Figure 4.7 inset) decay at lower R than the NaCl and CaCl, samples,
pointing to a smaller coherent scattering domain (CSD) in the MgCl, sample. The
apparent reduction in crystallinity in the MgCl, sample can be rationalized by the higher
uptake of Mg™* relative to Ca** and the consequent disruption of Fe bonding in these
samples, which is consistent with the adsorption behavior of Mg** and Ca* to Fe(Ill)
minerals at circumneutral pH (Sverjensky 2006, Kanematsu et al. 2013).
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3.4 Phosphate Concentration Series.

3.4.1 EXAFS Spectroscopy. Figure 4.8 displays the Fe K-edge EXAFS spectra of
the P concentration series (P50, P50+Ca, P50+Mg, P150, P150+Ca, and P150+Mg)
alongside the Lp and 2LFh references. The EXAFS spectra for the P50, P50+Ca and
P50+Mg samples share similar features to the EXAFS spectra of the BgE samples
including the broadened first oscillation between 3 — 5.5 A", Among these three low P
samples, Ca®* or Mg** does not significantly alter the line shape or phase of any of the
oscillations. Two peaks of similar amplitude due to Fe-O and edge-sharing Fe-Fe
scattering dominate the Fourier-transformed EXAFS spectra of the low P samples,
consistent with Lp and the BgE samples.

Small differences exist between the EXAFS spectra of the high initial P samples
(P150, P150+Ca and P150+Mg) and the BgE samples. The first oscillation in the
EXAFS spectra of the P150 and P150+Mg samples lack the broad shoulder characteristic
of Lp. Additionally, the broadened oscillations beyond approximately 8.5 A" in these
two samples begin to resemble the 2LFh EXAFS spectrum. In contrast, the P150+Ca
sample resembles the EXAFS spectra of the low P and BgE samples, suggesting the
presence of Ca* leads to a more Lp-like average local structure. Consistent with higher
Fe-Fe ordering in the P150+Ca sample, the second-shell peak amplitude of the Fourier
transform is increased relative to those of the P150 and P150+Mg samples.
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Figure 4.8:

containing P, As(V), or Si in the presence or absence of 1 mM CaCl, or 1 mM MgCl,.
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3.4.2 Pair Distribution Function. All PDFs in the P series (Figure 4.9 and 4.10)
contain Lp-like signatures to varying extents. Fe-O and edge-sharing Fe-Fe peaks
dominate the short-ranged region (< 4 A) of the P50, P50+Ca and P50+Mg PDFs. The
reduced intensity of sheet-stacking peaks Lpl and Lp4 in the low P PDFs suggests that
these samples contain less sheet-stacking order than Lp, and in some cases, less than the
BgE samples. Although it is not possible to quantify the average number of coherently-
stacked sheets in the low P samples, the trends suggest single- and double-stacked sheets.

The PDFs of the high P samples (150P, 150P+Ca and 150P+Mg) contain a peak
near 1.5-1.6 A consistent with P-O scattering from PO, tetrahedra. These samples also
contain amplitude from 3.2-3.6 A that is absent from the Lp PDF, which may be due to a
minor fraction of corner-sharing Fe or Fe-P pairs of sorbed PO,, (Ry., of 3.2-3.3 A for
sorbed PO, or amorphous Fe(Ill)-phosphate (Rose et al. 1996, Rose et al. 1997)
(Voegelin et al. 2010)). The three peaks from 4.0-5.5 A in the high P samples are
broadened and the Lpl and Lp4 sheet-stacking peaks are reduced compared to the low P
samples. The peak amplitudes of the P150+Mg PDF appear to decay at lower R than
both the high P samples and 2LFh, suggesting that the CSD of the P150+Mg sample is
less than the 2.0 nm CSD typically reported for of 2LFh (Michel et al. 2007b).
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3.5 Arsenate Concentration Series.

3.5.1 EXAFS Spectroscopy. Figure 4.8 presents the Fe K-edge EXAFS spectra of
the As(V) concentration series. The line shape and phase of the As50 EXAFS spectrum,
including the symmetric first-oscillation between 3 — 5.5 A and small hump near 5.3 A",
resemble that of 2LFh, whereas the asymmetric first oscillation in the EXAFS spectra of
the As50+Ca and As50+Mg samples resembles that of Lp. The 2":1" shell peak
amplitude ratio is larger in the As50+Ca and As50+Mg samples relative to the As50
sample, suggesting an increase in local Fe-Fe coordination in these two samples.

The EXAFS spectra of the high As(V) samples all exhibit features observed in the
EXAFS spectrum of 2LFh, such as the symmetric first oscillation between 3-5.5 A"
However, several features in the EXAFS spectra of the high As(V) samples are
broadened or reduced relative to those of 2LFh, including the prominent oscillations near
6.2 and 8.3 A" and the small oscillations near 5.3 A" and 7.5 A"', which are reduced in
the As150 sample and absent in the As150+Ca and As150+Mg samples. Furthermore,
the oscillation from 9-11 A" contains only one broad peak in the EXAFS spectra of the
high As(V) samples. The Fourier-transformed EXAFS spectra of the high As(V) samples
display a reduced second-shell peak relative to that of 2LFh. The second-shell peak
amplitudes decrease in the order of increasing As(V) uptake (Asl150 > As150+Ca
~As150+Mg). Because the high initial As(V) samples contain up to 30 mol% As(V), the
contribution of Fe-As scattering to the second-shell peak cannot be excluded a priori (nor
Fe-P and Fe-Si in the P and Si series). Thus, three overlapping paths can contribute to
the second-shell peak of these samples: edge-sharing Fe-Fe, R~3.0 A; corner-sharing Fe-
Fe, R~34 A; and corner-sharing Fe-As, R~3.2-3.3 A. Shell-by-shell fits of a
representative sample in this series (As150+Mg) supported only an edge-sharing Fe-Fe
path with R . = 3.06 AA=10+-02, %> = 59.5) in the second shell (Figure 3.11,
Table 3.4). Attempts to add an Fe-As path near 325 A corresponding to sorbed As(V) in
the >C geometry or an Fe-Fe path near 34 A corresponding to corner-sharing Fe
polyhedra resulted in non-physical (negative) values for A, unreasonable values for R,
and an increase in ¥, (see Table 3.4). That corner-sharing Fe linkages were not detected
by shell-by-shell EXAFS fits in this sample is consistent with previous studies reporting
that the presence of As(V) inhibits corner-sharing FeO, octahedral linkages during Fe(III)
polymerization (Waychunas et al. 1993, Paktunc et al. 2008, Maillot et al. 2013).

3.5.2 Pair distribution function. The PDFs of all the low As(V) samples contain
an As-O peak of similar intensity near 1.7 A. In the As50 PDF, which resembles the
2LFh PDF, the peaks from approximately 2.5-4.0 A are broadened and overlap more than
those of 2LFh. Peaks Fh1-Fh4 of the 2LFh fingerprint appear in the As50 PDF, but the
corner-sharing Fe-Fe peak Fh4 is reduced in the As50 sample. Despite the reduced
intensity of some characteristic corner-sharing peaks relative to 2LFh, the CSD of the
As50 PDF is at least as large as that of 2LFh, suggesting that structural coherence can be
maintained even with the loss of some polyhedral connections. Although the As50+Ca
and As50+Mg PDFs display fingerprints of Lp, these sample PDFs contain amplitude in
the region of 3.2-3.5 A that is absent in the Lp PDF. Based on the presence of the As-O
peak near 1.7 A, itis likely that sorbed As(V) (R, of 3.2-3.3 A, refer to Section 3.2.4)
contributes to this amplitude. The presence of Fe-As pairs at this distance can also
explain the overlap of the peaks near 3.0 and 3.4 A in the As50 PDF. Both the As50+Ca
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and As50+Mg samples contain three peaks from 4.0-5.5 A that are similarly broadened as
the high P samples. The Lpl and Lp4 sheet-stacking peaks are reduced or absent entirely
in the As50+Ca and As50+Mg samples, but the amplitudes of these peaks in the
As50+Ca PDF are more intense than As50+Mg. The amplitude of the peaks are
generally more intense and extend out to higher R in the As50+Ca PDF (CSD > 2.5 nm)
relative to the As50+Mg PDF, suggesting more structural coherence in the As50+Ca
sample.

The PDFs of the high As(V) samples all display 2LFh-like signatures, but the
As150 PDF is the most similar to the PDF of 2LFh. Edge- and corner-sharing Fe-Fe
peaks at 3.0 and 3.4 A are visible in the As150 PDF, but scattering from As-Fe pairs near
3.25 A obscures the edge-sharing Fe-Fe peak more than in the As50 PDF. The 2LFh
fingerprint (peaks Fh1-Fh4) appears in the As150 PDF but peak Fh4 is reduced. Despite
the two-fold larger As(V) solids ratio in the As150 sample relative to As50, the CSDs of
both of these samples are similar. The PDFs of the As150+Ca and As150+Mg samples,
which have the highest As(V) solids ratios, have more intense As-O (1.7 A) and As-Fe
(3.25 A) peaks than the As150 PDF. The As-Fe peak from sorbed As(V) dominates the
region from 2.5-4.0 A in the As150+Ca and As150+Mg PDFs, but the width of this peak
implies the presence of some additional Fe-Fe pairs in both samples. Beyond 4 A, the
only clear features of the As150+Ca and As150+Mg PDFs are the peaks in the 2LFh
fingerprint; however, peak Fh4 vanishes, which is consistent with the reduced intensity of
the direct corner-sharing Fe-Fe peak near 3.4 A. The peaks in the Asl150+Ca and
As150+Mg samples become indiscernible at R<1.0 nm, indicating that the CSD in these
samples does not extend beyond 1.0 nm.
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Figure 4.11: Shell-by-shell EXAFS fitting output of representative samples in the As and Si
concentration series
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Table 4.4: Summary of Fe shell-by-shell fits of representative samples

Sample  Atomic Pairs A=N-S,’ R (A) o’ (A% o
Asl150+Mg Fe-O 3.4(0.2) 1.98 (0.01) 0.008 (0.001) 59.45
(Fit 1) Fe-Fel 1.0(0.2)  3.06(0.01) 0.012
Asl150+Mg Fe-O 3.4(0.2) 1.98 (0.01) 0.008 (0.001) 70.23
(Fit 2) Fe-Fel 1.0(0.3)  3.06(0.02) 0.012
Fe-Asl -0.1 (0.3) 3.41 (0.34) 0.010
Asl150+Mg Fe-O 3.4(0.2) 1.98 (0.01) 0.008 (0.001) 69.44
(Fit 3) Fe-Fel 1.1(0.3)  3.06(0.02) 0.012
Fe-Fe2 0.1(0.3)  3.30(0.15) 0.012
Si750+Ca Fe-O 3.3(0.2) 1.97 (0.01) 0.009 (0.001) 393
(Fit 1) Fe-Fel 1.7(0.2)  3.06(0.01) 0.012
Si750+Ca Fe-O 3.3(0.2) 1.97 (0.01) 0.009 (0.001) 40.0
(Fit 2) Fe-Fel 16(0.2)  3.06(0.01) 0.012
Fe-Fe2 03(0.2)  3.42(0.06) 0.012

The values in bold font highlight fit-derived parameters that are not physically meaningful or
suffer from high fit-derived uncertainty. Note that the fit-derived ¥, value increases in each fit
when an additional path is added to the second shell, thus failing the test of statistical significance
(regardless of the physical relevance in some of the fit-derived parameters). The fit-derived
standard errors appear in parenthesis next to each value.
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3.6 Silicate Concentration Series.

3.6.1 EXAFS Spectroscopy. The EXAFS spectra (Figure 4.8) of the three low
(25081, 250Si+Ca, 250Si+Mg) and three high (750S1, 750Si+Ca, 750Si+Mg) Si samples
all display 2LFh-like fingerprints, including the symmetric first oscillation between 3 —
5.5 A", Several characteristic features of the low and high Si EXAFS spectra are reduced
or broadened compared to those of 2LFh, including the intense oscillations near 6.2 and
8.3 A" and the small oscillations near 5.3 A" and 7.5 A" indicative of corner-sharing Fe-
Fe linkages. The split oscillation from 9-11 A in all Si EXAFS spectra is broadened
compared to that of 2LFh. The Fourier-transformed EXAFS spectra of the low and high
Si samples contain similar first- and second-shell peaks, but the amplitude of the second-
shell peak in the low and high Si Fourier-transforms is reduced relative to that of 2LFh.
To elucidate the contribution to the second-shell amplitude of a representative sample in
the Si series, we attempted to fit the second shell of the Si750+Ca sample with Fe-Fe
paths corresponding to both edge- and corner-sharing Fe polyhedra (Figure 4.11, Table
4.4). The fit supported the edge-sharing Fe-Fe path, returning values of 3.06 A for Ry .
and 1.7 +/- 0.1 for A, which are very similar to previous shell-by-shell fit results of
Fe(I1I) precipitates generated in the presence of similar Si (and Ca**) concentrations (van
Genuchten et al., 2012). The attempt to add a corner-sharing path to the fit resulted in a
reasonable Ry (342 A), but low A with high uncertainty (0.3 +/- 0.2). Most
importantly, the addition of this corner-sharing Fe path resulted in a larger %, value
compared to the edge-sharing Fe-Fe path alone, which ultimately fails the test of
statistical significance (see Section 2.4). Therefore, the presence of corner-sharing Fe
linkages in this representative sample is, at best, ambiguous, if not altogether unsupported
by the fit. The absence of corner-sharing Fe polyhedra in Fe(Ill) precipitates generated
in the presence of Si has been reported previously using shell-by-shell EXAFS fits and
has been explained by the surface poisoning effects of Si (Doelsch et al. 2000, Pokrovski
et al. 2003).

3.6.2 Pair distribution function. All PDFs of the Si concentration series exhibit
2LFh-like fingerprints regardless of the initial Si concentration or the presence of Ca®* or
Mg**. Consistent with the work of Dyer et al. (2012), all PDFs in the Si series display a
small Si-O peak near 1.6 A, an intense Fe-O peak near 2.0 A and a series of broad
overlapping peaks from 3-4 A that are reduced in amplitude relative to 2LFh. The Si-O
peak is more defined in the high Si PDFs, which is likely due to the higher Si:Fe solids
ratio in these samples. The shape of the edge-sharing Fe-Fe peak near 3.0-3.1 A is
similar in both the low and high Si PDFs, but the low Si PDFs contain more amplitude
near the Fe-Fe corner-sharing distance of 3.4 A. The overlap in the edge- (3.0 A) and
corner-sharing (3.4 A) Fe-Fe peaks in the Si PDFs is presumably due to atomic pairs
involving Si. Similar to P and As(V), Si binds to Fe(IIl) (oxyhydr)oxides primarily in the
°C geometry with Rg; ., near 3.2 A (Pokrovski et al. 2003, Kanematsu et al. 2013). In this
configuration, Si inhibits Fe-Fe corner-sharing linkages, which is consistent with the
trends in the amplitude of the 3.4 A Fe-Fe peak, which decreases in the order of 2LFh >
low Si samples > high Si samples. The amplitudes of peaks Fhl-Fh3 of the 2LFh
fingerprint are reduced in the high Si samples relative to the low Si samples. Consistent
with the decrease in the direct corner-sharing Fe-Fe peak near 3.4 A, peak Fh4 vanishes
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in all Si PDFs. The CSD of the Si samples is smaller than in 2LFh, with all peaks
disappearing at R<1.5 nm for the low Si samples and R<1.2 nm for the high Si samples.
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4. Discussion

4.1 Formation of Pseudo-Lepidocrocite: the EC Precipitate End-member.

In our study, the BgE samples correspond to the material generated under the
chemical conditions most favorable for crystal growth. However, systematic changes in
characteristic peaks of the BgE sample PDFs relative to the Lp PDF indicate a reduction
in sheet-stacking coherence. In a recent study, the EXAFS spectrum of a similar
precipitates generated from Fe(Il) oxidation in a NaHCOs electrolyte was fit by linear
combinations of Lp, Goe, 2LFh, and Si-HFO reference spectra (Voegelin et al. 2010).
The authors hypothesized that the 70% Lp (30% 2LFh+Goe) returned by the fit was due
to a minor fraction of Goe (~11%) and 1) the presence of an additional minor, short-
ranged phase, or 2) a difference in the crystallinity between the Lp-like sample and Lp
reference. Considering the results of Voegelin et al. (2010), we examined the changes to
the PDF due to varying mass fractions of Lp and 2LFh (Figure 4.12). We find that none
of the analyzed mass ratios of Lp and 2LFh (i.e. 90:10, 75:25, 50:50, or 25:75, or 10:90)
could reproduce the PDFs of the BgE samples. Thus, we argue that the deviation in the
BgE sample PDFs relative to Lp are best explained by sheet-stacking disorder, rather than
the presence of multiple phases. The formation of Goe in the BEE samples is not likely
due to the rapid reaction time and the absence of bicarbonate, although in natural
groundwater Goe is more likely to form due to the presence of bicarbonate.
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Figure 4.12: PDFs displaying the effect of varying mass fractions of Lp and 2LFh. The percent
by mass of each reference material is listed alongside the PDF. If present, the 2LFh fingerprint
appears from 4-7 A, whereas the Lp fingerprint lies from 7-9.5 A. The persistence of Lp-like
peaks in the 50Lp:50Fh sample suggests that the PDF is more sensitive to crystalline material.
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Poor sheet-stacking coherence has been observed in natural and synthetic
lepidocrocites (Schwertamnn and Taylor, 1979). Layer-type minerals that have less order
along the c-axis relative to the a and b axes are often designated by the “pseudo” prefix,
such as the Al oxyhydroxide, pseudo-boehmite (y-AIOOH), which is isostructural to Lp
(Grebille & Berar 1986). Because a “pseudo”-Lp forms in solutions containing different
ion combinations (e.g. NaCl, CaCl,, P5S0+Mg, P150+Ca, As50+Ca, etc.), it is likely that
poor sheet-stacking coherence does not arise exclusively from electrolyte effects
hindering inter-sheet H-bonding. Instead, this structural effect might be promoted by the
rapid oxidation and polymerization and short reaction stage of our synthesis, which may
not provide sufficient time for multiple sheets to orient into coherently scattering stacks.

A lack of coherent sheet stacking is not expected to strongly influence the
reactivity of pseudo-Lp precipitates in EC systems based on the site density of different
functional groups on the Lp surface. Doubly coordinated oxygens (>Fe,OH) terminating
the (001) Lp face are considered inert on Lp as well as other Fe(Ill) (oxyhydr)oxide
minerals (e.g. Goe, 2LFh) (Villalobos et al. 2009, Hiemstra 2013) due to their stable bond
valence (Pauling 1929). Reactive surface oxygen atoms terminate Lp edges in the (100)
and (010) directions and are the surface functional groups expected to undergo ligand
exchange with oxyanion adsorptives to form *C inner-sphere complexes (Hiemstra 2013),
which is the dominant surface coordination geometry of P, As(V) and Si adsorbed to
Fe(IIT) (oxyhydr)oxide minerals (Pokrovski et al. 2003, Sherman & Randall 2003, Kwon
& Kubicki 2004, Khare et al. 2007). Thus, low sheet-stacking coherence, which might
expose more of the (001) surface to the bulk electrolyte, would not generate more
reactive sites than a coherent stack of similar sized sheets assuming similar reactivity at
the particle edges. Reactivity is likely to be more dependent on the size of each
individual sheet, with a smaller sheet exhibiting more reactive edge sites per mass. Based
on the Lp PDF sheet-stacking calculations, the range of structural coherence along the c-
axis in the pseudo-Lp samples is < 0.7 nm (< 2 coherent sheets). Consequently, the
observed CSD for pseudo-Lp samples (2.5-3.0 nm), which provides a lower bound on
particle size (Egami & Billinge 2003), can yield an upper bound on the number of
reactive edge sites.

4.2 P, As(V), and Si Oxyanions Influence EC Precipitate Structure Differently.

Several studies comparing P and As(V) adsorption to pre-formed Fe(III)
(oxyhydr)oxide minerals report similar uptake behavior, competition over surface sites,
and similar binuclear *C corner-sharing adsorption mechanisms (Manning & Goldberg
1996, Jain & Loeppert 2000, Zhao & Stanforth 2001, Antelo et al. 2005, Zeng et al.
2008). Despite the similar uptake of P and As(V) observed in our study (0.09-0.1
mol:mol for P50 and As50, 0.22-0.24 mol:mol for P150 and As), the P series PDFs
indicate a pseudo-Lp average structure, whereas the As(V) series samples consist of
dominant 2LFh-like phases. We argue that the persistence of Lp-like material in the P
series arises from the formation of multiple phases, consistent with the sequential uptake
of P (Voegelin et al. 2010), whereas the As(V) (and Si) series samples are more likely to
consist of a single 2LFh-like phase.
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The reactive surface sites of Lp lie on mineral edges in the (100) and (010)
directions (Venema et al. 1998, Kim et al. 2008). Accordingly, we calculated a
maximum P:Fe solids ratio for the pseudo-Lp P150 sample based on the 2.2 nm CSD
obtained from the PDF and assuming that only one PO, tetrahedron may bind to an FeOg
octahedron. We estimated that a maximum of 9 POy, tetrahedra (5 in the (100), 4 in the
(010) directions) can adsorb to 2.2 nm diameter pseudo-Lp single sheets consisting of 65
Fe atoms, yielding a P:Fe capacity of 0.14 mol:mol. This calculated maximum
adsorption capacity cannot account for the 0.22 mol:mol solids ratio measured in the
P150 sample.

The adsorption capacity of poorly crystalline HFO or amorphous Fe(IlI) polymers
coprecipitated in the presence of oxyanions has been reported to approach 0.7 mol:mol
(Waychunas et al. 1993). At the onset of electrolysis and Fe(III) precipitation, the P:Fe
solution ratio is >>1, which is consistent with the conditions under which disordered
polymers form (Rose et al. 1996, Rose et al. 1997). With hypothetical solids ratios of 0.7
and 0.14 mol:mol for the P-Fe polymers and pseudo-Lp phases, respectively, a material
consisting of both 14% polymeric P-Fe phases and 86% pseudo-Lp can account for the
0.22 mol:mol solids ratio observed in the P150 sample. A greater than 85% fraction of
pseudo-Lp would make the detection of P-Fe polymers difficult by X-ray techniques that
probe the average structure and coordination environment. A similar argument can be
made for the formation of multiple phases in the P50 sample, where the initial P:Fe ratio
is also large.

In contrast to the P series, the As(V) series is dominated by precipitates with an
average 2LFh-like structure. Whereas P and As(V) have similar chemical properties
(charge, tetrahedral geometry), there are small differences in their speciation and
adsorption equilibrium constants: at pH 7.5 As(V) exists as 85% HAsO,” and 15%
H,AsO,, P exists as 66% HPO,” and 33% H,PO, (1999); log K v=3.6; log K;=5.8 for
sorption to coprecipitated Fe(III) (oxyhydr)oxides (Roberts et al. 2004). The difference
in their effect on Fe precipitate structure may also be related to the different sizes of the
PO, and AsO, tetrahedra. The average distance between the oxygen atoms that bind to
adjacent Fe polyhedra in the >C geometry (tetrahedral vertex to vertex distance) is shorter
for P (2.45 A) (Khare et al. 2007) than for As(V) (2.74 A) (Kitahama et al. 1975).
Consequently, adsorption of POy in the C geometry has been reported to distort adjacent
FeOs octahedra, which have an O-O distance of approximate 3.0 A, to accommodate the
shorter 2.45 A O-O distance (Kwon & Kubicki 2004, Khare et al. 2007). The larger
distortion to the FeOs octahedra upon PO, adsorption can be expected to render crystal
growth less favorable in the case of P adsorption, leading to stable P-bearing polymers
consisting of only a few Fe atoms with a large P:Fe ratio. Consistent with our structural
data, the large solids ratio of P-Fe polymers would take up significant fractions of P at
low Fe doses, leaving the remaining Fe(III) to polymerize into more crystalline material.
In contrast, As(V) adsorption can be expected to cause less distortion in Fe polyhedral
bonding, leading to a 2LFh-like structure with more Fe polyhedral linkages than P-Fe
polymers. In fact, transmission electron microscopy (TEM) images of Fe(III) precipitates
formed in the presence of As(V) (initial As:Fe(IIl) of 0.13, pH < 4.5) (Paktunc et al.
2008) and P (initial P:Fe(II) of 0.12 and 0.42, pH 7) (Kaegi et al. 2010) show evidence of
a single 2LFh-like phase and multi-phase material, respectively.
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Despite the lower uptake of Si compared to P or As(V), Si has a greater influence
on the resulting average precipitate structure (Si250 is 2LFh-like, P150 is Lp-like), which
can be explained by the formation a single Si-HFO phase. Using the Michel model,
Hiemstra (2013) reports that 2.5 nm diameter 2LFh particles exhibit a surface site density
of approximately 0.6 mol:mol of the singly coordinated oxygen ligand (>FeOH) involved
in °C binding geometries (Stachowicz et al. 2008, Kanematsu et al. 2013). For the
smaller primary crystallite size of our Si samples (CSDs of 1.1-1.5 nm), the measured Si
solids ratio can be attained in a single 2L.Fh-like phase.

Although the initial Si concentration in the Si250 and Si750 samples is higher
than the other oxyanion samples, these Si values are representative of the Si content (~1
mM) in natural waters (BGS 2001, Roberts et al. 2004). The abundance of Si relative to
P and As(III/V) (Si:P:As ~ 100:10:1), combined with its effects on the formation of EC
precipitates, suggest that Si will control the average structure of EC precipitates
generated in the field, which is consistent with previous work (Roberts et al. 2004, van
Genuchten et al. 2012). Confirming the dominant influence of Si on EC precipitate
structure, the PDFs of sludge samples (Figure 4.13) collected from EC field treatment
experiments in an arsenic-affected region of West Bengal, India resemble the Si sample
PDFs with reduced CSDs and 2LFh-like fingerprints. Due to both the higher surface site
density and specific surface area of 2LFh-like material relative to pseudo-Lp (Hiemstra
2013), the field treatment sludge and the samples in the Si series should exhibit more
reactive sorption sites than pseudo-Lp, which should enhance As(V) uptake given the
orders of magnitude higher adsorption affinity of As(V) than Si (Roberts et al. 2004).
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Figure 4.13: PDFs of material generated during arsenic removal experiments in real groundwater
during an extended field trial using a 600 L capacity EC prototype in West Bengal, India.
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4.3 Bivalent Cation: Oxyanion Interaction Strongest in Order of Ca > Mg; P >
As(V) > Si.

The >90% removal of P at all initial concentrations in the presence of Ca™,
combined with the near stoichiometric removal of Ca®* in the P250 and P500 samples,
points to the strong interaction between Ca** and P. The structural data from the P series
show an increase in precipitate ordering and crystallinity in the presence of Ca**, which
has been explained previously by the formation of P-O-Ca bonds that modify the surface-
poisoning behavior of P during Fe(IlI) polymerization (Voegelin et al. 2010). Although
the same trend of increased P uptake and precipitate ordering is observed in presence of
Mg™*, the effects are not as pronounced as observed for Ca®*. Accordingly, the interplay
between Mg>* and P during Fe(IIl) polymerization may involve a larger contribution of
electrostatic interactions such as charge screening and electric double layer compression.

Similarly, the change in phase from the 2LFh-like As50 sample to the more
crystalline pseudo-Lp As50+Ca and As50+Mg samples suggests the presence of direct
As(V)-O-Ca/Mg interactions that can reduce the surface-poisoning effects of As(V).
However, the increase in As(V) uptake in the presence of Ca** and Mg** is lower than the
corresponding increase in P uptake, suggesting a weaker As(V)-Ca/Mg interaction than
P-Ca/Mg. Whereas changes in surface charge or double layer thickness might explain the
As(V) uptake behavior, the changes in precipitate structure mediated by Ca*" or Mg**
seem to be best-explained by direct As(V)-Ca/Mg association. Given the similar
properties of P and As(V) (e.g. charge, tetrahedral coordination), we propose that As(V)-
O-Ca bonds, analogous to those formed in the P-Ca system, can form during Fe(IIl)
polymerization, although P likely has a higher affinity than As(V) for Ca coordination.
The presence of As-O-Ca linkages have been suggested previously based on systematic
changes in the As K-edge EXAFS spectrum of Fe(Ill) material coprecipitated with
As(1II) in the presence of Ca** (Voegelin et al. 2010).

The minor influence of bivalent cations on the uptake and structural effects of Si
may be reasoned in terms of decreased electrostatic interactions between Ca* or Mg**
and the neutral Si(OH),’ species. This result is consistent with the negligible effect of
bivalent cations on Fe(IIl) mineral adsorption of As(Ill), a chemical analog of Si based
on its neutral charge (As(OH),”) (Kanematsu et al. 2013).

Overall, the uptake and structural data for the P and As(V) series appear to be
consistent with stronger Ca-P/As(V) interactions than Mg-P/As(V). Similar trends in
enhanced P/As(V) adsorption to goethite in the presence of Ca* relative to Mg** have
been investigated using charge distribution (CD) and extended triple layer (ETL) surface
complexation models. The CD modeling study (Stachowicz et al., 2008) proposes that
Ca®* enhances electrostatic interactions by adding more positive charge than Mg** to the
Stern Layer, whereas the ETL modeling study (Kanematsu et al., 2013) suggests the
formation of direct Ca-As(V) bonding in ternary surface complexes. In the EC system,
the greater influence of Ca** than Mg** on Fe(Ill) precipitate structure and uptake of
P/As(V) is consistent with the formation of some direct cation-oxyanion bonding in the
Ca® and As(V)/P system, which is expected to be stronger than the electrostatic
interactions presumably dominating in the Mg®* and As(V)/P systems. Although
electrostatics may play a major role in both the Ca®* and Mg** systems, the lower ionic
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potential of Ca** (charge/ionic radius), which favors stronger covalent-type bonding, can
explain the larger impact of Ca** relative to Mg™".

With regards to the application of EC in field treatment, the role of bivalent
cations is complex. Here we show that bivalent cations (Ca*> Mg*") increase oxyanion
uptake (P >As(V) > Si) per mass of Fe, presumably by a combination of electrostatic
interactions and direct bonding to As(V)/P. However, Ca** has also been reported to
decrease the efficiency of arsenic uptake by Fe(Ill) (oxyhydr)oxides in waters with high
HCO,/CO;> by leading to CaCO,, formation, which can associate with Fe(II)
(oxyhydr)oxides and block reactive surface sites (Saalfield & Bostick 2010). Another
aspect of field treatment influenced by the interaction of bivalent cations and oxyanions
is the low-cost separation of oxyanion-bearing precipitates, which is a challenge facing
current EC operation (Amrose et al. 2013). Whereas oxyanions reduce EC precipitate
crystallite size and lead to colloidally stable suspensions (Figure 3.2), bivalent cations can
both indirectly increase crystallite size (P and As(V) series) and promote crystallite
aggregation, which increases settling velocity and facilitates particle separation by low-
cost gravitational settling.

In the context of particle separation, crystallite size as probed by molecular scale
techniques (PDF) should be distinguished from aggregated floc size as probed by
macroscopic techniques (turbidity). Because the PDF is only sensitive to coherent atomic
ordering, the CSD derived from the decay in the PDF provides a lower limit on particle
size. The aggregation of primary crystallites or the formation of an amorphous surface
layer, for instance, do not appear in the PDF, but are key physicochemical properties that
influence macroscopic behaviors like particle settling velocity. Although we show that
bivalent cations can increase the CSD and lead to more crystalline material, larger and
more ordered crystallites do not necessarily have increased settling velocities or ease of
separation. For instance, the As150+Ca/Mg samples, which have the smallest CSDs in
our study, settle more quickly than the P150 and As150 samples.

4.4 Insights into the Polyhedral Connectivity of Oxyanion-bearing HFO.

Due to their influence on the mobility and bioavailability of contaminants and
nutrients, short-ranged Fe(IIl) polymers that form in the presence of P, As(I1I,V), and Si
(i.e. P-HFO, As-HFO, Si-HFO and/or amorphous Fe-As/P phases) have been the focus of
intense research (e.g. (Waychunas et al. 1993, Rose et al. 1996, Pokrovski et al. 2003)).
The structures of high oxyanion-bearing Fe(IIl) precipitates are reported to differ relative
to lab-synthesized 2LFh based on a reduction in corner-sharing linkages as inferred from
XAS analysis, consistent with our shell-by-shell fits of As150+Mg and Si750+Ca
samples. However, describing the polyhedral connectivity of HFO and/or amorphous Fe-
As/P phases using shell-by-shell EXAFS fits alone can be limited by the presence of
multiple atomic paths that contribute to the broad second-shell peak of the Fourier-
transformed EXAFS spectra.

Our study demonstrates that the PDF technique can be used to better understand
the polyhedral connectivity of poorly-ordered materials that can be difficult to interpret
using EXAFS spectroscopy. Despite differences in initial electrolyte composition and
local (1-4 A) bonding environments as evidenced in the PDF, the most disordered 2L.Fh-
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like samples (e.g. As150+Ca/Mg; Si750+Ca/Mg) share similar intermediate ranged
correlations, suggesting that these samples contain a similar “backbone” of coherently-
scattering atomic clusters that are present in lab-synthesized 2LFh. The fact that peaks
Fh1-Fh3 in the 2LFh fingerprint appear in both the Si and As series confirms that these
peaks do not arise from atomic pairs involving Si or As because a shift in peak position
would be apparent due to the difference in the sizes of the SiO, (Rg; o ~ 1.6 A) and AsQO,
(Ryeo ~ 1.7 A) tetrahedra. Based on the model refinement for 2LFh, peaks Fhl and Fh3
in the PDFs of 2LFh-like samples can be assigned to edge-sharing Fe polyhedra within an
edge-sharing sheet (site Fel), whereas peak Fh2 (and Fh4 when present) arises from
corner-sharing polyhedral (sites Fe2 and Fe3) sitting atop vacancies in the edge-sharing
sheet. However, as determined by shell-by-shell fits, a significant contribution of corner-
sharing Fe linkages was not detected in the corresponding Fourier-transformed EXAFS
spectra of identical samples. Thus, structural models derived from EXAFS analysis alone
that propose the presence of only edge-sharing Fe-Fe polyhedra may not provide a
complete description of the atomic arrangement, which in our samples requires a fraction
of Fe to be in corner-sharing bonding environments, as evidenced by the presence of peak
Fh2 (and Fh4) in the 2LFh fingerprint.

In our most disordered samples (As150+Ca/Mg; Si750+Ca/Mg), when peaks Fhl,
Fh2, and Fh3 decrease relative to these peaks in 2LFh, they do so almost uniformly,
whereas peak Fh4 and the direct corner-sharing Fe-Fe peak near 34 A do so
disproportionally. Because the corner-sharing linkage between sites Fe2 and Fe3 (corner-
sharing FeO, and FeO,, respectively), does not contribute to Fh2 (see Figure 4.6), the
disproportionate reduction in intensity of Fh4 and the direct corner-sharing peak relative
to Fh2 can be explained by a decrease in the occupancy of sites Fe2 and Fe3. This
decrease in Fe2 and Fe3 site occupancy is consistent with a recent study showing that the
surface of 2LFh consists of depleted Fe2 and Fe3 sites, whereas these same sites in the
2LFh mineral core are defect-free (Hiemstra 2013). The < 1.0 nm CSD of our most
disordered samples points to a large surface to core ratio, which would lead to a dramatic
depletion of the Fe2 and Fe3 sites. Moreover, we expect that oxyanion adsorption is
energetically favorable at the edge-sharing 6-membered ring vacancy (Auffan et al.
2008), which is the location of the Fe2 and Fe3 sites. Consequently, the presence of P,
As(V), and Si, well-known to inhibit corner-sharing Fe linkages, likely increase the
depletion of the Fe2 and Fe3 sites by competing with Fe polyhedra for the six-membered
ring vacancy during Fe(III) polymerization.
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5. Conclusions

Our study shows that the electrolyte composition strongly determines the
structure, ion uptake behavior, and colloidal stability of the Fe(IIl) precipitates generated
by the electrolytic dissolution of Fe(0) electrodes. In the absence of strongly adsorbing
ions, a Lp-like precipitate with poor sheet stacking coherence (pseudo-Lp) forms. The
presence of P, As(V), and Si oxyanions influences the resulting structure differently.
Despite the similar uptake of P and As(V), precipitates dominated by pseudo-Lp
signatures forms in the presence of P (initial P:Fe = 0.1 and 0.3), whereas the presence of
As(V) leads to predominantly 2LFh-like phases (initial As:Fe = 0.1 and 0.3). In the Si
series, a 2LFh-like material is produced in all analyzed samples even though the uptake
of Si is less than in samples having the same initial concentrations of P and As(V). In
this study, we show that the presence of bivalent cations 1) enhances oxyanion uptake, 2)
increases the aggregated particle size as measured by settled turbidity, and 3) alters
mineral phase and primary crystallite size. Our results suggest a systematic decrease in
the strength of bivalent cation:oxyanion interactions in the order of Ca**>Mg* and
P>As(V)>>Si. We are able to interpret the intermediate-ranged region of the PDF of the
most disordered oxyanion-bearing Fe(IIl) precipitate samples using the Michel model.
Despite the deficiency of corner-sharing Fe polyhedra in some of our most disordered
samples as determined from shell-by-shell EXAFS fits, the corresponding PDFs contain
peaks attributed to corner-sharing polyhedra at interatomic distances beyond the range
available using EXAFS spectroscopy. We attribute the decrease in corner-sharing Fe
polyhedra in these samples relative to the reference 2LFh to a reduction of surface Fe2
and Fe3 sites, likely promoted by the presence of strongly adsorbing oxyanions binding at
these locations, whereas the precipitate core contains a higher Fe2 and Fe3 site
occupancy.
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Chapter 5: Interaction of bivalent cations and oxyanions
during the polymerization of Fe(IlI) precipitates generated
from Fe(0) electrocoagulation

To be submitted to Environmental Science and Technology, December, 2013

1. Introduction

The interaction of bivalent cations and oxyanions with nucleating Fe(III)
(oxyhydr)oxide phases is a key process that often determines the fate of contaminants and
nutrients in natural and engineered systems. At hyporheic zones in natural systems, co-
occurring bivalent cations (Ca®*, Mg®") and strongly sorbing oxyanions (As(V), P) can
alter the phase, morphology, sorption capacity and composition of Fe(Ill) precipitates
formed from Fe(II) oxidation (Buffle et al. 1989, Perret et al. 2000, Gunnars et al. 2002,
Morin et al. 2003). In engineered systems for water treatment, the efficiency of oxyanion
removal using Fe(Ill) (oxyhydr)oxides generated by Fe(Il) oxidation and/or Fe(III)
hydrolysis is highly dependent on the presence of bivalent cations (Hering et al. 1997, Jia
& Demopoulos 2008, Guan et al. 2009). We previously showed that Ca** and Mg**
enhance the removal of As(V) and P during Fe(0) electrocoagulation (EC), a low-cost
water treatment technology based on the in-situ generation of Fe(IIl) precipitates via the
electrolytic dissolution of Fe(0) (van Genuchten et al. Submitted). Although several
studies report that bivalent cations influence the uptake behavior and structural effects of
oxyanions, the mechanism of oxyanion-bivalent cation interaction, and its impact on the
resulting structure of coprecipitated Fe(Ill) (oxyhydr)oxides, are poorly understood.

The effect of strongly sorbing oxyanions on the structure and composition of
Fe(IlI) coprecipitates in single solute systems has been studied extensively (Deng 1997,
Cumplido et al. 2000, Voegelin et al. 2013). Surface-poisoning As(V) and P present
during Fe(II) oxidation and/or Fe(IlI) hydrolysis has been shown to inhibit the formation
of corner-sharing Fe polyhedra leading to short-ranged ordered Fe(III) polymers with
large oxyanion to Fe solids ratios (Waychunas et al. 1993, Rose et al. 1996). However,
few studies have extended this type of investigation to binary electrolyte model systems,
where the combined effects of both oxyanions and bivalent cations can be examined
systematically. Voegelin et al., (2010) used batch uptake experiments and X-ray
absorption spectroscopy (XAS) at the K-edges of Fe, Ca, and P to show that the
formation of Ca-O-P linkages during Fe(II) oxidation and Fe(III) polymerization impacts
P sorption behavior and alters the resulting Fe(Ill) phase. However, this study did not
examine other analogous binary electrolyte systems (e.g. Ca’*-As(V)). A better
understanding of the interaction of oxyanions and bivalent cations during Fe(IIl)
polymerization is essential to improve predictions of the fate and transport of
contaminants (As) and nutrients (P) in natural and engineered systems.

Despite the extensive experimental evidence for enhanced As(V) adsorption to
pre-formed Fe(III) (oxyhydr)oxide minerals in the presence of Ca®*, there is no consensus
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on a molecular-level description of the Ca**-As(V) interaction. The formation of direct
Ca-O-As linkages has been proposed based on the interpretation of characteristic bands in
FTIR spectra of Fe(Ill) precipitates generated in an As(V)-Ca’* binary electrolyte (Jia &
Demopoulos 2008, Guan et al. 2009). Kanematsu et al., (2013) also suggested the
formation of direct Ca-O-As bonds in a Ca-As-Fe ternary complex to explain their
inability to model As(V) adsorption data using only As-Fe surface complexes in an
extended triple layer surface complexation model. These direct Ca**-As(V) bonds
contrast the purely electrostatic role of Ca** proposed by other researchers. For example,
using a charge distribution surface complexation model, Stachowicz et al. (2008)
suggested that Ca®* enhances As(V) adsorption by neutralizing surface charge, whereas
Masue et al., (2007) suggest that the Ca**-induced compression of the repulsive double
layer leads to enhanced As(V) adsorption. A more precise understanding of the sorption
configuration of As(V) in the presence of Ca** can help constrain surface complexation
models of arsenic in systems containing pre-formed Fe(IlI) (oxyhydr)oxide minerals and
ubiquitous bivalent cations.

In this work, we use Fe(0) EC to generate Fe(Ill) precipitates in systematically
varied single and binary electrolytes. We combine measurements of ion sorption and
extraction with synchrotron-based X-ray characterization techniques to elucidate the
interaction of bivalent cations and oxyanions during Fe(IIl) polymerization with a
molecular-scale level of detail. The electrolytes examined in our study contain a range of
As(V) and P concentrations (0.05 — 0.5 mM; initial As/P:Fe ratio of 0.1 — 1.0) in the
presence or absence of 1 mM Ca**, which results in solutions supersaturated with respect
hydroxyapatite (Ca;(PO,);OH); log K, = -59) but undersaturated with respect to the Ca-
As(V) apatite mineral analog, johnbaumite (Cas(AsO,);OH; K, = -40)(Myneni et al.
1997). Although we examine both Ca**-P and Ca®*-As(V) binary systems, we focus
primarily on As(V), using this oxyanion as a “sorption surrogate” because 1) arsenic is a
major environmental and public health concern and 2) due to its large X-ray scattering
cross-section, arsenic is more amenable than P and Si to investigation by X-ray
techniques.
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2. Experimental

2.1 Batch Electrocoagulation (EC) Experiments.

Electrolytes (200 mL initial volume) were prepared by adding stock solutions of
reagent grade Na,HAsO, 7H,0O (10 mM), Na,HPO,-7H,O (10 mM), Na,SiO,;'5H,O (10
mM), CaCl, (100 mM), MgCl, (100 mM), and NaCl (100 mM) to 18 M Millipore
water. The sample names used in this work indicate the initial amount of oxyanion (M)
and bivalent cation, if present, in the electrolyte. For example, As50+Ca represents an
electrolyte initially containing 50 #uM As(V) and 1 mM Ca®*. In the absence of bivalent
cations, 4 mM NaCl was introduced to the electrolyte to aid charge transfer during
electrolysis and maintain similar ionic strength.

The EC cell configuration is reported elsewhere in detail (van Genuchten et al.
2012). Briefly, both anodic and cathodic electrodes consisted of Fe(0) sheets spaced 1
cm apart, each with a 12 cm’® submerged surface area. Precipitates were generated by
applying a constant current to the EC cell under atmospheric conditions, which produces
Fe(Il) at the anode (Lakshmanan et al. 2009, Li et al. 2012). Faraday’s law relates the
amount of Fe [mol] generated during EC to the current (i [C/s]) by Fe=(i't,)/(n'F), where
t. is the electrolysis time [s], n is the number of transferred electrons, and F is Faraday’s
constant (96485 C/mol). In each experiment, 0.5 mM Fe was generated at an Fe dosage
rate of 0.83 uM/s with a current density of 2.75 mA/cm’. Following the 10 min
electrolysis stage, the Fe(0) electrodes were removed and the suspension was left to react
for 2 h under continuous stirring. Throughout the duration of the experiment, pH was
measured and, if needed, adjusted to pH 7.5 +/-0.3 with 0.1 or 0.01 M HCI or NaOH.
Following the 2 h reaction stage, solids were separated using 0.1 or 0.45 ym filters. A
Perkin Elmer 5300 inductively coupled plasma optical emission spectrometer (ICP-OES)
was used to determine concentrations of non-filterable (herein referred to as aqueous) Fe,
As, P, and Ca in the initial electrolyte and clear filtrate. Solids ratios [mol:mol] were
calculated as the difference between the initial and final ion concentration normalized by
the total concentration of Fe.

Ion uptake experiments were carried out as a function of time on a subset of
samples by removing and filtering 5 mL aliquots of suspension at 2,4, 7, and 10 min into
the electrolysis stage and 10, 30, 60, 90, and 120 min into the reaction stage. During the
electrolysis stage, the current was stopped at 4 min to measure pH and was reapplied 45 s
later. The electrolysis time was adjusted to account for the volume of solution removed
(~10% decrease in initial volume) to ensure a final Fe concentration of 0.5 mM. With the
exception of electrolysis time, all EC operating parameters were held constant.

2.2 Extraction Experiments.

The dilute solids concentration (~25 mg Fe/L) in typical EC experiments required
a modification to traditional “sequential extraction” procedures (e.g. see (Tessier et al.
1979)). Rather than submerging the filtered solids into a defined volume of an extraction
solution and re-filtering after a defined time, the solids were left on a filter membrane
remained and a series of reagents were flushed through the filter membrane before
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submerging the filter into a final digestion solution. Mobilization reagents were chosen
based on previous work (Tessier et al. 1979, Gleyzes et al. 2002). First, 18 MC2 DI water
was flushed to target any entrained solution and/or ions unassociated with the solid.
Next, a 1.0 M NaCl solution was passed to target weakly adsorbed ions (i.e. ions
involved in non-specific interactions). Finally, to target strongly retained ions remaining
after the NaCl flush, the filtered solids were digested in 10 mL of 0.1 M oxalic acid at pH
3.3. The effect of different flushed volumes on ion mobilization was examined by
flushing the solids with 20 mL in 2 increments of 10 mL. In this work, we report results
obtained using flushes of 10 mL because the ions measured in the 2™ 10 mL flush were
typically < 10% of the 1* 10 mL. The DI-, NaCl-, and oxalic acid-mobilized fractions of
Fe, As/P, and Ca were then calculated by normalizing the amount measured in each
individual flush by the total amount recovered in all three steps.

2.3 Reference Minerals.

The Cornell & Schwertmann (1991) recipe was used to synthesize lepidocrocite
(Lp, y-FeOOH) and 2-line ferrihydrite (2LFh). For Lp, 12 g of FeCl,,4H,0 was
dissolved in 300 mL 18 MQ DI water. The suspension pH was then increased and
maintained at approximately 6.5 with 1 M NaOH while aerating for several hours. For 2-
line ferrihydrite 40 g of Fe(NOs); was dissolved in 500 mL of 18 MQ DI water and
neutralized to pH 7 by adding approximately 330 mL of 1 M KOH. When the suspension
pH stabilized at 7, the blood-red precipitates were immediately centrifuged. Scorodite
(Scor, FeAsO42H,0) was synthesized following the procedures described in (Paktunc et
al. 2008). A 100 mL volume of 0.2 M Fe(NOs); solution was added to a 100 mL volume
of 0.2 M Na,HAsO, solution, and the mixture was adjusted to pH 2 with HNO;. The
suspension was allowed to react for 14 d with pH and temperature maintained at 2 and
70° C, respectively. The initially brown, semi-translucent suspension turned to white
with a greenish tint as the reaction neared completion. Hydroxyapatite (Hap) and
magnetite were purchased from Sigma Aldrich and used without further purification.
Based on the procedures outlined in (Lee et al. 2009), calcium arsenate was synthesized
by combining 50 mL of 0.19 M NaH,AsO, in a 0.1 M KNO, background electrolyte with
50 mL of 0.21 M Ca(NO;), also in a 0.1 M KNO, background electrolyte. The mixture
was then brought to pH 10 with 1 M KOH under constant stirring and left to react
overnight. Calcite (Calc) was prepared by mixing 50 mL of 2 M CaCl, with 50 mL of
0.05 M Na,CO; under constant stirring for 6 h (Nebel & Epple 2008). All precipitates
were rinsed thoroughly with 18 M€2 DI water, dried, and stored in air-tight containers.

2.4 High-energy X-ray Scattering and Pair Distribution Function Analysis.

For high energy X-ray scattering experiments, up to 20 mg of air-dried and
homogenized sample were tightly packed into 3 cm long capillary tubes with inner
diameter of 0.3 mm as air-dried powders and sealed with epoxy (Chapman 2010). High-
energy X-ray scattering experiments were carried out on beam line 11 ID-B of the
Advanced Photon Source (APS) at Argonne National Laboratory (ANL; Argonne, IL,
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USA). An amorphous Si image-plate detector (General Electric) was used to collect data,
allowing for rapid data acquisition (Chupas et al. 2003). Data were collected out to a Q
value near 29 A™ at room temperature using 58.9 keV (A = 0.2128 A) X-rays. Several
exposures lasting 0.5-5 s were taken and summed for each sample, for a total detection
time of 5-10 min per sample. An empty capillary tube and a CeO, standard (NIST 647b)
were measured to aid in background subtraction and energy calibration. Direct
background subtraction was carried out using the scattering data from an empty capillary
tube. Measured scattering patterns corrected for sample-to-detector distance, tilt angle of
the detector with respect to the direction of the incident beam, and X-ray polarization
were integrated radially and converted to 1D plots of the scattering intensity versus
scattering angle using the program Fit2D (Hammersley et al. 1996).

The total structure function, S(Q), and the PDF, g(r), were obtained using the
program PDFgetX2 (Farrow et al. 2007) using standard correction procedures, including
those to correct for image-plate geometry (Chupas et al. 2003). The normalization
procedure to obtain S(Q) was carried out using the chemical formula of FeOOH if Bragg
diffraction maxima consistent with lepidocrocite were observed. Based on the lack of
consensus on the 2LFh formula, a general formula consisting of FeOOH with increasing
water content from 1-2.5 H,O was used for the 2LFh-like samples with decreasing
structural order, which is consistent with the chemical formulas used in previous work of
disordered 2LFh-like material (Cismasu et al. 2012). For each sample, the mol fraction
of sorbed P, As(V), and Ca*" based on wet chemical measurements was also included in
the chemical formula used during data normalization. The pair distribution functions
(PDFs) were obtained by direct Fourier transformation of S(Q) using a Q value of 22 A™.

Real-space PDF structural refinements were carried out using PDFgui (Farrow et
al. 2007). The starting structures used for the PDF refinements of reference materials
were based on the crystal structure of magnetite (Bragg 1915), hydroxyapatite (Lee et al.
2009), calcite (GRAF 1961), scorodite (Kitahama et al. 1975), and 2-line ferrihydrite
(Michel et al. 2007a). In the refinements of Mag, Hap, Calc, and Scor the scale factor,
unit cell parameters (a, b, c¢), isotropic displacement parameters (U), and correlated
atomic motion parameter (5) were refined over the R-range 1-25 A. Additional
information regarding the refinement of Scor and 2LFh appear in Chapter 5 or our
previous study (van Genuchten et al., Submitted). The instrumental resolution (Qy,,)
was set at 0.05 based on the refinement of crystalline magnetite (see Table 5.1). The
goodness-of-fit for all refinements was evaluated using the weighted agreement factor,
Ry, (Egami & Billinge 2003). After obtaining a satisfactory PDF refinement, the refined
PDF was converted into its partial component PDFs (i.e. Fe-O, Fe-Fe, etc.) using PDFgui
(Farrow et al. 2007). Difference PDFs (d-PDFs) of samples were generated by
subtracting the g(r) of one sample from another, with the resulting difference PDF scaled
by a constant tp facilitate comparisons with reference mineral PDFs (Harrington et al.
2010).
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Table 5.1: Summary of PDF Refinements
Ry, a b C Scale o Qbroad
Mag 253  8.380(6) 8.380(6) 8.380(6) 0.92(1) 0.8(1)
Hap 257  9.409(3) 9.409(3) 6.854(4) 1.13(2) 1.22(7)
Calc 21.5  4978(1) 4.978(1) 17.038(6) 1.09(2) 1.10(6)
Scor 26.6 10.294(5) 8.915(4) 10.013(5) 1.76(3)  1.43(3) -
2LFh 325 - - - 1.47(3) 0.34 0.32(1)

Boxes identified by a (-) sign indicate parameters that were not applied to the refinement. The
values in parenthesis represent the error in the last digit of each refined parameter.

2.5 X-ray Absorption Spectroscopy.

As K-edge X-ray absorption spectra were recorded on beam lines 11-2
(fluorescence) and 4-1 (fluorescence and transmission) of the Stanford Synchrotron
Radiation Lightsource (SSRL; Menlo Park, Ca, USA) under typical ring conditions of
350 mA at 3.0 GeV. Samples analyzed by As K-edge XAS were loaded into sample
holders as wet pastes, sealed with Kapton tape immediately after filtering, and kept
frozen until time for analysis. For fluorescence measurements, a 30-element solid-state
Ge detector (11-2) or a lytle detector (4-1) were used, whereas ionization chambers were
used for transmission measurements (4-1). All samples were housed in a liquid nitrogen
cryostat during data collection. Second order harmonics were eliminated by detuning the
Si(220) double-crystal monochromator 20-40%. Spectra were recorded out to a
reciprocal space value of 13.5-16 A" and 4-9 scans were collected for each sample. Data
reduction and analyses were performed with the SixPack software (Webb 2005)
following the procedure previously described in (van Genuchten et al., 2012) Averaged
spectra were background-subtracted by standard methods using values of 11875 for E,.
The k’-weighted EXAFS spectra (y(k)k’) were Fourier-transformed over the k-range 4-13
A" using a Kaiser-Bessel window with dk of 3.

Theoretical curve fitting was carried out in R+AR-space (A) using the SixPack
software, based on algorithms derived from IFEFFIT (Newville 2001). Phase and
amplitude functions for single and multiple scattering paths were calculated using FEFF6
(Rehr et al. 1992). Arsenic paths used in the fits were derived from the structure for Scor
(Kitahama et al. 1975) and included As-O, multiple scattering As-O-O, and As-Fe paths.
An As-Ca path derived from the structure of johnbaumite (Cas;(AsO,);OH) was also used
in the fits. Following previous work (van Genuchten et al., 2012, Mikutta et al., 2010), in
all fits we geometrically constrained the As-O-O multiple-scattering path to the first-shell
As-O path (R, oo = 1.82'°R,,,) and set the degeneracy of this path to 12. The
coordination number (N), change in threshold energy (AE,), interatomic distance (R), and
the mean squared displacement parameter (c°) were typically varied in the fits.
Following the approach of Mikutta et al., (2010), the second-shell fits of the As K-edge
EXAFS spectra were carried out by constraining ¢” to previously reported values in order
to avoid the high correlation (and corresponding high fit-derived uncertainties) between
N and ¢°. The passive electron reduction parameter, S,’, used in the As fits was set at
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0.95 based on published values of S,* for As in tetrahedral coordination in the mineral
scorodite (0.95) (Paktunc et al. 2008) and sorbed to Fe(Ill) (oxyhydr)oxides (1.0)
(Mikutta et al. 2010). In addition to fit parameters, we report the R-factor, which is
defined as the mean square difference between the fit and the data on a point-by-point
basis: R = 3, (data, — fit,)* / 3, (data,)* (Kelly et al. 2008).

2.6 Transmission Electron Microscopy.

A subset of the As(V) series samples were imaged using a FEI Tecnai 12
Transmission Electron Microscope operated at 120 keV at the Electron Microscope
Laboratory (EML) at the University of California, Berkeley. Samples were loaded by
transferring 1 mL of the suspension to a carbon grid and air-drying prior to analysis.
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3. Results and Discussion

3.1 Ion Uptake as a Function of Initial Composition.

Figure 5.1 shows the removal percentage of oxyanions (As(V) and P) and, if
present, Ca’* as a function of initial oxyanion concentration. In the absence of Ca®™,
As(V) removal decreases from approximately 100% at the lowest initial As(V)
concentration to < 50% at the highest. The similar shape of P removal in the absence of
Ca’* (see Figure 4.3 in Chapter 4), confirms the well-known similar affinity of As(V) and
P for Fe(IIl) (oxyhydr)oxide surfaces (Roberts et al. 2004). In the presence of Ca**, the
uptake of both As(V) and P per mass of Fe increases, but this effect is enhanced more in
the case of P than As(V). Nearly complete removal of P is observed in the presence of
Ca®* at all initial P values, whereas approximately 30% of the initial 500 yuM As(V)
remains in solution. Comparison between Ca** and Mg** bivalent cations (van Genuchten
et al., Submitted) indicates that As(V) and P removal are enhanced in the presence of
Mg** relative to the single solute system, but the effects of Mg”" are less pronounced than
Ca®*. The uptake of Ca®* is enhanced with increasing P and As(V), with P increasing the
uptake of Ca** more than As(V). Similarly, P and As(V) also enhance Mg uptake, but
this effect is stronger for P than As(V).
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Figure 5.1: Percent removal of As(V), P, and Ca as a function of initial oxyanion concentration.
The solid diamonds, squares, and triangles represent oxyanion removal for the As, As+Ca, and
P+Ca concentration series, respectively, whereas the open squares and open triangles represent
Ca’* removal in the As+Ca and P+Ca series, respectively. The insets highlight the effect of
increasing initial Ca** concentrations on the removal of 150 and 500 uM As(V). The open circles
show the As(V) removal percentage when 1 mM of Ca** was added +30 min after the electrolysis
stage.
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Table 5.2 and the inset in Figure 5.1 illustrate the effects of varying the initial Ca:
As(V) ratio from 0 to = 4 on the removal of 150 and 500 uM As(V). The presence of
Ca® at an initial Ca:As ratio of 0.66 increases the removal of 150 and 500 uM As(V)
from 82% to 93% and 42% to 58%, respectively. Additional As(V) removal is observed
as the initial Ca:As ratio increases to 2, but further increasing the Ca:As ratio above 2
does not significantly improve As(V) removal. These results suggest that an initial ratio
of 2:1 Ca:As can reproduce the full effect of Ca** on As(V) uptake in our experiments.

The effect of adding 1000 M Ca** 30 min after the end of electrolysis (i.e. after
all Fe has been generated) was also tested, and is indicated by the open circle in the inset
(samples As150+30min+Ca and As500+30min+Ca in Table 5.1). At the lowest initial
Ca:As ratio of 0.66, Ca®* increases As(V) removal more than 1000 uM Ca** (Ca:As of
>4) added 30 min after electrolysis. This effect is most pronounced at the 500 xM As(V)
concentration, where the addition of 1000 M Ca® after electrolysis (sample
As500+30min+Ca) has negligible impact on As(V) removal. These results indicate that
the effect of Ca* on As(V) uptake is stronger at the onset of Fe(IIl) precipitation when
Ca* is more likely to influence the resulting Fe(III) precipitate structure rather than after
30 min when the majority of Fe(Ill) has already polymerized into a metastable Fe(IIl)
phase. Based on the similar solids ratio, we expect that the structures of the As500 and
As5004+30min+Ca sample are similar. In contrast, the As500+Ca sample, which has a
significantly larger solids ratio, contains less Fe polymerization than the As500 sample in
favor of more Fe-As bonding (see discussion in Section 3.5).
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Table 5.2A: As(V) removal as a function of initial Ca** concentration

Initial Value Initial Ratio Solids Ratio
Sample
(uM) (mol:mol) (mol:mol)
As Ca As:Fe Ca:As As:Fe SD
As150 150 - 0.3 0 0.25 0.03
As150+100Ca 150 100 0.3 0.66 0.28 -
As150+300Ca 150 300 0.3 2 0.29 -
As150+1000Ca 150 1000 0.3 6.6 0.30 <0.01
As150+30min+1000Ca 150 1000. 0.3 0 0.26 -
+30 min
As500 500 - 1.0 0 042 0.07
As500+330Ca 500 330 1.0 0.66 0.58 -
As500+1000Ca 500 1000 1.0 2 0.69 0.04
As500+2000Ca 500 2000 1.0 4 0.73 -
As500+30min+1000Ca 500 1000. 1.0 0 042 -
+30 min
As1000+1000Ca 1000 1000 20 1 0.82 -

Table 5.2B: Solids ratios and ratios of ions mobilized by digestion in oxalic acid

Solids Ratio Oxalic Acid Mobilized Ratio
Sample
(mol:mol) (mol:mol)
As:Fe P:Fe Ca:Fe As/P:Fe Ca:Fe Ca:As/P
As50 0.10 - - 0.10 - -
As50+1000Ca 0.10 - 0.15 0.09 001 0.09
As150 0.25 - - 0.24 - -
As150+1000Ca 0.30 - 0.19 0.27 0.02 0.06
As500 042 - - - - -
As500+1000Ca 0.69 - 0.40 0.63 0.05 0.08
P500 - 040 - - - -
P500+1000Ca - 0.94 0.70 0.97 040 041
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3.2 As(V) Uptake as a Function of Time.

Figure 5.2 shows the concentration of aqueous As(V) measured at increasing time
steps along the electrolysis and reaction stages. The majority of oxyanion uptake in all
samples occurs in the first 10-20 min of the reaction, with little removal taking place in
the remaining 110-120 min duration. The time-dependent aqueous As(V) measurements,
facilitated by the unique ability of EC systems to precisely control the production of Fe,
help to resolve a key difference in the As50+Ca sample relative to the other samples in
Figure 5.2. Imperceptible in batch experiments where As(V) uptake is measured after all
Fe(IlI) precipitates form, aqueous As(V) is depleted in the As50+Ca sample only 4 min
into the electrolysis (i.e. 60% of the total Fe is yet to be introduced). Because the As(V)-
depleted electrolyte in the As50+Ca sample consists of only weakly adsorbing ions at
time > 4 min, it follows that the majority (> 60%) of Fe in this sample is free to
polymerize into more crystalline Fe solids, such as lepidocrocite. This effect is consistent
with the sequential formation (Voegelin et al. 2010, Voegelin et al. 2013) of an oxyanion-
bearing, disordered Fe polymer with a large oxyanion sorption capacity at the onset of
electrolysis followed by the formation of a predominant, more crystalline Fe phase. The
shapes of the time resolved curves for the remaining samples in Figure 5.2, including
As50, show that the aqueous As(V) concentration is never completely depleted prior to
the end of electrolysis This result suggests that the majority of Fe in these samples
polymerizes in the presence of surface-poisoning As(V), which is an oxyanion well-
known to disrupt Fe-Fe polymerization and lead to disordered Fe phases.
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Figure 5.2: As(V) concentration in the filtrate as a function of time.

3.3 Ion Extraction.

Figure 5.3 and 5.4 show the fraction of As(V), P (Figure 5.3A), Ca®* (Figure
5.3B) and Fe (Figure 5.4) released in flushes of 18 MQ DI water and 1.0 M NaCl,
followed by digestion in oxalic acid at pH 3.3. Similar to As(V) and P mobilization
trends, Fe is only mobilized in the oxalic acid step, resulting in oxalic acid-mobilized
ratios of As(V):Fe and P:Fe similar to their respective solids ratios. The coupling of
mobilized Fe and As(V)/P is consistent with strong, specific bonding interactions
between oxyanions and the Fe(Ill) precipitate. Thus the mobilization of oxyanions in
these experiments require dissolution of the solid Fe(IIl) phase.

Contrary to the behavior of As(V) and P, a significant fraction of Ca*" is released
in both the NaCl and oxalic acid steps. Because the NaCl flush releases some Ca** but no
oxyanion, we can rule out the formation of a significant portion of As(V) or P bound in
outer-sphere complexes or in aqueous complexes to weakly adsorbed Ca**. The amount
of Ca® released in the oxalic acid step increases in the order of As50+Ca < As150+Ca <
As500+Ca < P500+Ca, which is the same order of increasing Ca** uptake observed in the
batch uptake experiments. These trends suggest the formation of oxyanion-Ca** bonds;
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however, the primary type of oxyanion-Ca" interaction appears to differ between As(V)
and P. In the As500+Ca sample, the NaCl flush releases the majority of Ca**, suggesting
that Ca* is primarily associated with the solid in weakly-adsorbed (outer-sphere)
complexes. Conversely, the oxalic-acid digestion releases the major fraction of Ca®* in
the P500+Ca sample, suggesting a specific sorption mechanism.

The ratio of oxalic-acid mobilized ions provides a measure of the stoichiometry of
As/P and Ca® intimately associated with the solid phase. The oxalic acid-mobilized
Ca:As ratios for all the samples in the As-Ca system are all near 0.1, suggesting that
strongly sorbed Ca®" is only a minor fraction of the overall solid phase in the As(V)-Ca*
system. In the Ca-P system, Ca>* and P are released in the P500+Ca at a ratio of nearly
0.4 Ca:P, which is a ratio consistent with a polymer containing an approximate Ca:P:Fe
stoichiometry of 0.4:1:1.
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As50 | [ (010 motmol
Ass0+Ca | (I (0.10 mol:mol
As150 | (IR | 0-25 mol:mol
Asts0+Ca | [ | 0.30 okmo
ass00 | ] | 047 mokmo
As500+Ca | ([ | 0-69 mol:mol
p500+Ca | [N | 0.94 mokmo

0 0.25 0.5 0.75 1.0
Fraction of Mobilized As(V) or P

B D DI |:| 1.0 M NaCl - 0.1 M Oxalic Acid
As50+Ca - 0.15 mol:mol
As150+Ca - 0.21 mol:mol
As500+Ca - 0.40 mol:mol

o

0.25 0.5 0.75
Fraction of Mobilized Ca%*

Figure 5.3: Mobilized fractions of A) As(V) and B) Ca** after flushing with DI, 1.0 M NaCl and
digestion by 0.1 M oxalic acid. The values listed to the right of A and B indicate the As(V) and
Ca®* solids ratios (mol:mol Fe), respectively, for the corresponding samples. The mobilized
fractions of As(V) and Ca** varied by < 0.1 in replicate experiments.
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Figure 5.4: Mobilized fractions Fe after flushing with DI, 1.0 M NaCl and digestion by 0.1 M
oxalic acid.

3.4 Polyhedral Linkages in Reference Material.

To interpret the short- to intermediate-ranged atomic configuration of the
experimental samples, we begin by identifying major peaks due to characteristic atomic
pairs in the PDFs of a suite reference minerals containing Ca*, As(V), P, and Fe. The
PDF refinements of Hap, Calc, Scor, and 2LFh are overlain to the data in Figure in 5.5,
with the partial component PDFs appearing below each complete refinement.
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Figure 5.5: Pair distribution function refinements and partial components PDFs of reference
minerals.
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3.4.1 Hydroxyapatite: The first four peaks at 1.5, 2.4, 3.2, and 3.6 A in the Hap
PDF are primarily due to P-O, Ca-O, P-Ca, and P-Ca linkages, respectively. The CaOq
and PO, polyhedra that produce these peaks are bound together by single-corner sharing
linkages, with the difference in Ca-P distances due to highly distorted CaO, octahedra
(R ranges from 2.9 to 4.3 A) (Lee et al. 2009). The next peak in Hap occurs near 4.0 A
and receives major contributions from Ca-Ca and to a lesser extent Ca-O atomic pairs.

3.4.2 Calcite: The PDF of Calc contains a C-O peak near 1.3 A and a Ca-O peak
near 2.3-2.4 A. The next major feature near 3.3 A is due to a combination of Ca-O and
Ca-C atomic pairs. The first contribution from Ca-Ca pairs in Calc appears near 4.0 A
and contributes to the split peak from 3.8-4.5 A along with a contribution from Ca-O near
44 A.

34.3 Scorodite: The major peaks in the first 4 A of the Scor PDF arise due to As-
O (1.7 A), Fe-O (2.0 A) and As-Fe (3.35 A) atomic pairs. The single corner-sharing
linkages between AsO, and FeOg polyhedra in Scor (Kitahama et al. 1975) differ from
the dominant binuclear corner-sharing (*C) geometry of As(V) adsorbed to Fe(III)
(oxyhydr)oxides, which has R, . near 3.2-3.3 A (Waychunas et al. 1993, Sherman &
Randall 2003).

344 2-line ferrihydrite: The PDF of 2LFh contains a peak near 2.0 A due Fe-O
pairs and two peaks near 3.0 and 3.4 A primarily due to Fe-Fe pairs from edge- and
corner-sharing Fe polyhedra, respectively (Michel et al. 2007a). The intermediate-ranged
“fingerprint” region from 4.0-7.0 A in the 2LFh PDF contains three peaks near 4.7, 5.3,
and 6.2 A with a small shoulder around 6.8 A. The first and third of these peaks are
primarily due to Fe-O atomic pairs from edge-sharing FeO, octahedra, where as the
second peak near 5.3 A and the shoulder at 6.8 A are primarily due to corner-sharing Fe-
Fe pairs (Michel et al. 2007a).

3.5 Fe(IIl) Precipitate Structures.

Figure 5.6A presents the PDFs of select samples in the As and P series along with
Lp and 2LFh references for comparison. In an NaCl background electrolyte, Fe(IIl)
precipitates bearing Lp-like fingerprints in the PDF are generated. The differences in the
PDFs between the NaCl sample and Lp, such as the decrease in intensity of the peak near
8.6 A, reflect a decrease in sheet-stacking coherence (Chapter 4 and van Genuchten et al.
Submitted). The PDF of the As50 sample (50 uM As(V); initial As:Fe ratio of 0.1)
contains the intermediate-ranged 2LFh fingerprint of edge- and corner-sharing peaks
from 4.0-70 A, suggesting that As(V) promotes the formation of disordered Fe(III)
precipitates. The presence of 1 mM Ca’ in the initial electrolyte containing 50 uM
As(V) leads to a transition in the shape of the PDF from a disordered Fe(III) precipitate
similar to 2LFh-like towards a pseudo-Lp phase. An increase in the crystallinity of the
average Fe(IIl) precipitate structure mediated by bivalent cations in the presence of
oxyanions was also observed in other binary electrolyte systems (e.g. Mg**-As(V), Mg**-
P and Ca**-P) (van Genuchten et al. Submitted).

Based on the shapes of the corresponding As(V) uptake kinetics (Section 3.2,
Figure 5.2), we propose that the transition from Fe(IIl) precipitates resembling 2LFh to
pseudo-Lp in the As50+Ca sample is an effect of the increased As(V) adsorption capacity
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of Fe(Ill) precipitates in the presence of Ca*. The enhanced As:Fe solids ratio leads to
less Fe required to deplete surface-poisoning As(V) from solution. This effect in the
As50+Ca sample leads to a multiple mineral phases: a moderately crystalline Lp-like
phase formed after the depletion of aqueous As(V) that masks a minor, polymeric As(V)-
and Ca**-containing Fe phase with a large As:Fe solids ratio, which is formed at the onset
of electrolysis. The multi-phase nature of the As+Ca sample is confirmed by
transmission electron micrographs (Figure 5.7), which display an Fe(IIl) phase with a
thin, needle-like morphology, consistent with the morphology of Lp, dispersed in
rounded 2LFh-like aggregates. No transition from 2FLh to pseudo-Lp is observed in the
As150 and As150+Ca samples, which is consistent the presence of aqueous As(V) in
solution during the Fe(III) polymerization in these samples (Figure 5.2). The lower CSD,
the reduced amplitude of the peaks in the 2LFh fingerprint region, and the reduction of
the corner-sharing Fe-Fe peak near 3.4 A in the As150+Ca PDF relative to the As150
PDF suggest a decrease in Fe polymerization in the As150+Ca sample relative to the
As150 sample. These structural differences are consistent with the higher As:Fe solids
ratio in the As150+Ca sample relative to the As150 sample.

=1 A

Lp — B
2LFh
“INaci
M/J\/\/\/W\ HAP
IAs50+Ca —

_ As150 P500-(P500+Ca)

“Ass00 As500-(AsS00+Ca)
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Figure 5.6: A) Pair distribution functions of the As-Ca series and B) difference pair distribution
functions.
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Figure 5.7: Transmission electron micrograph of the As50+Ca sample showing the needle-like
morphology of Lp and the spherical, aggregated morphology of polymeric Fe(III).

Relative to the As500+Ca PDF, the As500 PDF contains more amplitude in the
2LFh fingerprint region and has a higher CSD, suggesting the presence of more edge-
and corner-sharing connectivity. To more precisely isolate structural differences between
these two samples, we took their corresponding d-PDFs. In Figure 5.6B, we overlay the
As500-(As500+Ca) and As500+Ca-(As500+Mg) d-PDFs for the As series along with the
analogous d-PDFs in the P series. We also present the PDFs of reference minerals to
compare the positions of characteristic atomic pairs. A positive peak in the As500+Ca-
(As500+Mg) d-PDF and negative peak in the As500-(As500+Ca) d-PDF appear near 2.4
A, which is consistent with the position of the Ca-O peak in the Hap and calcium arsenate
PDFs. An important difference between the As500 and As500+Ca PDFs that is revealed
in the d-PDF appears in the region from 3.0 — 3.5 A. The symmetric peak dominated by
As-Fe scattering in the 3.0 — 3.5 A region of the As500 PDF does not appear to contain
multiple atomic pair contributions when examined alone. However, in the As500-
(As500+Ca) d-PDF, two well-resolved peaks consistent with edge- and corner-sharing Fe
polyhedra emerge at 3.0 and 3.4 A. The peaks at 3.0 and 3.4 A in this d-PDF indicate
that more edge- and corner-sharing Fe linkages exist in the As500 sample relative to
As500+Ca, which is consistent with the increased amplitude of the 2LFh fingerprint, the
larger CSD of the As500 sample, and the lower As:Fe solids ratio. Although atomic pairs

111



from Ca-O were resolved in the As series d-PDFs, it is not possible to resolve distinct
peaks due to Ca-As atomic pairs.

The P series PDFs presented in Figure 5.6A both contain peaks near 1.6, 2.0 and
32 A due to P-O, Fe-O and P-Fe scattering, respectively. The peaks of the 2LFh
fingerprint in the P500 PDF resemble those of the As500 PDF, which is consistent with
the similar P:Fe and As:Fe solids ratios of the samples. Consistent with the approximate
1:1 P:Fe solids ratio in the P500+Ca sample, the P-O peak near 1.6 A and the P-Fe peak
near 3.2 A are more intense in the P500+Ca sample than the P5S00 sample. Similar to the
As500+Ca PDF, the P500+Ca PDF contains no major features beyond 4 A, pointing to
the polymeric nature of samples containing large P:Fe or As:Fe solids ratios. Consistent
with the largest Ca:Fe solids ratio of any sample, the P500+Ca PDF contains a resolved
peak near 2.4 A due to Ca-O scattering, which is confirmed in the d-PDF (Figure 5.6B).
Beyond the first P-O, Fe-O, Ca-O, and P-Fe correlations, a new peak in the P500+Ca
PDF emerges with a maximum near 3.6 A that is not visible in any other PDF. We
expect direct Ca-P bonds to be important in the P500+Ca sample because the
mobilization data indicate that strongly sorbed Ca®*, which is more likely to scatter
coherently beyond the first Ca-O shell than weakly sorbed Ca®*, constitutes a major
fraction of the total P500+Ca solid. Additionally, the position of this peak in the
P500+Ca sample is consistent with a Ca-P peak near 3.6 A in Hap due to direct bonding
between CaO, and PO, polyhedra. Consequently, we propose that this peak originates
from short-ranged Ca-P linkages that are strongly associated with the Fe(IIl) precipitates
perhaps in a Ca-P-Fe polymer configuration, where CaO, octahedra bind to sorbed PO,
tetrahedra in a similar corner-sharing configuration as is found in Hap. Despite the initial
solution being supersaturated with respect to Hap, the formation of a distinct Ca-P
mineral is not supported by the PDF data. If a distinct Ca-P mineral with a CSD larger
than 7 A were to produce the peak near 3.6 A, this phase would also contribute to the rest
of the PDF beyond 4 A. The CSD of the P500+Ca PDF is < 7 A and contains no
significant correlations beyond next-nearest neighbor atomic pairs, thus ruling out a Ca-P
mineral. Although the peak near 3.6 A could also be interpreted as evidence for
mononuclear corner-sharing Fe-Fe linkages, we argue against this because 1) P is well-
known to inhibit corner-sharing Fe polyhedra, 2) Fe-Fe polymerization is limited in this
sample as evidenced by the lack of significant intermediate-ranged pair correlations
beyond 4 A, and 3) this peak becomes visible only in the presence of Ca**.

3.6 Local Coordination Environmnent of As(V).

The As K-edge EXAFS spectra and Fourier transforms of select samples and
reference minerals are overlain to the shell-by-shell fitting output in Figure 5.8. A
summary of the shell-by-shell fitting results appears in Table 5.3. Fits of the first shell
for all samples and reference minerals returned values near 4 for N, , and 1.68-1.70 A
for R, o, which is consistent with As(V) in tetrahedral coordination. The second-shell fit
of Scor resulted in values of 3.4 + 1.0 for N, . and 3.35 + 0.01 A for R,_ ., which is in
excellent agreement with crystallographic values (Kitahma et al., 1975). The second-
shell fits of all experimental samples in the As series are within the fit derived
uncertainties of an As-Fe path at 3.28 A with N, . of 2, which is consistent with AsO,
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tetrahedra bound to Fe(IIl) precipitates in the binuclear, corner-sharing (*C) geometry.
Attempts to add an additional As-Fe path at 3.6 A corresponding to a mononuclear
corner-sharing ('C) complex were not supported by the fit (physically unrealistic fit-
derived ¢* and/or N). In samples generated in the presence of Ca®, attempts to add an
As-Ca path with R, , values of 3.2, 3.4, or 3.6 A (such as those found in the mineral
johnbaumite) were not supported by the fit. The fitting results of the experimental
samples indicate that As(V) is primarily bound to Fe(Ill) precipitates in the same *C
geometry regardless of the presence or absence of Ca®, which is consistent with the
strong coupling of As and Fe determined in the mobilization experiments. Despite the
lack of As-Ca scattering detected in the second-shell of samples containing Ca®, the
strong contribution of As-Fe scattering (R, . = 3.28 A) could mask a minor fraction of
As-Ca bonds (R, = 3.2 — 3.6 A). Thus, it is not possible to completely rule out the
formation of a minor fraction of As-Ca coordination.
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X(k3)
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*{ As150+Ca
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(65}
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Figure 5.8: A) As K-edge EXAFS spectra and B) Fourier-transformed As K-edge EXAFS
spectra of reference material and key samples in the Ca-As(V) concentration series. The outputs
of shell-by-shell fits are overlain on the data.
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Table 5.3: Summary of As Shell-by-shell Fitting Results

Atomic 2,32
Sample Pairs N R (A) o’ (A% R-Factor
Scor As-O 45(0.5) 1.68 (0.01) 0.002 (0.001) 0.022
As-0-0 12 1.82(Ras0) = 3.05 6° (As-O)
As-Fe 3.4(1.0) 3.35(0.01) 0.004 (0.002)
As50 As-O 4.9 (0.6) 1.70 (0.01) 0.003 (0.001) 0.033
As-0-0 12 1.82(Ras0) = 3.09 6° (As-O)
As-Fe 2.0 (1.0) 3.31(0.03) 0.01
As150 As-O 4.5(0.5) 1.69 (0.01) 0.002 (0.001) 0.027
As-0-0 12 1.82(Ras0) = 3.07 6 (As-O)
As-Fe 1.7 (0.9) 3.28 (0.04) 0.01
As500 As-O 43(0.4) 1.69 (0.01) 0.002 (0.001) 0.020
As-0-0 12 1.82(Ras0) = 3.07 6 (As-O)
As-Fe 1.6 (0.7) 3.29 (0.03) 0.01
As50+Ca As-O 5.0 (0.6) 1.70 (0.01) 0.003 (0.001) 0.030
As-0-0 12 1.82(Ras.0) = 3.09 6” (As-0)
As-Fe 1.8 (0.9) 3.27 (0.04) 0.01
As150+Ca As-O 4.7 (0.6) 1.69 (0.01) 0.003 (0.001) 0.027
As-0-0 12 1.82(Ras.0) = 3.06 6” (As-0)
As-Fe 2.5(0.9) 3.26 (0.03) 0.01
As500+Ca As-O 43(0.5) 1.69 (0.01) 0.002 (0.001) 0.023
As-0-0 12 1.82(Ras0) = 3.07 6” (As-0)
As-Fe 2.7(0.8) 3.26 (0.02) 0.01

N is the coordination number, R is the interatomic distance, 0° is the mean squared atomic

displacement, AE, is the change in threshold energy. The passive electron reduction factor, S;’,
was fixed at 0.95. Fitting parameters allowed to float are accompanied by fit-determined standard
errors in parenthesis. Constrained parameters appear without a parenthesis. The k-range used in

the Fourier transform was 4-13 A", All fits were carried out from 1-4 A in R+AR-space. The
number of independent points (Njy,) was 17, whereas the number of variables (N,,) was 7.
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3.7 Structural Models of Ca-P/As(V)-Fe(Ill) Polymers.

The oxidation of Fe(Il) and sequential formation of Fe(IIl) precipitates in the
presence of oxyanions leads to short-ranged, high oxyanion-bearing Fe(IIl) polymers at
the onset of precipitation followed by the formation of more crystalline Fe(III) phases as
oxyanions are removed from solution. In our study, the As500+Ca and P500+Ca samples
have an As/P:Fe ratio of approximately 0.7 — 1.0 and a CSD of < 7 A. Consequently, we
expect that these samples approximate the polymeric end-member Fe(IlI) phases formed
at the early stages of sequential Fe(IIl) precipitation in the presence of strongly sorbing
oxyanions and bivalent cations. Due to their high reactivity, these types of short-ranged
polymers have been investigated extensively and have been referred to by several names
(amorphous As(V)-Fe(Ill) (oxyhydr)oxides (Morin et al. 2003), basic Fe(IIl) phosphate
(Gunnars et al. 2002), colloidal Fe phosphate (Buffle et al. 1989), hydrous iron oxides
(Perret et al. 2000), etc). However, the typical “invisibility” of these precipitates to XRD
renders the structural identification of this important class of Fe(IIl) precipitates difficult.
In this section we derive possible structural models for these oxyanion-bearing Fe(IIl)
polymers using constrains derived from batch sorption experiments, mobilization data,
As K-edge EXAFS spectroscopy and the PDF data.

Based on the strong coupling of As and Fe in the mobilization data, the intense
As-Fe peak near 3.2 — 3.3 A in the sample PDFs, and the shell-by-shell fits of the As K-
edge EXAFS spectra, we can constrain the primary binding mode of As(V) to the *C
geometry where As(V) binds to the apical oxygen atoms of adjacent Fe polyhedra. The
Ca:As ratio in the oxalate-mobilized fraction suggests that direct As(V)-Ca* bonding is
limited to an Ca:As ratio of approximately 1:10, which can explain the insignificant
contribution of Ca** to the second-shell of the As K-edge EXAFS spectra. The < 7 A
CSD of the As500+Ca sample provides an additional constraint on the coherent
arrangement of Ca, As, and Fe atoms in the solid. A structural model for the As500+Ca
sample consistent with our wet chemical and structural data appears in Figure 5.9. The
role of Ca* in the formation of such an As(V)-bearing Fe(Ill) polymer is two-fold: 1)
“structural” Ca* participates in direct bonding with sorbed As(V) and serves to increase
As(V) uptake via specific bonding interactions and 2) “electrostatic” Ca** associates with
the solid in weaker, non-specific interactions that increase As(V) uptake by inhibiting
electrostatic repulsion between the negatively charged As(V)-bearing Fe(III) polymer and
the approaching negatively charged H,AsO,/HAsO,” species. In the As series, the role
of “structural” Ca®" is likely minor relative to “electrostatic” Ca®*. For example, if Ca®
were influencing As(V) sorption by acting only via direct Ca-As bonds at the observed
Ca:As ratio near 1:10, no additional removal of 0.5 mM As(V) would be observed above
a Ca®* concentration of 0.05 mM, which is inconsistent with the observed As:Fe solids
ratios (Table 5.2). Although the majority of sorbed Ca’ in the As series appears to be
“electrostatic”” Ca®*, we expect the importance of “structural” Ca** to increase with initial
As(V) concentration and pH as the solution becomes closer to supersaturation with
respect to johnbaumite.
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Figure 5.9: Visual representation of the Ca-As-Fe(Ill) polymer likely formed at the onset of
Fe(III) precipitation in the presence of Ca** and As(V).

In the P500+Ca sample, the oxalate-mobilized P and Ca’* fractions point to a
polymer consisting of Ca:P:Fe ratios near 0.4:1:1. Using the interatomic distances
derived from the PDF, we expect a Ca-P distance near 3.6 A and a P-Fe distance near 3.2
A. In Figure 5.10, we present a cluster of atoms that is consistent with the mobilization
and structural data of the P500+Ca sample. Consistent with the larger oxyanion solids
ratio in the P500+Ca sample (P:Fe = 1.0) relative to the As500+Ca sample (As:Fe =0.7),
the P series contains more “structural” Ca** (Ca:P = 04 < Ca:As = 0.1), which is
expected to enhance oxyanion sorption more than electrostatic Ca**. Although the
coherently scattering atoms in this configuration are limited to the Ca-P<Fe, moiety,
some direct Ca-P-Fe bonding may persist throughout the network of Ca-P-Fe polymers,
which can aid in aggregation of the small clusters and lead to solids that can be filtered or
settled by gravity. The minor fraction of “electrostatic” Ca** in the P500+Ca sample
further acts to neutralize the charge of the clusters, which can enhance P sorption and
promote aggregation.
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Figure 5.10: Visual representation of the Ca-P-Fe(Ill) polymer likely formed at the onset of
Fe(I1I) precipitation in the presence of Ca®* and P.
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Chapter 6: Conclusions

1. The Interaction of Oxyanions and Bivalent Cations During Fe(III)
Polymerization

The formation of Fe(Ill) precipitates from Fe(Il) oxidation and/or Fe(IIl)
hydrolysis is an important process governing the fate and bioavailability of contaminants
and nutrients in natural and engineered systems. Freshly precipitated Fe(IIl)
(oxyhydr)oxides often occur only at the nano-scale, and thus have enhanced reactivity
due partly to their large specific surface area. In this work, the major focus was given to
understanding the effects of ubiquitous oxyanions and bivalent cations on the structure,
composition and arsenic uptake behavior of Fe(IIl) coprecipitates. The results and
conclusions of this work have application in many analogous systems where Fe(IIl)
precipitates form in the presence of strongly sorbing ions (e.g. natural redox boundaries).

In the system containing only weakly adsorbing electrolytes (NaCl, CaCl,,
MgCl,), Fe(Il) oxidation and Fe(Ill) polymerization leads to pseudo-lepidocrocite
(pseudo-Lp), a disordered version of y-FeOOH with low sheet-stacking order
(Schwertmann & Taylor 1979). This moderately crystalline Fe(III) oxyhydroxide is the
most crystalline sample of this work. In single solute oxyanion systems, P and As(V)
have similar uptake behavior, but different effects on the resulting Fe(IIl) precipitate
structure. In the P series, pseudo-Lp dominates (initial P:Fe < 0.3), whereas 2-line
ferrihydrite-like material such as As(V)-bearing hydrous ferric oxide dominates in the
presence of As(V) (initial As(V):Fe = 0.1 and 0.3). Despite its lower affinity for Fe(III)
precipitates, Si leads to disordered Si-bearing Fe(IIl) precipitates in all conditions tested
(initial Si:Fe=0.5 and 1.5 with and without Ca**/Mg®*). Consistent with a direct
interaction between oxyanions and bivalent cations, the presence of Ca** and Mg™
enhances oxyanion uptake and can alter the average structure of the resulting Fe(IIl)
precipitate relative to the single oxyanion system. In addition, the colloidally stable
suspensions generated in the presence of P, As(V), and Si can be destabilized by Ca** and
Mg, leading to aggregated flocs.

Measurements of aqueous As(V) and P as a function of time during the
electrolysis and reaction stages reveal that the presence of bivalent cations leads to more
oxyanion removal per Fe mass relative to the single solute systems. This enhanced
sorption per mass, which requires less Fe to remove As(V) and P, leads to the sequential
formation of different Fe(IlI) phases. At the onset of electrolysis, an oxyanion-rich
Fe(III) polymer forms until oxyanions in solution are depleted, which is followed by the
formation of a more crystalline Fe(IIl) phase forms (i.e. pseudo-Lp) in the oxyanion-free
electrolyte. In electrolytes containing oxyanion concentrations exceeding the sorption
capacity of the Fe(Ill) precipitates, such as the synthetic groundwater matrix in Chapter
3, the Si750+Ca sample in Chapter 4, and the As500+Ca sample in Chapter 5, only
disordered Fe(Ill) precipitates are likely to form. Overall, the sequential formation of
disordered Fe(III) polymers and pseudo-Lp as oxyanions are depleted from solution can
explain the structures of EC precipitates generated in electrolytes with chemical
compositions ranging from synthetic groundwater to background electrolytes.
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The results presented in this dissertation show a systematic decrease in the
strength of bivalent cation:oxyanion interaction in the order of Ca®*>Mg”* and
P>As(V)>>Si. This systematic ordering results from the type of oxyanion-bivalent
cation interaction, which depends on the identity of the interacting ions. In Chapter 3,
two types of sorbed Ca* are described in both the P+Ca and As(V)+Ca concentrations
series. Consistent with strongly sorbed or “structural” Ca**, direct Ca-O-P linkages were
detected in the PDF of the P500+Ca sample, although a distinct Ca-P mineral was not
observed. Weakly sorbed or “electrostatic” Ca®* was found to be a minor species relative
to “structural” Ca’* in the P500+Ca sample based on extraction experiments. In the
As(V)+Ca samples, strongly sorbed Ca** is present, but the majority of Ca** taken up in
these samples is weakly sorbed, or electrostatic Ca**. By participating in specific
bonding interactions, “structural” Ca*" is expected to increase oxyanion uptake more than
electrostatic Ca**. The two different roles of sorbed Ca** in these systems can explain the
observed behavior of ion uptake in binary electrolytes. For example, the enhanced
removal of P relative to As(V) in the presence of Ca** can be explained by the presence
of more “structural” Ca®* in the P+Ca series. Additionally, less removal of both As(V)
and P is observed in the presence of Mg** than Ca*, which may be explained by the
higher ionic potential of Mg** relative to Ca®*. Bivalent cations are not expected to
interact strongly with neutrally charged Si, which is consistent with the negligible
difference in Si uptake in the presence of Ca** relative to Mg**.

2. Implications for Arsenic Treatment Using EC in the Field

2.1 Influencing of EC Operating Parameters

The implementation and sustained operation of EC systems in resource-scarce
rural areas requires a complete understanding of the effects of EC operating parameters to
ensure all benefits of the technology are exploited. Previously documented EC studies
are often inconsistent both in the language used to describe these operating parameters
and the fundamental understanding of how these operating parameters influence EC
system performance. In Chapter 3, the effect of current density (applied current per unit
submerged electrode area) on the structure and arsenic uptake mechanism of EC
precipitates was investigated. Although current density is often reported to be a
governing variable in EC systems, no significant change in the arsenic sorption behavior
or the local coordination environment of Fe or As were observed over the broad range of
investigated current densities (0.02 — 100 mA/cm?).

In electrochemical systems relying on natural corrosion in the absence of an
external current to promote electrode oxidation, current density is likely important
because the rate of electrode oxidation will be a function of the electrode area. However,
current density is a misleading variable in EC systems because the rate of Fe(Il)
production, which is the primary variable, is controlled by the applied current. Li et al.,
(2012) showed that the more relevant operating parameter in EC systems is the charge
dosage rate (i.e. the applied current per volume of electrolyte), which is the amount of
charge passed through the electrode per time per volume. This variable governs the
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volume-normalized rate of Fe(Il) production in the system independent of electrode area,
which allows for generalizable results using electrodes of different sizes and shapes.
However, because the current density is related to the electrode interface potential, the
current density could play a role in EC systems under some rare cases. Such cases occur
when the current density is large enough to increase the anodic interface potential above
the threshold for oxygen evolution. Although unlikely to occur in the field, oxygen
evolution at large current densities results in less Fe(Il) produced for a given applied
current because H,O oxidizes instead of Fe(Il), which leads to less Fe(Ill) precipitates
available for scavenging contaminants.

2.2 Influence of Electrolyte Chemistry.

Because the origin of geogenic arsenic-contamination is partly a function of
parent geology, the chemical composition of arsenic-contaminated groundwaters can vary
extensively with aquifer type. The chemical composition can also vary spatially,
temporally, and with depth. For example, Table 6.1 compares the groundwater chemistry
of an arsenic-contaminated shallow alluvial aquifer in Bangladesh and an arsenic-
contaminated quaternary loess aquifer in Argentina. The alluvial aquifer, which is
representative of typical arsenic-contaminated aquifer types in Bangladesh (BGS, 2001),
contains a significantly larger bivalent cation concentration (Ca** = 1.8 mM, Mg** = 1.8
mM) and lower pH than the loess aquifer in Argentina (Ca** = 0.1 mM, Mg** = 0.3 mM).
Understanding the effects of oxyanions and bivalent cations on EC precipitate structure
allows for improved predictions of the potential performance of EC systems across these
different chemical compositions. Regardless of the presence or absence of bivalent
cations, the formation of Fe(IIl) precipitates is likely to occur in sequence: short-ranged
Fe(Ill) polymers with high As:Fe and P:Fe solids ratios will form at the onset of
electrolysis followed by the formation of more ordered Fe(Ill) (oxyhydr)oxide phases
upon the depletion of aqueous As and P. However, in aquifers with larger Ca** and Mg**
concentrations like the alluvial aquifer in Bangladesh, less Fe will be required to achieve
sufficient arsenic removal due to the enhanced As and P sorption capacity of Fe(Ill)
precipitates generated in the presence of bivalent cations. Although more As(V) can be
removed per mass of Fe in the presence of bivalent cations, the strength of the As(V)
sorption complex to EC precipitates is not significantly influenced by the presence of
Ca®*. This conclusion is based on the data shown in Chapter 4, which indicated that the
local arsenic coordination environment and extraction of As(V) are not modified
significantly by the presence of Ca™.

Table 6.1: Comparison of Groundwater Chemistry in Different Aquifers
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Dhaka, Bangladesh' La Pampa,

Argentina’
Aquifer Type Shallow alluvial Quaternary loess

Arsenic (ug/L) 280 1800
Phosphate (uM) 95 13
Silicate (WM) 580 960

Calcium (mM) 1.8 0.10
Magnesium (mM) 1.8 0.33
HCO; (mM) 9.0 22
pH 7.0 8.3

'BGS 2001, *Smedley et al. 2008

Removing colloidally stable oxyanion-bearing Fe(IIl) precipitates from treated
water at low cost is a problem currently facing field treatment. Incorporating filters into
EC system design increases treatment costs and complexity, which could be a barrier to
achieving sustainable operation. Ideally, the most inexpensive and simple separation of
oxyanion-bearing Fe(IIl) precipitates is through natural particle aggregation during the
mixing stage of treatment followed by gravitational settling. However, as was shown in
Chapter 5, oxyanions present during Fe(Ill) polymerization lead to colloidally stable
precipitates that do not aggregate and do not settle on a practical time scale. When
present during Fe(Ill) polymerization, Ca** and Mg** can both destabilize suspensions
and promote rapid separation by gravitational settling. Ultimately the relationship
between the concentration of oxyanions and bivalent cations combined with the solution
pH will determine the suspension stability and the optimum alum dose needed to achieve
sufficient particle removal.

Despite the large bivalent cation concentration in the current field treatment
groundwater matrix (West Bengal, India), which is similar in composition to the
Bangladesh groundwater listed in Table 6.1, turbidity measurements in the field suggest
that the particle suspensions do not sufficiently aggregate without the addition of alum.
However, because both bivalent cations and Al** promote the formation of large flocs via
charge neutralization/screening, groundwaters with high levels of bivalent cations will
likely require less alum for sufficient treatment. The groundwater from Argentina listed
in Table 6.1 will not only require more Fe to for adequate arsenic removal, it will also
require more alum to achieve sufficient particle removal.

An important difference between the model binary electrolytes used in Chapters 3
and 4 of this work and natural waters is the large concentrations of dissolved Si typically
found in groundwater. Once aqueous As and P were depleted from the electrolytes used
in Chapters 4 and 5, additional Fe introduced to the electrolyte formed pseudo-Lp
because no strongly-sorbing oxyanions remained in solution. However, the synthetic
groundwater matrix used in Chapter 3 and most natural groundwaters (such as those in
Table 6.1) contain aqueous Si concentrations of several tens of mg/L. Consequently, the
sequential formation of Fe(IIl) precipitates in most natural systems containing Si would
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result in the formation of As(V)-rich and P-rich Fe(Ill) polymers (similar to those
identified in Chapter 5) followed by the formation Si-bearing Fe(IIl) precipitates. The
structures of EC precipitates generated in synthetic Bangladesh groundwater (SBGW,
Chapter 3) and of samples generated during field treatment in West Bengal, India
(Chapter 4) are dominated by Si-rich Fe(Ill) (oxyhydr)oxides. Silicate controls the
average structure of these precipitates because in these electrolytes, Fe(II) was overdosed
to ensure adequate arsenic removal. If As(V) or P remained in solution in these
electrolytes, the structures will likely resemble As(V)-rich or P-rich Fe(Il) polymers.

3. Directions of Future Research

The research presented in this dissertation has improved the understanding of a
water treatment technology and has also broadly contributed to the understanding of
fundamental aqueous, soil, and geochemical processes. Consistent with the overlap in
fundamental and applied research encompassed in this dissertation, the potential future
directions and unanswered questions stemming from this work occur in both the
fundamental sciences and in the application of EC systems in field treatment.

Fundamentally, EC systems have the potential to be useful geochemical tools for
studying complex natural processes due to the unique ability to control the rate of Fe(II)
production. This precise control of Fe(II) production gives the EC system properties akin
to a controlled redox boundary where key reactions can be manipulated and investigated.
For example, our group has shown that the Fe(Il) production rate can be controlled
during EC to enhance arsenic removal by maximizing the oxidation of As(IIl) to As(V)
(Liet al., 2012). Inasmuch as this study demonstrated the utility of the Fe(II) production
rate in EC systems, a wide range of Fe(Il) production rates were not probed and the
ability of the Fe(Il) production rate to generate different mixed valent Fe(ILIII) or purely
Fe(IlI) phases was not investigated. Because the structures and reactivity of Fe(ILIII)
precipitates vary dramatically depending on the identity of the phase, the full potential of
the EC system, both as a water treatment technology and as a unique tool to study the
formation of Fe minerals, is still unknown. Mapping the formation conditions of the
array Fe minerals that can form during EC as a function of pH, Fe(II) production rate, and
co-occurring ions would be a useful future study.

In this dissertation work, the chemical composition of synthetic groundwater
(Chapter 3) and the binary model electrolytes (Chapters 4 and 5) was derived from a
comprehensive study of thousands of groundwater wells in Bangladesh (BGS 2001).
Based on this BGS study, the major inorganic aqueous ions were chosen to be P, As(V),
Si, Ca®, and Mg®*. Ultimately, the addition of another major species to the matrix of
single and binary model electrolytes was beyond the scope of this work. Although
natural organic matter is typically more abundant in surface water where geogenic arsenic
contamination is less likely, organic matter can have a significant impact on several
processes occurring during EC treatment. Among other important reactions relevant to
arsenic removal using EC, organic matter has the potential to complex Fe(Il) and other
bivalent cations, scavenge reactive oxidants, compete with oxyanions for Fe(III)
precipitate  sorption sites, and influences Fe(Ill) precipitate surface charge.
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Consequently, the effects of organic matter in the presence and absence of bivalent
cations on the structure and reactivity of EC precipitates should be investigated.
Characterizing the role of organic matter is important to understand the limitations of EC
treatment applied to surface waters or other natural systems containing significant
amounts of natural organic matter.

The life cycle of any arsenic removal technology inevitably ends with the disposal
of arsenic-laden sludge. The ultimate disposal options for the arsenic-bearing Fe(IIl)
precipitates need to be assessed with the same sustainability framework used to evaluate
the technology itself. Although As(V) was shown to be strongly bound to the Fe(IIl)
precipitates generated during EC, the speciation and mobility of arsenic during the long-
term disposal of sludge needs to be investigated. The aqueous chemistry in contact with
the arsenic-laden sludge is expected to vary extensively with each disposal option.
Therefore, arsenic speciation and the extent of arsenic mobilization will likely differ
across long-term disposal strategies. As possibly a more sustainable disposal option than
landfilling, sludge incorporation into cement for use in concrete is currently under
consideration as a safe disposal option in our group. Implementation of this disposal
option in the field requires a rigorous assessment of the bonding environment and long-
term leachability of arsenic upon mixing in cement. Ideally, the most sustainable
approach to disposal seems to be to create a product of value using the treatment sludge.
Industrial uses of arsenic are few, but arsenic can serve as an n-type dopant in
semiconductors. In fact, gallium arsenide (GaAs) is the optoelectric compound used
most frequently in semiconductors apart from silicon. A future project could involve
using simple chemical tools and chemical reasoning to purify arsenic from the arsenic-
laden sludge at low cost for use in semiconductors.

Current field treatment has been shown to reproducibly remove initial arsenic
concentrations above 250 ug/L to below the WHO MCL of 10 pg/L.. However, some
minor problems could benefit from a comprehensive investigation to improve efficiency.
One such problem is that arsenic removal normalized by the amount of charge passed
through the electrodes in the field is less than that observed in the lab. In other words,
more charge (electricity and power) is required for sufficient arsenic removal in the field
than in the lab. Most comparable work in the lab was carried out in synthetic
groundwater matrices considered the “worst case” with respect to high P and As
concentrations (up to 3000 ug/L initial As). Therefore, it is unlikely that the chemical
composition of the influent water in the field is the cause of the drop in arsenic removal
efficiency. Inspection of a heavily used electrode in the field revealed the formation of a
relatively thick (several mm) Fe (oxyhydr)oxide build-up on its surface. Several samples
of the electrode build-up were removed from the electrode surface and were identified
with X-ray diffraction to be primarily magnetite, with a minor fraction of goethite. This
build-up likely decreases the amount of Fe(Il) introduced into the bulk solution for a
given applied current and increase the voltage (and power) required to pass a given
amount of current through the electrodes. A rigorous investigation of the formation of
this magnetite build-up and its effect on the efficiency of Fe(Il) transport into solution
and overall EC system performance is needed to maximize the efficiency of field
treatment. If this rust build-up cannot account for the decrease in arsenic removal
efficiency in the field relative to lab experiments, additional mechanisms contributing to
poorer efficiency should be identified and suitably addressed. These mechanisms could
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involve subtle differences in electrolyte chemistry, operating parameters, electrode
material, and reactor dimensions.
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