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ABSTRACT

Sea level rise (SLR) as a result of climate change is affecting the world’s
coastlines, especially in the mid-Atlantic region of the US. Impending SLR will
change current coastal hydrologic regimes and cause an increase in salinity and
flooding, which can lead to major variations in metal/metalloid cycling. Arsenic (As)
is a ubiquitous element that can accumulate in dangerous concentrations in coastal
soils due to anthropogenic or natural processes. Arsenic is of particular interest due to
its carcinogenic nature as well as its sensitivity to changes in redox potential, which
generally cause it to become more mobile as redox conditions reduce. Currently, there
are limited data on the geochemical controls governing As cycling in variable saline
and fresh water environments. The aim of this study was to simulate SLR in a
controlled laboratory setting and investigate its effects on arsenic sorption and
desorption to iron oxides, which are commonly found all throughout the world.
Additionally, this study investigated the impact of seawater and variable redox
conditions on As geochemistry of an arsenic-ferrihydrite coprecipitate.

To help address this knowledge gap, arsenate was sorbed to goethite and
ferrihydrite in artificial river water (ARW) and artificial seawater (ASW) systems.
Arsenate sorption isotherms revealed that slightly more As sorbed to both goethite and
ferrihydrite in ASW compared to ARW. Arsenate pH envelopes in ARW revealed that
as the pH increases, As sorption to goethite and ferrihydrite decreases. Since goethite
and ferrihydrite have a variable surface charge, as the pH increases, the mineral

surfaces become increasingly negative and repel the negatively charged arsenate
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oxyanion. In ASW, however, it was shown that at pH > 8, there was more As sorption
than in ARW in both goethite and ferrihydrite. The high concentration of divalent
cations, such as Mg?* and Ca?", in seawater sorb more to the mineral surface as the pH
increases. Sorbed cations will promote the adsorption of the negatively charged
arsenate oxyanion through reduction in the electrostatic potential. Probing of the local
bonding environment of arsenate adsorbed to goethite and ferrihydrite at high and low
pH and in both ARW and ASW was investigated by synchrotron-based bulk extended
X-ray absorption fine structure (EXAFS) spectroscopy at the National Synchrotron
Light Source-II. Arsenic EXAFS analysis revealed that at high pH, the As-Fe
interatomic distance is slightly increased compared to low pH. Although the main
binding complex is bidentate binuclear to the goethite surface, this stretch in the As-Fe
interatomic distance may represent the presence of some monodentate binding
complexes as well. The presence of ternary-like complexes at high pH between
divalent cations and arsenate cannot be ruled out. Desorption experiments revealed
that high ionic strength in ASW may play a small role in the desorption of arsenate
from goethite and ferrihydrite, but the greatest impact is from ligand exchange.

When investigating the impact of seawater and variable redox conditions on As
and Fe geochemistry of an arsenic-ferrihydrite coprecipitate, it was revealed that as the
redox potential decreased, Fe reductive dissolution increased, but the coprecipitate
reprecipitated as magnetite. Through Fe EXAFS, it was found that there was more
magnetite formation in ARW compared to ASW, 66% vs 32% formed, respectively.
The high concentration of SO4* in ASW mostly likely was adsorbed onto the mineral
surface and inhibited reductive dissolution. Additionally, As sequential extractions

revealed that there was overall more As associated with well-crystallized/less reactive

Xil



iron phases, such as magnetite, in ARW than ASW. Arsenic EXAFS also showed that
at low redox potential, As became more associated with structural phases, most likely
the newly formed magnetite.

Additional experiments are needed to further elucidate the role of seawater in
arsenate adsorption at a high pH and its effect on the arsenate-iron oxide binding
complex. Also, further investigation into the role of SO4*- on As and Fe cycling

throughout a shifting redox potential is needed.
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Chapter 1

ARSENIC CYCLING AND MOBILITY IN THE FACE OF SEA LEVEL RISE

1.1 Global Sea Level Rise

Global atmospheric temperatures continue to increase due to increasing
greenhouse gas concentrations, which cause sea levels to subsequently rise (Church et
al. 2008). The two main contributors to sea level rise (SLR) are the thermal expansion
of warming ocean waters and the transfer of water from land-based sources to the
ocean, primarily from glaciers and the ice sheets of Antarctica and Greenland (Church
et al. 2008; Church et al. 2013). Thermal expansion accounted for roughly 50% of
observed SLR from 1993 to 2003 (Solomon et al. 2007), but may be contributing less
since then (Nicholls and Cazenave 2010). From 1993 to 2009, a SLR rate of about 3.3
+ 0.4 mm year! suggests that SLR is accelerating compared to past rates (Ablain et al.
2009; Nicholls and Cazenave 2010). This new rate is about twice that of the measured
rate from the 20" century, 1.7 mm year!' (Church and White 2006). Depending on
which semi-empirical model is used, global sea levels are predicted to rise anywhere
from about 30 to 180 cm by the year 2100 with respect to the 1990 levels (Rahmstorf
2007; Pfefter et al. 2008; Vermeer and Rahmstorf 2009; Grinsted et al. 2010). The
extent of SLR varies regionally due to a number of factors, but can be exacerbated by
the additional effects of land subsidence, such as that which is happening along the
Mid-Atlantic coast of the United States (Sallenger Jr et al. 2012). This area is expected

to see a rise in sea level of at least 1 m by the end of the century (Titus et al. 2009).



The physical impacts of SLR are well documented and include increased
flooding of coastal land, saltwater intrusion to surface and ground waters, rising water
tables, increased erosion, and decline of coastal wetlands (Parry et al. 2007; Nicholls
and Cazenave 2010). In addition, severity and frequency of weather events and storm
surges will also increase (Church et al. 2008). More specifically, the long term effects
of saltwater inundation and intrusion into surface and ground waters will cause
changes in the local chemistry and mineralogy (LeMonte et al. 2017). It is estimated
that about 25% of the world’s population resides in coastal areas and may be impacted
by SLR (Small and Nicholls 2003). The coasts are also home to a vast amount of
industrial practices, both historically and currently, which have created a legacy of
contamination in coastal soils and ground water. As a significant portion of the
world’s population resides near the coast, it is imperative to understand the effects of
SLR on local hydrology, chemistry, and the fate and transport of sorbed contaminants

in coastal soils.

1.2 Delaware Environment

The U.S. state of Delaware is located in the center of the Mid-Atlantic coast
and is an ideal location to study the effects of SLR on contaminated soils. Delaware is
the lowest lying state in the U.S. with an average elevation of about 18 m above sea
level (Cooksey et al. 2012). It is estimated that between 8% and 11% of Delaware’s
total current land could be inundated at high tide by the year 2100 (Love et al. 2013).
With a rich history of industrial practices, such as leather tanneries, ore processing
facilities, and chemical production, Delaware has a plethora of contaminated sites, of
which up to 54% may be inundated by SLR by the year 2100 (Cooksey et al. 2012).

The leather tanning process includes the use of arsenic and chromium that may lead to



high levels of contamination in the environment. The regular background
concentration of arsenic (As) in Delaware soils was reported as 11 mg kg™! by the
Department of Natural Resources and Environmental Control (DNREC). However,
some sites have reported upwards of 13,000 mg kg'! in the soil, which pose a great
threat to both human and environmental health and safety (LeMonte et al. 2017). It is

vital to understand how As mobility and cycling will behave in the face of SLR.

1.3 Arsenic and Human Health

Arsenic is a naturally occurring element found ubiquitously around the globe
and is present in the atmosphere, soils, rocks, and natural waters (Smedley and
Kinniburgh 2002). The International Agency for Research on Cancer has classified As
and As compounds as carcinogenic to humans. It has both acute and long-term effects
on human health, including vomiting, abdominal pain, diarrhea, skin lesions, and
various forms of cancer such as skin, bladder, lung, and kidney cancer (Mitchell
2014). Though it is naturally occurring in the environment, with baseline levels
ranging from 5-10 mg kg! in soils, it can also be accumulated in dangerous
concentrations through both natural and anthropogenic processes (Smedley and
Kinniburgh 2002). Some of these anthropogenic activities that may contribute As to a
specific area include application of pesticides, herbicides, wood preservation,
manufacturing, mine wastes, livestock feed additives, and combustion of fossil fuels
(Smedley and Kinniburgh 2002; Lafferty and Loeppert 2005).

The most prevalent path to As exposure is through consumption of As-laden
water. The natural background concentration of As in water is typically around 1-2 pg
L-!, though there are numerous cases of elevated As concentrations found throughout

the world (NRC 1999). 1t is estimated that in the U.S. alone, there are greater than



10% of wells that exceed the World Health Organization’s (WHO) and U.S.
Environmental Protection Agency’s (EPA) drinking water standard of 10 pg L™!
(Welch et al. 1999). In the conterminous U.S., it is predicted that 2.1 million people
use water from wells with an As concentration above the WHO and EPA standard
(Ayotte et al. 2017). As of 2003 in Bangladesh, over 57 million people were exposed
through consistent ingestion of As contaminated drinking water in excess of the WHO
drinking water standards (Yu et al. 2003). Understanding the geochemistry of arsenic
in the environment is of vital importance in order to decrease the amount of chronic
As exposure from high As contaminated waters.

Another major As exposure pathway to humans is through the consumption of
rice (Stone 2008). When As-laden water is used to flood soils during rice cultivation,
the mobile arsenic can be taken up by the roots where it can accumulate in rice grains
(Meharg 2004; Seyfferth and Fendorf 2012). This is especially prevalent in South and

Southeast Asia where rice is a staple food item in their diet.

1.4 Arsenic in the Environment

The pathways that lead As into bodies of water greatly depend on the
biogeochemical controls in its surrounding environment and on the properties of As
itself. Arsenic is a toxic metalloid that is most commonly found in nature as inorganic
arsenate [As(V), H3AsO4] or arsenite [As(III), H3;AsOs] (Zobrist et al. 2000; Grafe et
al. 2001). Arsenate is typically the predominate, but not exclusive, oxidation state in
surface waters and oxic environments, however, arsenite may still be simultaneously
present to varying degrees (Zobrist et al. 2000). Inorganic As can be methylated by
aerobic and anaerobic microorganisms to produce methyl As species, such as

monomethylarsonic acid, dimethylarsinic acid, and trimethylarsine oxide (Cullen and



Reimer 1989). These organic species can also be reduced under anoxic conditions to
volatile arsine species, such as monomethylarsine, dimethylarsine, and trimethylarsine
(Cullen and Reimer 1989). However, as important as these organic As species are,
they are not as quantitatively relevant as the more abundant inorganic arsenate and
arsenite (Smedley and Kinniburgh 2002). It is generally thought that As(III) is the
more mobile and toxic form of the two most common oxidation states (Tamaki and
Frankenberger 1992). The mobility of arsenite is often attributed to its presence as a
neutral species at common pH values found in nature (pKa1 = 9.23, pKax = 12.13, and
pKaz = 13.40) (O’Day 2006; Ascar et al. 2008). In contrast, arsenate will more
commonly be found in nature as HAsO4* or H2AsO4™ because of its acid dissociation
constants (pKai = 2.20, pKa2 = 6.97, and pKaz = 11.53) (O’Day 2006).

Arsenic bioavailability is typically a function the surrounding mineralogy,
redox potential, pH, and present microbial populations (Masscheleyn et al. 1991b;
Dixit and Hering 2003). Iron (oxyhydr)oxides (Fe-oxides) play a significant role in the
biogeochemical cycle of As; both As species have been shown to strongly sorb to Fe-
oxides (Sun and Doner 1996; Fendorf et al. 1997; Grossl et al. 1997; Raven et al.
1998; Dixit and Hering 2003). Both arsenate and arsenite typically bind to Fe-oxides
as inner-sphere sorption via bidentate binuclear surface complexes. However, arsenite
has also been shown to sometimes bind as both inner- and outer-sphere surface
complexes on amorphous Fe-oxides (Goldberg and Johnston 2001). Arsenate has also
been shown to bind to goethite with a monodentate complex at very low coverages
and bidentate complexes at very high coverages (Fendorf et al. 1997).

These As-bearing Fe-oxide minerals can also act as a source of As, especially

in times of flooding, where the minerals may experience reductive dissolution and



release As into the pore water (Masscheleyn et al. 1991b). Alternatively, when Fe-
rich, anoxic groundwater discharges into oxic surface waters, the Fe is oxidatively
precipitated and has been shown to very effectively sequester aqueous As (Charette
and Sholkovitz 2002; Bone et al. 2006). Ferrihydrite is one of the most common
naturally precipitated Fe-oxides and also has a large specific surface area, causing it to
be very reactive (Waychunas et al. 1993). It is also a precursor to many other Fe-
oxides, two of which commonly form in water at ambient temperatures, goethite and
lepidocrocite, which have less surface area than ferrihydrite (Schwertmann and
Cornell 2000). Additionally, arsenate itself can be reduced to arsenite in anoxic
conditions, which causes it to become more mobile. This is unlike other toxic trace
metal(loids) that exhibit the opposite trend and become less mobile in reducing
conditions (Smedley and Kinniburgh 2002).

The suspension pH also has an effect on arsenic sorption. Generally, as pH
increases, arsenate sorption to the surface of Fe-oxides decreases while arsenite
sorption tends to increase slightly (Raven et al. 1998; Dixit and Hering 2003).
Arsenate sorption is lower at high pH due to the increased repulsion between the more
negatively charged surface sites and the negatively charged arsenate oxyanion (Raven
et al. 1998; Antelo et al. 2015). Since arsenite has less negative charge at high pH
(pKa1 =9.23), there is not as much repulsion between the surface and As(III) species,
allowing more sorption compared to arsenate (Raven et al. 1998). In the face of sea
level rise and increased flooding events, arsenic is of the utmost importance not only
due to its carcinogenic nature, but also because of its sensitivity to redox potential and

pH, which will surely be disturbed in the near future.



1.5 Project Motivation

As rising sea levels threaten coastal contaminated soils, it is unclear how
exactly the mobility and cycling of As will be impacted. Current literature is limited
concerning the investigation of the effects of seawater inundation on highly
contaminated As coastal soils. Though some studies have investigated As adsorption
to iron oxides in high salinity solutions, there has not been a clear consensus
establishing As adsorption behavior. Furthermore, the impact of a fluctuating redox
potential on As-bearing Fe-oxides in seawater has also not been well studied. With the
effects of sea level rise already impacting coastal environments all over the world
combined with the harmful nature of arsenic, investigating the effects of SLR on
arsenic cycling and mobility is of the utmost importance. To fill in this knowledge
gap, a multitude of experiments with highly controlled parameters will be conducted.
These studies aim to simulate environmental conditions in the laboratory, using ideal
systems to obtain fundamental results that may be applied to coastal environments
throughout the world.

Throughout this research, ferrihydrite and goethite will be utilized as sorbents
for arsenate during adsorption and desorption experiments. Ferrihydrite was chosen
since it is one of the most significant sorbents of As and is frequently found across
numerous environments. Similarly, goethite is a common product of natural
ferrihydrite aging and also plays a significant role in As cycling. An arsenic-
ferrihydrite coprecipitate was also synthesized to more accurately represent the
precipitated minerals found at redox barriers in the environment. This coprecipitate
was used throughout the redox potential experiments. Artificial seawater and artificial

fresh river water will also be prepared and used in all experiments. Results from this



study will improve the current understanding of As cycling and contribute to As

management strategies in coastal communities with SLR impacted soils.

1.6 Research Questions and Hypotheses

Research Question 1: What are the effects of seawater and pH on arsenate
adsorption to goethite and ferrihydrite?

Hypothesis 1a: Increased salinity (seawater) will increase arsenate sorption to
goethite and ferrihydrite compared to low salinity media (river water) at a high pH.

Hypothesis 1b: Arsenate adsorption to goethite and ferrihydrite will decrease
as pH increases due to the variable surface charge of both Fe-oxides.

Research Question 2: What are the effects of seawater on arsenate desorption

from goethite and ferrihydrite?
Hypothesis 2: The seawater system will result in more arsenate desorbed from
goethite and ferrihydrite, possibly due to the presence of sulfate in the seawater, which

may compete for inner-sphere sorption.

Research Question 3: What are the impacts of variable redox conditions (+200
to -300 mV) and seawater on As geochemistry of an arsenic-ferrihydrite coprecipitated
mineral?

Hypothesis 3: Between a river water and seawater system, more As will be
released into solution in the river water system due to the increased stability of Fe-

oxides during reductive dissolution in seawater.
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Chapter 2

ARSENATE SORPTION TO IRON OXIDES FROM FRESH WATER TO
SEAWATER

2.1 Introduction

The sorption of arsenic (As) to various iron oxides has been documented well
throughout the last several decades, e.g. (Pierce and Moore 1982; Raven et al. 1998;
Sun and Doner 1998; Goldberg and Johnston 2001; Goldberg 2002; Dixit and Hering
2003; Antelo et al. 2005; Antelo et al. 2015). The affinity of As highly depends on the
solution composition (pH and competing ions) and the characteristics of the iron
oxide. Dixit and Hering (2003) reported that As(V) sorption onto amorphous iron
oxide (HFO) and goethite decreased as the pH increased at all of their experimental As
concentrations. At the highest initial As(V) concentration reported, 100 pM, As(V)
sorption decreased from about 65% total sorption on HFO (70% for goethite) at pH 4
to 7% (25% for goethite) at pH 10; solution densities were 0.03 g L' HFO and 0.5 g
L-! goethite. In addition to pH, the water composition also plays a large role in As
affinity to Fe-oxides as some ligands will compete with As for binding sites on the
mineral surface.

Arsenate typically binds to iron oxides via inner-sphere complexes that are
directly coordinated to the surface groups of the mineral and either weakly competes
or does not compete with electrolyte ions that often form outer-sphere complexes
(Sparks 2003). Increasing ionic strength usually does not compete with arsenate

sorption. Conversely, in some cases of inner-sphere complexation, sorption may
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increase with increasing ionic strength due to the changes in electrical potential of the
mineral surface, which decreases the electrostatic repulsion between the surface and
the oxyanion (Barrow 1986; Antelo et al. 2005; Antelo et al. 2015). Competing solutes
also have an effect on As binding to Fe-oxides. Competing ions, such as SO4>, PO4>",
and CO3?%, will all compete with As for surface binding sites, especially at low pH
(Wilkie and Hering 1996; Appelo et al. 2002; Gao and Mucci 2003). Though arsenate
sorption to Fe-oxides has been well studied in the past, there still remains a gap
concerning the effects of ionic strength and seawater on arsenate sorption.
Furthermore, the desorption of arsenate in seawater or other high ionic strength

solutions remains poorly studied.

2.2 Materials and Methods

2.2.1 Goethite and Ferrihydrite Synthesis

Goethite was synthesized based on the Schwertmann and Cornell method
(Schwertmann and Cornell 2000). Briefly, 100 mL of 1 M Fe(NOz3); « 9H>O were
added to a 2 L polyethylene flask. While stirring the Fe solution, 180 mL of 2.35 M
KOH were rapidly added to the flask. The suspension was immediately diluted to 2 L
with DI water and placed in an oven at 70 °C for 60 hr. The mineral was then washed
and centrifuged until the electrical conductivity (EC) was less than twice that of DI
water. Multiple batches of goethite were synthesized, freeze dried, ground to a
powder, and placed in a sealed container and stored in the freezer until use. The
composite batch was analyzed via X-ray diffraction (XRD) and Brunauer-Emmett-
Teller (BET) surface area to characterize the mineral and ensure goethite formation.

To prepare for analysis by XRD (Bruker D8 X-ray powder diffractometer), goethite
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was freeze dried again to ensure dryness. The sample was packed into the sample
holder, had a dwell time of 0.5 s, increments of 0.05°, and a range from 10-60°.
Surface area was measured by a Micromeritics ASAP 2020 BET Analyzer.

The synthesis of 2-line ferrihydrite was also conducted via methods from
Schwertmann and Cornell (Schwertmann and Cornell 2000). Briefly, 40 g of Fe(NO3)3
* 9H>O were dissolved in 500 mL of DI water. Around 330 mL of 1 M KOH were
added to the solution to bring the pH up to 7-8 while constantly stirring and
monitoring the pH. The precipitate was then washed four times and stored in the
freezer as a frozen paste until ready for use. Ferrihydrite was characterized via XRD
and BET surface area. Similar to above, ferrihydrite was first freeze dried before
analysis by XRD (Bruker D8 X-ray powder diffractometer). The dried sample was
packed into the sample holder, had a dwell time of 0.5 s, increments of 0.05°, and a
range from 10-80°. Surface area was also measured by a Micromeritics ASAP 2020

BET Analyzer.

2.2.2 Artificial Water Synthesis

Artificial river water (ARW)), artificial seawater (ASW), and a 50/50 mix (v/v)
of the two waters were made to be the primary media for the upcoming experiments.
Table 2.1 displays the concentrations of salts used in each water type. Artificial river
water salt concentrations are based on average concentrations found in the Christina
River, DE, collected and analyzed by the Delaware Department of Natural Resources
and Environmental Control (DNREC). Artificial seawater salt concentrations are

based on a modified /2 seawater medium (Guillard and Ryther 1962; Guillard 1975).

18



2.2.3 Sorption Kinetics

A kinetics experiment was first designed to ensure that a proposed
equilibration time of 24 hr is sufficient for arsenate sorption isotherms and pH
envelopes with goethite and ferrihydrite in ARW and ASW. Triplicate batch reactors
consisted of arsenate adsorbed to each iron mineral in either ARW or ASW at pH 6 +
0.10, had a suspension density of 2 g L'}, and an initial arsenate concentration of 2
mM As(V) from NaxHAsO4¢7H,0 salt. Total volume was 250 mL and the pH was
maintained by hand through the addition of either HCI or NaOH over a course of 120
hr. Subsamples of 4.5 mL of slurry were taken at timed points throughout the
experiment, filtered through a 0.2 pm nylon filter, acidified with HNOs3, and stored at

4 °C until analysis via inductively coupled plasma mass spectrometry (ICP-MS).

2.2.4 Sorption Isotherms

Sorption isotherm experiments were conducted between arsenate and goethite
as well as arsenate and 2-line ferrihydrite at pH 6 in DI water, ARW, ASW, and/or a
50/50 mix. The suspension density was 2 g L! for both minerals. Initial As
concentrations ranged from 0 to 2 mM As(V) as NaxHAsO4+7H>0 and either HCI or
NaOH was used to stabilize the pH to 6 + 0.10 throughout the time duration. The
sorption experiment was carried out for 24 hr before centrifugation and filtration of the
supernatant through a 0.2 um nylon filter. The filtered supernatant was acidified with

HNO:s and stored at 4 °C until analysis for total As in solution via ICP-MS.

2.2.5 pH Sorption Envelopes
Arsenate sorption envelopes on goethite and ferrihydrite were also carried out
from pH 3 to 9 in ARW, ASW, and the 50/50 mix. The suspension density was 2 g L'!

for each mineral and the initial As concentration was 1.67 mM as Na,HAsO4*7H>0.
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The pH was maintained throughout the 24 hr sorption experiment by adjusting by
hand with HCI or NaOH. Upon completion, the suspensions were centrifuged, filtered
through a 0.2 um nylon filter, acidified with HNO3, and stored at 4 °C until analysis

for total As in solution via ICP-MS.

2.2.6 Desorption Experiments

Arsenate as Na;HAsO4¢7H20 was adsorbed to goethite and ferrihydrite in DI
water, ARW, and ASW. Sorption was completed in batch reactors shaking on an
orbital shaker over 24 hr, maintained at pH 6 + 0.10 by addition of HCI or NaOH and
had a suspension density of 2 g L'!. A total volume of 250 mL was used per reactor
and an initial arsenate concentration of 1.67 mM As(V). At 24 hr, the batch reactors
were stopped, centrifuged at 10,000 rpm (15,428 x g) for 10 min, and the supernatant
was filtered through a 0.2 um nylon filter. All filtrates were preserved with HNOs
until analysis via ICP-MS. The iron mineral pastes were then washed with 100 mL of
0.001 NaNOs to capture any entrained As, centrifuged, and the supernatant was
collected and preserved in the previously mentioned manner.

Desorption reagents were prepared and added to each reactor with the
previously As-adsorbed goethite or ferrihydrite. Desorption reagents added to the As-
adsorbed mineral pastes were DI water, ARW, ASW, and 6 mM NaxHPO4¢7H>0, all
adjusted to pH 6 with either HCI or NaOH at a volume of 250 mL. Batch reactors
were shaken on an orbital shaker and subsamples were taken periodically over 72 hr.
Subsamples were filtered through a 0.2pum nylon filter and preserved with HNOs3 until

analysis via [CP-MS.
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2.2.7 Extended X-ray Adsorption Fine Structure Spectroscopy

Selected samples from the pH envelope experiments were prepared for X-ray
absorption spectroscopy (XAS) at beamline XFM (4-BM) at NSLS-II at Brookhaven
National Laboratory. The selected samples consisted of arsenate adsorbed to goethite
at high pH and low pH in both ARW and ASW, as well as arsenate adsorbed to
ferrihydrite at high pH and low pH in both ARW and ASW. The samples were air
dried and diluted with boron nitride if necessary, and packed as a powder in aluminum
sample mounts sealed by 25 um thick Kapton tape. Extended X-ray absorption fine
structure (EXAFS) spectroscopy was performed on each sample for both As and Fe.
Energy calibration was performed by assigning the peak of the white line of As(V) in
topaz to the K-edge energy of 11875 eV. X-rays were measured in fluorescence mode

for As and transmission mode for Fe.

2.3 Results and Discussion

2.3.1 Goethite and Ferrihydrite Characterization

Analysis of goethite by XRD was carried out and can be seen in the
diffractogram in Figure 2.1. The main characteristic peaks of goethite are present
at 21.2, 33.2, and 36.5 2-theta, confirming its mineralogy (Schwertmann and Cornell
2000; Gao and Mucci 2001). The measured BET surface area of goethite is 29 m? g!
and is comparable to other reported surface area values of 20 m? g! (Schwertmann
and Cornell 2000) and 29 m? g'! (Gao and Mucci 2001). Analysis of ferrihydrite was
also analyzed via XRD and revealed two broad peaks around 33° and 61° 2-theta
indicating the synthesis of ferrihydrite (Figure 2.2). BET analysis revealed a surface
area of 244.33 m? g!, which lies between the expected freeze dried, BET surface area

range of 200 to 320 m? g! (Schwertmann and Cornell 2000).
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2.3.2 Arsenic Sorption Kinetics to Goethite and Ferrihydrite

The goal of these experiments was to ensure that a 24 hr equilibration time is
sufficient for near complete arsenate adsorption to goethite or ferrihydrite in ARW and
ASW. Arsenate was adsorbed to goethite in ARW and ASW over a period of 120 hr
(Figure 2.3). Arsenate sorption to goethite in both ARW and ASW begins by
increasing rapidly and appears to reach a maximum adsorption value of about 0.05 and
0.03 mmol As g! goethite, respectively, by the time 24 hr have passed. Adsorption
appears to continue to increase at the 48 hr marker in ARW, so a one-way ANOVA
test was performed on the data. The one-way ANOVA revealed there was no
statistically significant difference in adsorption after 24 hr and the data were normally
distributed (p=.579). Therefore, it can be assumed that an equilibration time of 24 hr
for future adsorption isotherm and pH envelope experiments involving goethite,
ARW, and ASW should prove to be sufficient.

Arsenate sorption to ferrihydrite in both ARW and ASW over a period of 120
hr is showcased in Figure 2.4. Arsenate adsorption to ferrihydrite can be described as
biphasic in this experiment. Adsorption is very rapid at the start of the experiment,
reaching a majority of 0.97 and 0.99 mmol As g™! ferrihydrite in ARW and ASW,
respectively, by the end 24 hr. This rapid adsorption is then followed by a very slow
continued adsorption over the next 96 hr. By the end of the 120 hr experiment,
arsenate adsorption is increased only by 0.46% and 0.27% in ARW and ASW from the
amount that was adsorbed at 24 hr. A similar biphasic adsorption behavior of As(V) to
ferrihydrite is described in the literature (Fuller et al. 1993; Sparks 2003). One-way
ANOVA reveals that there is a significant difference between adsorbed arsenate at 24
hr and 120 hr in both ARW and ASW, p<0.0003 and p<0.0001, respectively.

However, the percentage of arsenate adsorbed after 24 hr is negligible in both ARW
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and ASW. Metal(loid) sequestration has been thought of as a three step mechanism
involving first, adsorption onto the external surface sites of the mineral, second, solid-
state diffusion of metal(loids) to internal sites, and third, binding and fixation at
positions inside the mineral (Sparks 2003). This is especially true of ferrihydrite and
its large surface area, most of which is internal. This causes diffusion to be a
prominent rate-limiting step in ferrihydrite (Sparks 2003). Since an overwhelming
majority of arsenate is clearly adsorbed by the first 24 hr, this equilibration time was
chosen going forward with all future adsorption isotherm and pH envelope

experiments involving ferrihydrite, ARW, and ASW.

2.3.3 Effect of Seawater on Arsenic Sorption to Goethite and Ferrihydrite

Adsorption of arsenate on goethite at pH 6.0 in DI water, ARW, ASW, and
50/50 mix is shown in Figure 2.5. Overall, arsenate sorption was greatest in ASW
compared to DI water, ARW, and 50/50 mix. The maximum As sorption in ASW was
about 0.102 mmol g!, while in DI water, ARW, and the 50/50 mix As sorption was
lower, around 0.088, 0.062 and 0.065 mmol g'!, respectively. Overall, these data
resembled an L-type isotherm (Sposito 2008) and were fit to the Freundlich isotherm
model (Sparks 2003; Bolster and Hornberger 2007). Both goethite and ferrihydrite
data sets were fit to the Freundlich model (S = K/C"), where S is the sorbed
concentration, Kris a sorption constant, C is the dissolved sorbate concentration, and n
is an exponential sorption constant. Fit parameters for all data sets can be seen in
Table 2.2.

Adsorption of arsenate on ferrihydrite at pH 6.0 in DI water, ARW, and ASW
is shown in Figure 2.6. Arsenate adsorption in both ARW and ASW were about 1.0

mmol g!, just slightly greater than in DI water at 0.832 mmol g'!. There is very little
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difference in the maximum As sorption in ARW compared to ASW on ferrihydrite.
Since ferrihydrite has a much higher surface area than goethite (calculated 244 m? g!
and 29 m? g'!, respectively), it appears that water composition does not have as great
of an effect on arsenate sorption on ferrihydrite compared to goethite. Once again,
these data also resembled an L-type isotherm (Sposito 2008) and were fit to the
Freundlich isotherm model (Sparks 2003; Bolster and Hornberger 2007).

The effect of ionic strength on arsenate sorption to iron oxides has been studied
in the past, but there does not seem to be a clear consensus on the exact effects it has
on arsenate sorption. Gao and Mucci (2001) observed that arsenate adsorbs more
strongly than phosphate on goethite in a 0.7 M NaCl solution. This may be due to the
formation of Na-POy ion pairs that keep phosphate from adsorbing to the goethite
surface, yet no Na-AsO4 ion pairs were included in the model because it did not
improve the model fits for arsenate adsorbed to goethite. The values for arsenate
adsorption in a lower ionic strength solution were unfortunately not reported in the
aforementioned study.

Both Barrow et al. (1980) and Geelhoed et al. (1997) report findings of
increased phosphate adsorption to goethite in high ionic strength solutions at
intermediate to high pH values. The ionic strength effect is more pronounced at higher
pH than lower pH values. Since phosphate sometimes behaves similarly to arsenate in
terms of adsorption, Antelo et al. (2005) was expecting similar ionic strength effects
on arsenate sorption to goethite that were observed for phosphate, but found no such
trend. They did report that phosphate adsorption to goethite experienced a decrease in
adsorption when the background electrolyte concentration (0.1 to 0.01 M KNO3)

decreased, which was consistent with the previous findings. These effects were only
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evident at pH 7, 8.5, and 10, but not at pH 4.5. However, Antelo et al. (2005) found no
such salt effects on arsenate adsorption to goethite at any pH. Lastly, Antelo et al.
(2015) reported a slight salt effect that increased arsenate adsorption with increasing
ionic strength (0.1 to 0.5 M KNOs), at intermediate and high pH values. Overall, some
findings agree well with each other while other findings seem to contradict each other.
Further investigations into salt effects on arsenate sorption to iron oxides are
warranted, especially as sea level rise becomes an increasingly large threat to coastal
areas throughout the world where toxic contaminants, such as As, are often present in

the soils.

2.3.4 Effect of pH and Seawater on Arsenic Sorption to Goethite and
Ferrihydrite

Sorption envelopes of arsenate on goethite in ARW, ASW, and 50/50 mix
from pH 3 to pH 9 are shown in Figure 2.7. Overall, as pH increases in the ARW and
the 50/50 mix, arsenate sorption decreases from a high of about 0.116 and 0.134 mmol
As g'! to a low of about 0.045 and 0.071 mmol As g’ goethite, respectively. Goethite
has a variable surface charge, so as the pH increases, the surface charge becomes
increasingly negative and begins to repel the arsenate oxyanion, HoAsO4!- or HAsO4*
(Sparks 2003; Antelo et al. 2015). In ASW, however, arsenate sorption is greater
compared to the other media, especially at pH >8. When the pH increases toward the
point of zero charge of goethite (PZC~8), more cations, such as Mg?* and Ca®*, are
sorbed as a result of lower electrostatic repulsion at the mineral surface due to
goethite’s variable charge. Sorbed cations will promote the adsorption of the
negatively charged arsenate oxyanion through reduction in the electrostatic potential

(Wilkie and Hering 1996; Antelo et al. 2015). This may also allow for potential
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formation of ternary complexes and enable increased sorption of arsenate at greater
pH in seawater compared to freshwater systems, where there is a lack of available
divalent cations (Antelo et al. 2015).

Sorption of arsenate on ferrihydrite from pH 3 to 9 in ARW and ASW is
shown in Figure 2.8. In ARW, arsenate adsorption is fairly constant from pH 3 up to
pH 7 where adsorption starts to decrease as the pH continues to rise. In ASW, arsenate
sorption remains relatively stable across all pH values. Similar trends can be seen with
ferrihydrite as was seen previously with goethite sorption envelopes. Once the pH
crosses the PZC of ferrihydrite (7.9-8.1), arsenate sorption starts to decrease in ARW,
but not in ASW. This may once again be attributed to the presence of divalent cations
in seawater that sorb onto the mineral surface at high pH and decrease the repulsive
electrostatic interactions between the surface and negatively charged arsenate
oxyanions. Additionally, the large increase in ionic strength from ARW to ASW may
decrease the electrostatic repulsion between the surface and arsenate at high pH
(Wilkie and Hering 1996; Antelo et al. 2005; Antelo et al. 2015). Since arsenate binds
primarily as inner-sphere complexes, it will have weak competition to binding sites
with electrolyte ions. From pH 3 to pH 7, arsenate adsorption does not showcase the
expected decrease in adsorption as the pH increases in both ARW and ASW. This may
be due to the high surface area of ferrihydrite compared to the initial concentration of
arsenate. The mineral most likely has not reached a sorption capacity yet, so the
typical effects of pH on arsenate adsorption may not be as pronounced as when the

mineral surface is near sorption capacity.
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2.3.5 Arsenic EXAFS Analysis

Additional pH envelopes were carried out at pH 3 and 9, in ARW and ASW,
and with ferrihydrite and goethite (Figure 2.9). The solid phase was collected for bulk
X-ray absorption spectroscopy (XAS) analysis. Arsenic K-edge extended X-ray
absorption fine structure (EXAFS) spectra were collected at NSLS-II, beamline 4-BM
(XFM). The pH envelopes for ferrihydrite very closely resemble the previous pH
envelopes in Figure 2.8. Briefly, it can be seen that as pH increases, As sorption
decreases in ARW, but not in ASW. The pH envelope for goethite shows slightly less
adsorption than the previously conducted pH envelopes, but there is still slightly more
As adsorption in ASW at high pH than ARW.

Arsenic K-edge EXAFS and corresponding radial distribution functions of pH
envelopes at low and high pH, in ARW and ASW, and with ferrihydrite and goethite
are shown in Figure 2.10. By back transforming the radial distribution function
spectra, a theoretical model can be fit to the original spectra allowing the calculation
of R, CN, and ¢* based on the optimized fit, where R is the interatomic distance in A,
CN is the coordination number, and 62 is the mean square relative displacement. The
parameters for each peak position are listed in Table 2.3. The first peak in each sample
is composed of approximately four oxygen atoms at an average distance of about 1.69
A from the central As atom. This distance is in agreement with other As-O interatomic
distances in arsenate (Waychunas et al. 1993; Fendorf et al. 1997).

The second peak corresponds to an Fe shell that has an average distance of
3.29 A in goethite at pH 3 in both ARW and ASW. There is no significant difference
in the As-Fe interatomic distance in ARW at pH 9 compared to pH 3. However, the
As-Fe interatomic distance for goethite in ASW at pH 9 has increased slightly to 3.31

A. It is important to keep in mind that these values fall within each other given the
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calculated error, so there may not be statistically different distances between pH 3 and
pH 9, but this increase in distance is still of interest. This As-Fe interatomic distance
reveals that arsenate is most likely bound by a bidentate binuclear complex (3.24 A)
with perhaps some monodentate complexing as well (3.59 A) (Fendorf et al. 1997).
Ferrihydrite As-Fe distances are about 3.29 A at low pH and 3.27 A at high pH
in both ARW and ASW. Once again, the error surrounding each of these values
indicates that their distances are close enough to overlap. The reported As-Fe distances
are very close to the idealized interatomic distance of 3.285 A, which is expected for
bidentate binuclear bridging complexes (Waychunas et al. 1993). One reason why a
larger As-Fe interatomic distance is not being observed in arsenate sorption at high pH
in ASW, is the fact that bulk XAS analyzes a relatively large area and averages the
values all together. Even if a precursor to or actual ternary complexes are forming on
the mineral surface in seawater at high pH, the number of occurrences will be much
lower than that of the typical bidentate binuclear complexes. Due to the nature of bulk
XAS, the signal for these potential ternary complexes will be drowned out by the
overwhelming signal of the other more common complexes that are present.
Additional scans may be needed on these samples to obtain cleaner data and to
be able to achieve a more idealized fit with lower errors to elucidate the differences
the pH and water media have on arsenate bonding environments. Other spectroscopic
techniques, such as infrared (IR) spectroscopy may also help contribute to the

mechanism behind the greater arsenate sorption at high pH in ASW.

2.3.6 Desorption of Arsenate
Arsenate desorption experiments were conducted to probe into the comparative

retention of arsenate on the mineral surface among different desorbing reagents and in
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different water regimes. Arsenate adsorption to goethite and ferrihydrite in DI water,
ARW, and ASW can be seen in Table 2.4 and Table 2.5. The concentration of arsenate
adsorption was very similar across all sorption treatments within each mineral.
Arsenate adsorbed to goethite in either DI water, ARW, and ASW, then subsequently
desorbed with DI water, ARW, ASW, and 6 mM POy is shown in Figure 2.11, Figure
2.12, and Figure 2.13. Arsenate adsorbed to goethite across all adsorption treatments
had by far the greatest amount of As desorbed by phosphate with a maximum
desorption of about 69%, 80%, and 48%, in DI water, ARW, and ASW treatments,
respectively. These values were observed after an equilibration period of 72 hr.
Phosphate has been proven to be a competitive sorbate with arsenate on iron oxides
due to its similarity in chemical properties, such as electronic configuration, charge,
and pKa’s (Manning and Goldberg 1996; Gao and Mucci 2001; O’Reilly et al. 2001;
Wenzel et al. 2001; Gao and Mucci 2003).

Desorption in the other reagents across all sorption treatments was much lower
compared to desorption with PO4. In the DI water-adsorbed arsenate set (Figure 2.11),
maximum As desorption is only 14%, 6%, and 10% in DI water, ARW, and ASW,
respectively. We see this trend extend to ARW- and ASW-adsorbed arsenate
treatments as well. Maximum arsenate desorption in the ARW treatment in DI water,
ARW, and ASW is 20%, 14%, and 20%, respectively. Similarly, As desorption in the
ASW treatment is 17%, 12%, and 14%. After the expected high PO4 desorption
values, DI water consistently produced the second greatest percent of arsenate
desorbed from the goethite surface across all the sorption treatments. Likewise, ASW
also consistently desorbed the third greatest percent of arsenate and lastly, ARW

desorbed the least amount.
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As can be seen from the desorption experiments across all treatments, ionic
strength does not seem to have a great effect on arsenate desorption from goethite. The
fact that arsenate desorption in ASW was consistently slightly higher than ARW may
be explained by the presence of 25 mM SO4 in ASW compared to just 0.338 mM SO4
in ARW. In a previous arsenate desorption study from goethite, 6 mM SOs desorbed a
maximum of just 3% As at pH 4 and pH 6 (O’Reilly et al. 2001). Additionally, Gao
and Mucci 2003 showed that the presence of SO4 slightly decreased the amount of
arsenate sorption to goethite in a 0.7 M NaCl solution matrix, indicating a small
amount of adsorption competition. These findings, along with other studies, show that
SOy is not a very strong desorbing reagent, especially compared to PO4, and may
account for some arsenate desorption, but not a significant amount (Geelhoed et al.
1997).

Ligand exchange has proven to have the greatest effect on arsenate desorption,
as can be seen by the significantly larger percent of arsenate desorbed by PO4
compared to all other desorbing reagents. Phosphate has been well established as a
competitive sorbent and an effective desorbing reagent to arsenate (Sun and Doner
1996; Grossl et al. 1997; Grafe et al. 2001; O’Reilly et al. 2001; Smedley and
Kinniburgh 2002; Gao and Mucci 2003).

Arsenate adsorbed to ferrihydrite in either DI water, ARW, and ASW, and then
subsequently desorbed with DI water, ARW, ASW, and 6 mM POy is shown in Figure
2.14, Figure 2.15, and Figure 2.16. Once again, across all sorption treatments, PO4
desorbed the greatest percentage of arsenate compared to the other desorbing reagents.
Phosphate desorbed around an average maximum of 22%, 30%, and 23% in DI water,

ARW, and ASW, respectively. Comparatively, less than 1% As was desorbed in DI
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water, ARW, and ASW in every sorption treatment. There is no significant discernable
difference in arsenate desorption among these last three desorbing reagents.

These results support previous findings that ionic strength does not have a
significant effect on arsenate adsorption to ferrihydrite (Sparks 2003; Antelo et al.
2015) , and most likely also do not have a significant effect on arsenate desorption
either. In some cases, ionic strength has been shown to increase arsenate sorption to
iron oxides, but this typically only occurs at high pH values near or above the PZC of
the mineral (Antelo et al. 2015). It is unclear whether or not this same effect will be
present during desorption at high pH values as this experiment was conducted at pH 6,
well below the PZC of both goethite and ferrihydrite. More importantly, these findings
support the idea that arsenate desorption is a function of ionic composition rather than
ionic strength (Fakhreddine et al. 2015). More specifically, the presence of Ca?* and
Mg?* most likely increase As retention by increasing the positive surface charge of the
mineral and alleviating some of the electrostatic interactions on the mineral surface
(Antelo et al. 2015; Fakhreddine et al. 2015). Since there is a higher concentration of
divalent cations present in ARW and ASW compared to DI water, more As was
retained on the mineral surface than in DI water. The presence of SO4 has shown to
desorb a small amount of arsenate from iron oxide surfaces (O’Reilly et al. 2001),
however, in this particular case, the large surface area of ferrihydrite plays a much
greater role in arsenate retention than SO4 can act as an effective desorbing reagent.
Once again, these data are proving that ligand exchange is the most significant process

that can have a large effect on arsenate desorption from ferrihydrite.
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2.4 Conclusions

With the advent of climate change and sea level rise, it is of the utmost
importance to investigate the subsequent effects that it will have on contaminant
sorption and mobility. This work demonstrates that arsenate sorption to goethite is
greatest in ASW compared to DI water, ARW, and 50/50 mix. Although the sorption
is only slightly greater in ASW than the other media, it is of significant note that a
higher ionic strength did contribute to slightly higher arsenate sorption at pH 6, as was
seen in Gao and Mucci (2001). Additionally, at high pH values of about 8 or higher,
arsenate sorption was greater on both goethite and ferrihydrite in ASW compared to
ARW. The presence of divalent cations sorbing onto the variable charge surface of the
mineral alleviates some of the electrostatic repulsion, allowing more arsenate to
adsorb onto the mineral surface compared to when these cations are missing. These
findings may have profound effects when studying and modelling how sea level rise
will affect As geochemistry in coastal soils. Although ionic strength has shown to play
a small role in the (de)sorption of arsenate from iron oxide surfaces, ionic composition
seems to be of even greater significance. Overall, the greatest impact on As desorption
will most likely be from ligand exchange or reductive dissolution of the As-bearing
minerals. However, the presence of divalent cations has shown to have a substantial
effect on As adsorption and retention. This conclusions supports the previous research
showcasing the addition of calcium enhancing As adsorption onto iron oxides (Wilkie
and Hering 1996). The application of divalent cations as prevention and remediation
strategies may prove to be very useful in contaminated areas. Future experiments
should also include investigating the individual effects of Ca?* and Mg?" within

seawater on As sorption and desorption to iron oxides. It is also warranted to continue

32



the previous desorption experiments at higher pH values where ionic strength effects
have proven to be more effective.

Arsenic K-edge EXAFS revealed that arsenate adsorption exists predominantly
as binuclear bidentate complexes, perhaps with a small number of mononuclear
complexes as well. The occurrence of possible ternary-like complexes between
divalent cations and arsenate cannot be ruled out in ASW, especially at high pH.
Additional spectroscopic evidence is needed to probe these phenomena further, such
as IR spectroscopy.

Altogether, the effect of seawater on arsenate adsorption and desorption to
goethite and ferrihydrite is a complicated issue and warrants further investigation.
There are a limited number of studies that have probed into this knowledge gap and
additional data could prove to contribute large strides into this field, especially
findings based on molecular-scale spectroscopic evidence of proposed mechanisms.
Pairing together multiple approaches, including macroscopic and spectroscopic
techniques, will have a great impact on furthering the scientific body of literature on
these subjects. These findings may also be applicable to other similar pollutants and
may provide additional vital data when constructing robust models to probe

environmental contamination and cycling.
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TABLES

Table 2.1:  Salt concentrations and ionic strength for artificial river water (ARW)
and artificial seawater (ASW).
ARW ASW-------oeeee o 50/50 Mix----------
Concentration Concentration Concentration
Salt (mM) Salt (mM) Salt (mM)
NacCl 1.292 NacCl 363.00 NacCl 182.15
KCl 0.087 Na2S04 25.00 Na2S04 12.50
CaCl; 0.489 KCl 8.03 KCl 4.06
MgSOa4 0.338 NaHCO3 2.07 NaHCOs 1.04
KBr 0.73 KBr 0.36
H3BOs3 0.37 H3BO3 0.19
MgCl, x 6H.0 47.10 MgCl, x 6H.0 23.55
CaCl; 9.14 CaCl; 4.81
MgSO4 0.17
lonic Strength (M) lonic Strength (M) lonic Strength (M)
0.0042 0.6239 0.3140

Table 2.2:  Freundlich parameters used to model arsenate sorption to goethite and
ferrihydrite. Kr= sorption constant; n = exponential constant; E = model
efficiency.

Data Set Ky (mmol As g'!) n E
Goethite DI Water 0.080 + 0.003 0.113 £0.024 0.519
ARW 0.070 + 0.002 0.066 + 0.012 0.747
ASW 0.090 + 0.001 0.126 +0.009 0.929
50/50 Mix 0.070 + 0.002 0.069 +0.017 0.613
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Ferrihydrite DI Water 1.230 £0.195 0.075+£0.013 0.593
ARW 2.200 +0.320 0.165+0.019 0.916
ASW 16.790 + 3.144 0.466 +0.028 0.954
Table 2.3:  Fits and parameters corresponding to EXAFS data.
Sample R-Factor  Shells CN R(RA) o*(AY (25) +CN +R(A) 02:&2) -feelli
Goethite ~ 0.0089  As-O  4.3985 1.6909 0.0015 9.5998 0.3946 0.0079 0.0010 1.4687
ARW pH 3 As-Fe  2.0000 3.2993 0.0065 - 0.0286 0.0035
As-Oms 17.8556 3.1587 0.0029 6.2154 0.0384 0.0010
Goethite ~ 0.0102  As-O  4.4277 16925 0.0014 9.7911 0.4104 0.0083 0.0011 1.4814
ARW pH 9 As-Fe  2.0000 3.2924 0.0064 - 0.0305 0.0039
As-Oms 18.9741 3.1923 0.0028 6.1390 0.0372 0.0011
Goethite  0.0111  AsO  4.4170 1.6876 0.0015 9.3308 0.4349 0.0091 0.0012 1.6199
ASW pH 3 As-Fe  2.0000 3.2947 0.0065 - 00327 0.0042
As-Oms 17.8042 3.1616 0.0030 6.6162 0.0415 0.0012
Goethite ~ 0.0085  As-O  4.4226 1.6921 0.0012 9.8932 0.3826 0.0075 0.0010 1.3826
ASWpH 9 As-Fe  2.0000 3.3132 0.0107 - 0.0483 0.0067
As-Oms 22.1839 3.1967 0.0024 6.1478 0.0330 0.0010
Ferrihydrite  0.0117  As-O  4.0391 1.6882 0.0010 9.4996 0.4112 0.0093 0.0012 1.6989
ARW pH 3 As-Fe  2.0000 3.2970 0.0081 - 0.0395 0.0051
As-Oms 13.0000 3.1459 0.0020 6.3707 0.0515 0.0012
Ferrihydrite  0.0117  As-O  2.0625 1.6895 0.0011 9.4960 0.2131 0.0090 0.0012 1.8082
ARW pH 9 As-Fe  2.0000 3.2710 0.0082 - 0.038 0.0051
As-Oms 13.5280 3.1678 0.0022 6.5782 0.0517 0.0012
Ferrihydrite  0.0123  As-O  3.9546 1.6790 0.0010 9.6286 0.4104 0.0094 0.0012 1.6959
ASW pH 3 As-Fe  2.0000 3.2980 0.0076 - 0.0378 0.0047
As-Oms 12.7936 3.1126 0.0021 6.1972 0.0544 0.0012
Ferrihydrite  0.0113  As-O  4.0116 1.6818 0.0011 9.7299 0.3956 0.0087 0.0012 1.5806
ASWpH 9 As-Fe  2.0000 3.2596 0.0100 - 0.0461 0.0064
As-Oms 14.6109 3.1659 0.0022 6.0208 0.0469 0.0012
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Table 2.4:  Arsenate sorption to goethite in DI water, ARW, and ASW in preparation

for desorption experiments.

Adsorbed As (mmol g!) per Sorption Media

DI Water ARW ASW Desorption Data Set
0.088 0.069 0.095 DI water
0.088 0.073 0.095 ARW
0.088 0.076 0.095 ASW
0.088 0.078 0.095 Phosphate

Table 2.5:  Arsenate sorption to ferrihydrite in DI water, ARW, and ASW in

preparation for desorption experiments.

Adsorbed As (mmol g) per Sorption Media

DI Water ARW ASW Desorption Data Set
0.765 0.761 0.810 DI water
0.763 0.761 0.810 ARW
0.766 0.762 0.810 ASW
0.771 0.762 0.810 Phosphate

36



FIGURES

. 1 goethie_febS bemi
200 | POF 01.073-6522 Fe O ( O H ) Goethe

LA

"

"

8

o

%:u.muulnm K‘W&WJ M MAMMJNM

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 2.1: Diffractogram of synthesized goethite depicting characteristic peaks.

37



3 1 PDF 01-074-3080 FeO(OH] iron{ll cxide hydroxide | lron Oxide Hydioride

1,300

1,200

1,100

1,000

Counts
3
he

200

0 Il )
10 20 30 40 50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 2.2: Diffractogram of synthesized ferrihydrite depicting characteristic peaks.
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Figure 2.3: Arsenate adsorbed to goethite in ARW and ASW at pH 6 over a period of
120 hr. The initial starting concentration is 2 mM arsenate.
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Figure 2.4: Arsenate adsorbed to ferrihydrite in ARW and ASW at pH 6 over a
period of 120 hr. Initial starting concentration of arsenate was 2 mM As.
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Chapter 3

RELEASE OF ARSENIC IN A SHIFTING REDOX POTENTIAL SYSTEM

3.1 Introduction

As sea levels continue to rise, coastal soils are at greater risk of becoming
inundated with seawater either through storm surge or saltwater intrusion. Flooding
will typically lead to reducing conditions, however, in this case it will be under the
influence of seawater as opposed to just fresh water. Although arsenic (As) cycling
has been well studied in the past, it remains poorly understood how exactly seawater
will impact the chemical and mineralogical changes in coastal soils and its effect on
the fate and mobility of As. One past study on an As-contaminated coastal soil showed
that when it was exposed to flooding and reducing conditions in the laboratory, more
As was released into solution in the presence of fresh river water compared to
seawater (LeMonte et al. 2017). The reason for differences in As partitioning in
different salinity waters is not entirely clear, but may be due to differences in pH and
ionic composition of the background media. The increased concentration of SO4* in
seawater compared to fresh river water may lead to increased SO4* sorption to the
mineral surface, which has been shown to inhibit mineral dissolution (Sparks 1998).
Additionally, the preferential reduction of SO4>* over occluded As(V) may contribute
to a decrease in As release in seawater (Burton et al. 2013; LeMonte et al. 2017).

The mobility of As is closely entwined to the biogeochemical redox cycling of
Fe, Al, and Mn-oxides, as well as sulfur and carbon (Kocar et al. 2006; Borch et al.

2010; Stuckey et al. 2015). Reducing conditions can lead to the dissimilatory
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reduction of As-bearing Fe-oxides and subsequent release of As into the water.
Ferrihydrite is one such Fe-oxide that is naturally occurring and commonly found. It is
present in a variety of environments, including redox-active areas, and has a high
surface area allowing it to sorb large amounts of trace metal(loids). It is one of the
most reactive Fe-oxides and is a precursor to many secondary iron minerals
(Schwertmann and Cornell 2000).

The objective of this chapter is to elucidate the effects of seawater on As and
Fe-oxide cycling in reducing conditions. More specifically, the objective is to identify
any geochemical causes that govern the difference in As partitioning in arsenate-
ferrihydrite (As-Fh) coprecipitates exposed to a low redox potential environment in
fresh water and seawater. Additionally, it is of interest to identify As partitioning
trends as a function of redox potential and differing water composition. This study
also aims to identify solid-phase bonding mechanisms between As and an As-Fh
coprecipitate. In this study, the use of an As-Fh coprecipitate was decided due to the
high likelihood of similar minerals being found in the environment, especially in redox
fluctuating areas. For example, when Fe-rich, anoxic groundwater discharges into oxic
surface waters, the Fe is oxidatively precipitated and has been shown to very
effectively sequester aqueous As (Charette and Sholkovitz 2002; Bone et al. 2006).
Also, in the previously mentioned work by LeMonte et al. (2017), it was found that
majority of the As in the collected soils was found to be occluded in low-crystalline
hydrous oxides rather than sorbed to the mineral surface. To achieve the above
objectives, laboratory experiments were designed to simulate sea level rise (SLR) in
an abiotic, model system consisting of an As-Fh coprecipitate, artificial river water

(ARW), and/or artificial seawater (ASW).

61



3.2 Methods and Materials

3.2.1 Arsenic-Ferrihydrite Coprecipitate Synthesis

Synthesis of an arsenate-ferrihydrite coprecipitate was based on methods from
Schwertmann and Cornell for 2-line ferrihydrite (Schwertmann and Cornell 2000).
Briefly, 40 g of Fe(NO3)3 * 9H>0 were dissolved in 500 mL of DI water. A solution of
1 M As(V) was made up by adding 312 mg of NaxAsO4+7H20 to 10 mL of DI water
and added to the Fe solution. Around 330 mL of 1 M KOH were quickly added to the
solution to bring the pH up to 7-8 while constantly stirring and monitoring the pH. To
ensure that the pH did not increase past the target range, the last 20 mL were added
dropwise and the pH was constantly monitored. The precipitate was washed four times
to remove entrained ions and stored in the freezer as a frozen paste until ready for use.
The As-Fh coprecipitate was characterized via XRD, BET, and a modified As
sequential extraction.

To prepare for XRD analysis (Bruker D8 X-ray powder diffractometer), the
mineral was first freeze dried. The dried sample was packed into the sample holder,
had a dwell time of 0.5 s, and increments of 0.05° over a range of 10-80° were
employed. Surface area was measured using a Micromeritics ASAP 2020 BET
Analyzer. The modified As sequential extraction adapted from Wenzel et al. 2001,
consisted of extractants targeting outer-sphere As, inner-sphere As, and an acid
digestion. Outer-sphere As was targeted by addition of 0.05 M (NH4)2SO4 and shaken
for 4 hrs. Inner-sphere As was targeted by the addition of 0.05 M NH4H>PO4 and
shaken for 16 hr. Lastly, 6 M HCI was added to completely digest the As-Fh
coprecipitate, targeting As associated with poorly-crystalline Fe mineral phases.

Between each extraction, samples were centrifuged for 15 min at 8500 rpm (12,439 x
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g) and the supernatants were filtered through a 0.2 um nylon filter and preserved with
HCIl until analysis via inductively coupled plasma-mass spectrometry (ICP-MS). All

extraction samples had a soil solution ratio of 1:25.

3.2.2 Microcosm Experiments

Microcosm reactors were set up with the As-Fh coprecipitate in both artificial
river water and artificial seawater with the goal of collecting samples over a
decreasing redox gradient. Table 3.1 displays the concentrations of salts used in both
ARW and ASW. Artificial river water salt concentrations were based on average
concentrations found in the Christina River, DE, collected and analyzed by the
Delaware Department of Natural Resources and Environmental Control (DNREC).
Artificial seawater salt concentrations were based on a modified f/2 seawater medium
(Guillard and Ryther 1962; Guillard 1975). The suspension density was 2 g L! for a
total of 1.5 L. The microcosms were assembled, sealed, and connected to appropriate
gas lines and probes to monitor the Eh and pH throughout the 96 hr experiment. In
order to reach each target Eh window, from about +400 mV to -300 mV, the redox
potential was controlled by adding either a mixture of 4% H> balanced in N> gas or
ambient air to either decrease or increase the redox potential, respectively. Once the
target Eh window was set, = 10 mV, the redox potential was held for 24 hr. To help
promote the reductive dissolution of Fe(Ill)-oxides in an abiotic system, a platinum
catalyst and H» gas were utilized as described by the following reaction (Equation 3.1)
(Murray and Hesterberg 2006):

1
~Hy (g) + Fe(OH)s3 () + 2H(gq) P 4L2%¢ Fely) + 3H, 0 (3.1)
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The platinum catalyst (Pt/C) is 10% Pt on activated carbon and was added at a ratio of
0.2 g Pt/C g! As-Fh. Four sampling points were planned for the experiments, after 24
hr of equilibration with no gases on, and then at each target Eh window of +200, 0,
and -300 mV. The Pt/C was not added until after the second sampling point (when
changing the redox potential from +200 to 0 mV) in order to help reach reducing
conditions. Once the microcosms were set to each target Eh window, samples were
taken after 24 hr of equilibration.

The microcosm experiments were conducted in a three-fold fashion. For the
first replicate of the experiments, a single sample was collected at each target
sampling point with a syringe, after 24 hr, at +300 mV, 0 mV, and -300 mV. The
syringe was immediately capped and transferred to an anaerobic glove box. The
sample slurry was transferred to a centrifuge tube, the cap was sealed with Teflon
tape, and centrifuged for 10 min at 4000 rpm (2,755 x g) before being brought back
into the anaerobic chamber. The supernatant was decanted and filtered through a 0.2
um nylon filter and collected to be partitioned for appropriate analysis. To preserve
any As(III) species in solution, an aliquot of the filtrate was added to EDTA for a final
concentration of 10 mM EDTA. Arsenic(I1I/V) speciation was analyzed using liquid
chromatography-inductively coupled plasma-mass spectrometry (LC-ICP-MS).
Sulfide concentrations in the filtrate were determined using the USEPA Methylene
Blue Method. Lastly, an aliquot of the filtrate was acidified in 1 M HCI to bring down
the pH to about pH 1 and analyzed by ICP-MS for total elemental analysis. A small
aliquot of the acidified filtrate was added to a Ferrozine solution, consisting of equal
parts of 0.01 M Ferrozine, 2.5 M ammonium acetate, and DI water, to be analyzed for

aqueous Fe(II) on an UV-VIS spectrophotometer (Cary UV-VIS) (Stookey 1970). The
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solid pellet from each collected sample was allowed to dry in an inert atmosphere until
ready to be prepared for analysis via X-ray absorption spectroscopy (XAS).

The experimental parameters for second replicate remained mostly the same as
the first replicate, except for an additional step in the sampling methods. At each
sampling point, a second syringe of sample was taken alongside the first syringe and
transferred to the anaerobic glove box. The first syringe of sample was filtered through
a 0.2 um nylon filter to separate the solid and aqueous phases instead of centrifuging
like what was done in the first replicate. The partitioning of the aqueous phase and
analyses were then conducted the same as previously discussed in the first microcosm
replicate. It was revealed that in the first microcosm replicate that all aqueous
concentrations for As, Fe, and S* were below the detection limit for each instrument.
This was most likely due to re-sorption of As and Fe back onto the mineral surfaces or
no S? being produced. This will be further discussed at length in the Results and
Discussion section. To help gain an understanding of how much As and Fe was being
released throughout the microcosm experiments, a dilute acid extraction was applied
to the second syringe of collected sample at each target sampling point. The second
syringe of sample was brought into the anaerobic glove box and immediately acidified
with 1 M HCI to bring the pH down to around 1. The acidified slurry was quickly
filtered through a 0.2 um nylon filter and preserved until analysis for total elemental
concentrations on the ICP-MS. An aliquot of the acidified filtrate was added to a
Ferrozine solution to be analyzed for Fe(IT) on an UV-VIS spectrophotometer, as
previously discussed.

Lastly, the third replicate of the microcosm experiments was conducted in a

similar fashion to the second replicate where two syringes of sample were taken at
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each target sampling point. The first syringe was treated as was done in the first and
second microcosm replicates while the second syringe was prepared for the dilute acid
extraction. For this third replicate, the first sample syringe taken at each sampling
point was centrifuged to separate the solid and aqueous phases, similar to that done in
the first microcosm replicate. The supernatant was decanted and filtered through a 0.2
um nylon filter and partitioned as was previously done in the first and second
microcosm replicates. The solid phase was allowed to dry in the anaerobic glove box
and was prepared for an As sequential extraction that is discussed in further detail in
the next section. The second sample syringe taken at each sampling point was treated
in the exact same manner as the second microcosm replicate. Briefly, after being
brought into the anaerobic glove box, the slurry was immediately acidified with 1 M
HCI to bring the pH down to around 1. The acidified slurry was quickly filtered
through a 0.2 um nylon filter and preserved until analysis for total elemental
concentration on the ICP-MS. Aqueous Fe(Il) was also analyzed using the Ferrozine
methods and an UV-VIS spectrophotometer, as was previously discussed.

To briefly review, replicates 1 and 3 both investigated the collected solid phase
through XAS and As sequential extractions. Both of these sampling treatments were
treated in a similar manner leading up to the solid phase analysis. Although replicate 2
also collected a sample in a similar manner as replicates 1 and 3, the solid phase was
not analyzed. A second sample was collected at each sampling point for replicates 2

and 3 so that a dilute acid extraction would be performed on the collected slurry.

3.2.2.1 Method Justification
Arsenate and iron(II) sorption to the Pt/C was measured to find out if the

addition of the catalyst would be a significant sorbent compared to As-Fh. In a
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background electrolyte solution of 0.01 M NaCl, an initial concentration of 2.67 mM
As(V) was added to the Pt/C and As-Fh, individually, as well as the Pt/C and As-Fh
combined; each had a solution density of 0.4 g Pt/C L' and 2 g As-Fh L1,
respectively. Additionally, Fe(Il) sorption experiments were conducted with an initial
Fe(IT) concentration of 1 mM. All sorbents and solution densities are the same as the
microcosm experiments previously mentioned. Batch reactors were shaken for 24 hr in
the anaerobic glove box. Upon completion, the slurry was filtered through a 0.2 pm
nylon filter and preserved with HCI to reach a pH of 1 until analysis. An aliquot of the
Fe(II) acidified filtrate was added to the Ferrozine solution, consisting of equal parts
0.01 M Ferrozine, 2.5 M ammonium acetate, and DI water and analyzed for Fe(Il) on
an UV-VIS spectrophotometer (Cary UV-VIS) (Stookey 1970). The rest of the
acidified filtrates were analyzed for total Fe and total As via ICP-MS.

To ensure the preservation of oxygen sensitive species during the
centrifugation and filtering steps in the microcosm methods, an experiment was
designed to test if a known quantity of aqueous Fe(II) would oxidize during these
steps in the microcosm methods. Since both centrifugation and filtering was used to
separate the solid and aqueous phases during the microcosm replicates, it is important
to show that there is no significant impact on the oxygen sensitive species in either
method. Briefly, 25 mL 10 mM of Fe(Il) as FeSO4 * 7H,0 were added to several 50
mL plastic centrifuge tubes in an anaerobic glove box. Half of the centrifuge tubes
were sealed with Teflon tape around the cap, taken out of the anaerobic glove box, and
centrifuged for 10 min at 4000 rpm (2,755 x g) while the other half of tubes were
allowed to stay in the glove box. Samples were then brought back into the glove box.

For both the centrifuged samples and the samples that remained in the glove box, an
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aliquot from each sample was filtered through a 0.2 um nylon filter and added to the
Ferrozine solution, as mentioned previously. Another aliquot was directly added to the
Ferrozine without filtering. All samples were analyzed on the UV-VIS

spectrophotometer.

3.2.3 Arsenic Sequential Extractions

During the course of the microcosm experiments, fractions of arsenic will have
cycled through different stages and become associated with different phases of the
solid minerals. The goal of the arsenic sequential extractions was to identify the pools
of arsenic at each sampling point as the system changes from oxic to anoxic
conditions. During the third replicate of the microcosm experiments, two subsamples
of slurry were taken at each sampling point, 24 hr equilibration, +200 mV, 0 mV, and
-300 mV, and immediately transferred to the anaerobic glove box where the solid
phase was allowed to air dry in preparation for As sequential extractions.

The arsenic sequential extraction used was adapted from methods previously
published (Wenzel et al. 2001). All sequential extractions were carried out in the
anaerobic glove box except for the final two extraction steps, since it was not possible
to complete inside of the glove box. All extraction steps were carried out by adding 10
mL of extractant. If a wash step was necessary, 5 mL of extractant was used. Upon the
completion of each extractant or wash step, the samples were sealed with Teflon tape,
centrifuged at 8000 rpm (11,019 x g) for 15 min, and brought back into the glove box.
All supernatants were then filtered through a 0.2 um nylon filter and preserved with
HCIl until analysis via the ICP-MS and Ferrozine method. See Table 3.2 for a

summary of each extraction step.
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First, to target outer-sphere arsenic, 0.05 M (NH4)2SO4 was added to each
sample and was allowed to shake for 4 hr on an orbital shaker. The second extraction
step targeted inners-sphere arsenic by adding 0.05 M NH4H>PO4 and samples were
shaken for 16 hr. Arsenic associated with amorphous and poorly-crystalline hydrous
Fe oxides were targeted by adding 0.2 M NHs-oxalate buffer, pH adjusted to 3.25 with
concentrated HNOs3, and shaken for 4 hr in the dark. A wash step was performed using
the same extracting solution and shaken for 10 min in the dark before moving onto the
fourth step. Next, to target As fractions associated with well-crystallized Fe hydrous
oxides, 0.2 M NHs-oxalate buffer + ascorbic acid, pH adjusted to 3.25 with
concentrated HNOs, was used for 0.5 hr at 96 °C in a water bath. An identical wash
step as above was performed before moving onto the final step. Lastly, 6 M HCIl was

used to target any residual phases and was shaken for 12 hr.

3.2.4 Arsenic and Iron Bulk X-ray Absorption Spectroscopy

Once the solid phases from the first microcosm replicate were allowed to dry
in a 97% N2/3%H, atmosphere, they were ground, diluted with boron nitride, and
made into pellets held between two layers of Kapton tape. Bulk XAS analysis was
performed at beamline 4BM (XFM) at the National Synchrotron Light Source II
(NSLS-II). Each of the four samples from both the river water and seawater systems
were analyzed for As and Fe K-edge bulk XAS. Energy calibration was performed by
assigning the peak of the white line of As(V) in topaz to the K-edge energy of 11875

eV. X-rays were measured in fluorescence mode for As and transmission mode for Fe.
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3.3 Results and Discussion

3.3.1 Arsenic-Ferrihydrite Characterization

The arsenic-ferrihydrite coprecipitate was characterized via XRD, BET surface
area, and a modified sequential extraction. The As-Fh diffractogram (Figure 3.1)
revealed two broad peaks around 33° and 62°, indicative of the peaks found in 2-line
ferrihydrite diffractograms (Schwertmann and Cornell 2000). BET surface area was
equal to 314.44 m? g'!, which falls within the ranges of ferrihydrite surface area
reported in the literature (Schwertmann and Cornell 2000; Antelo et al. 2015). Lastly,
the modified sequential extraction revealed that virtually no As is associated with
outer-sphere sorption. About 1.5% As is associated with inner-sphere sorption, and
98% is bound by poorly-crystalline Fe phases (Table 3.3). The overwhelming majority
of As associated with poorly-crystalline phases is fully expected since the goal was to
precipitate ferrihydrite and arsenic together, which more closely represents similar

precipitates found in the natural environment.

3.3.2 Microcosm Methodology Tests

During the first trials of the microcosm experiments, some issues developed in
regards to the methodology. To test that certain aspects of the methodology throughout
the microcosm experiments are acceptable and that minimal sorption was occurring on
the Pt/C, Fe and As sorption to the Pt/C was tested (Table 3.4). The initial
concentration of arsenate added to each sorbent combination was 2.67 mM As (200
mg As L. Arsenate sorbed was 105.87 £1.71 and 113.90 +2.77 mg As L'! for As-Fh
individually and As-Fh and the Pt/C combined, respectively. The quantity of arsenate
sorbed to the Pt/C and As-Fh compared to without the Pt/C is small relative to the

overall As sorption occurring.
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Additionally, a centrifugation test with known quantities of Fe(Il) was
conducted to ensure the preservation of oxygen sensitive species (Table 3.5). The
process of filtering the supernatant had no significant effect on the concentration of
Fe(IT) among all samples. When considering the standard error across the spread of
samples, there was no significant difference in aqueous Fe(Il) concentrations when
choosing to centrifuge compared to letting the samples remain in the anaerobic glove
box. Therefore, centrifuging the collected microcosm samples had little to no effect on

the concentrations of oxygen sensitive species.

3.3.3 Acid-Extracted Arsenic and Iron in Microcosm Experiments

The recorded Eh and pH throughout the second replicate are shown in Figure
3.2. The pH in ARW ranged from 6.56 to 7.87 and ASW ranged from 7.17 to 7.80. As
the Eh decreased below +200 mV to 0 mV in ASW, the pH slowly began to increase
from 7.37 up to 7.80. This is expected as Fe-oxides begin to experience reductive
dissolution and consume H* as seen in the previously mentioned Equation 3.1 and in
similar reduction experiments (Masscheleyn et al. 1991b; Murray and Hesterberg
2006; LeMonte et al. 2017). Likewise, this effect is even more apparent in ARW once
the Eh dropped below 0 mV, the pH sharply increased from 6.61 up to 7.87. The
recorded Eh and pH for the third replicate are shown in Figure 3.3. A similar trend
from replicate 2 can be seen here where as the Eh decreases, the pH increases. The pH
range for ARW and ASW were from 5.58 to 8.05 and from 6.88 to 8.01, respectively.
The pH ranges in replicate 3 began at a lower value than replicate 2 and end at a
slightly higher value, but are not out of the realm of acceptability for replicates.

The acid-extracted aqueous data for the second and third replicates of the

microcosm experiments for ARW and ASW are shown in Figure 3.4, Figure 3.5, and
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Figure 3.6. Figure 3.4 displays the total arsenic in solution across all sampling points.
At all Eh values and replicates, there is close to no As in solution in the ARW system
(0.006 to 0.08 mg L!). This may be due to As being bound up in well-crystallized iron
phases, as will be discussed in further detail with the As sequential reactions. In ASW
replicate 2, As acid-extracted concentrations increase as the Eh decreases from a low
0of 0.37 mg L'! As at 519 mV to a high of 0.69 mg L! As at -285 mV. This increasing
trend in acid-extracted As concentration is expected as the redox potential continues to
decrease and the As-Fh coprecipitate begins to undergo reductive dissolution and
subsequently release As into solution (Masscheleyn et al. 1991b; LeMonte et al.
2017). In ASW replicate 3, it can be seen that there was more acid-extracted As at a
higher Eh than lower. It is not entirely known why this is the case, but it may be due to
natural variations within replicates at high Eh. It is noted that both replicates have
acid-extracted As concentrations that are similar in value at sampling points 0 mV and
-300 mV. However, these findings are contrary to what was found by LeMonte et al.
(2017), who ran a similar microcosm reduction experiment and saw that at low Eh
(100 mV to -300 mV) there was more As released into solution in the river water
system compared to the seawater system. The discrepancy in these trends may be
explained by the fact that the data presented here are from a pure iron oxide system as
opposed to a whole soil. Soils will contain a plethora of different materials including
clays, silicates, organic matter, and microbes. Another major difference is that these
data are acid-extracted aqueous data compared to non-acid-extracted data LeMonte et
al. (2017). The acidification of the entire slurry in HCI, despite the short time duration
before filtering, may be enough to begin to desorb a portion of As from the As-Fh

coprecipitate or Pt/C surface, which have very high surface areas compared to a whole
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soil. Also, ASW has a greater amount of SO4*" in solution compared to ARW, which
can compete with As for surface binding sites (Wilkie and Hering 1996; Appelo et al.
2002; Gao and Mucci 2003). When the slurry is acidified to around pH 1, SO4* and
may compete with As for surface binding sites that result in a release of a small
amount of arsenate into solution in ASW (Wilkie and Hering 1996; Appelo et al.
2002). The amount of acid-extracted As in the second replicate increases as Eh
decreases possibly because of the fact that there is more surface-bound As as a result
of reductive dissolution of the As-Fh coprecipitate and subsequent re-sorption of that
As onto the mineral surface. Sequential extractions of the As-Fh coprecipitate result in
a clearer picture of the As pools and yield further insight as to why more As is
released in ASW compared to ARW across all Eh points. This is discussed in section
3.3.6.

In Figure 3.5, a similar trend can be seen in total Fe in solution where there is
more acid-extracted total aqueous Fe in ASW compared to ARW at all sampling
points. As the Eh decreases, the concentration of total Fe in replicate 2 increases in
both ARW and ASW, although it is more apparent in ASW. In replicate 3, acid-
extracted total Fe decreases as Eh decreases in ASW, but this may be due to an
erroneous outlier at the most oxic sampling point. There is very little variation in
ARW acid-extracted total Fe. Figure 3.6 displays acid-extracted Fe(II) in replicates 2
and 3 analyzed by the ferrozine method. There is very little or no Fe(I) present in
solution at the oxic sampling points (<1.74 mg L), but once conditions become
reducing (0 and -300 mV), Fe(II) concentrations start to increase with decreasing pH
in both media. Once again, this increasing trend in acid-extracted Fe(Il) concentration

is expected as the redox potential continues to decrease and the As-Fh coprecipitate
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begins to undergo reductive dissolution, reducing Fe(III) to Fe(Il) and potentially
releasing it into solution (Masscheleyn et al. 1991b; LeMonte et al. 2017). It is only at
the most reducing sampling point (-300 mV) that there is more acid-extracted Fe(II) in
ASW compared to ARW. As the redox potential decreases, both Fe(Il) and As become
more available for acid-extraction. The data reveal that there is more acid-extractable
total Fe and total As in ASW than ARW, but Fe(Il) does not follow this trend. As the
redox potential decreases, more Fe is reduced to Fe(Il) and As is releasing from the
coprecipitate, allowing both to be acid-extracted. However, in ARW, majority of the
Fe(Il) and As are being sequestered by the newly precipitated magnetite, more so than
in ASW. When comparing the magnitude of Fe release as total Fe and as Fe(Il), the
data suggest that HCI is dissolving some of the As-Fh coprecipitate without reducing
the Fe. The increased total Fe and total As concentrations in ASW may be coming
from the As-Fh coprecipitate that is being dissolved by HCI, of which there is more

present in ASW and will be discussed in the next section.

3.3.4 Solid Phase Iron Speciation via XAS

In the first replicate of the microcosm experiments, as the Eh decreased below
100 mV, pH began to increase (Figure 3.7). This suggests Fe reduction is occurring,
which has been shown to begin around 100 mV (Masscheleyn et al. 1991b). ARW pH
ranged from 5.2 to 8.3 and ASW pH ranged from 6.9 to 7.6. Once the Eh was changed
from +200 to 0 mV, the pH slowly started to increase in ASW. In ARW, the pH
quickly increased as the Eh dropped to -300 mV, an indication that Fe(III) is being
reduced to Fe(I) (Masscheleyn et al. 1991a; Murray and Hesterberg 2006; LeMonte et
al. 2017).
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Iron XAS analysis was performed at NSLS-II on beamline 4-BM (XFM)
(Figure 3.8). Iron X-ray absorption near-edge structure (XANES) spectra show a slight
shift in the Fe edge position from +200 mV to -300 mV, which suggests a small
amount of Fe(III) reduction to Fe(Il). Iron extended X-ray absorption fine structure
(EXAFS) data show a large change in the structure starting at 0 mV and increasing at -
300 mV in both ARW and ASW. The structural changes resemble magnetite
formation, indicating reduction of Fe(III) to Fe(Il) and reprecipitation to form mixed-
valence magnetite. These changes are more apparent in the river water system
compared to the seawater system, which may support the claim of mineral stability in
seawater due to sulfate sorption onto the mineral surface (Sparks 1998). Additionally,
it has been shown that the presence of carbonate may inhibit ferrihydrite conversion to
magnetite (Hansel et al. 2005). It has also been noted that magnetite conversion from
ferrihydrite is favored at a higher pH, which is seen in ARW over ASW (Hansel et al.
2005). A slightly higher pH in the river water compared to the seawater system was
also seen in the microcosm experiments conducted by LeMonte et al. (2017).
Although SO4> may be playing a significant part here, further experiments are needed
to determine its precise role in the system.

Linear combination fitting revealed the extent of As-Fh coprecipitate
transformation to magnetite (Figure 3.8 and Table 3.6). It can be seen that in both
water systems there was virtually no As-Fh coprecipitate conversion at oxidizing
conditions (24 hr and +200 mV sampling points). Once the systems reached Fe-
reducing conditions (0 and -300 mV), mineral conversion to magnetite occurs in both
systems. In ARW, at 0 mV, there are roughly equal parts present of As-Fh and

magnetite. Once -300 mV is reached, about 66% of the mineral is present as
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magnetite. Conversely, in ASW, only 27.6% and 32.3% of As-Fh transformed to

magnetite at 0 mV and -300 mV, respectively.

3.3.5 Solid Phase Arsenic Speciation via XAS

Arsenic XAS analysis was performed at NSLS-II on beamline 4-BM (XFM)
(Figure 3.9). Arsenic K-edge XANES reveal a very faint shift in edge position as the
system decreases in redox potential, suggesting that the As-Fh coprecipitate may
stabilize As speciation over the course of this experiment. Coker et al. (2006)
microbially reduced As(V)-bearing ferrihydrite to form As(V)-associated magnetite
and reported no As(V) reduction throughout the experiment, similar to the reported
findings in this project. A couple of structural changes represented by the appearance
of two broad “peaks” at 11885 and 11895 eV are apparent in the 0 and -300 mV
sampling points, but not the oxic samples. This points to the fact that As may be
reprecipitating, in addition to aqueous Fe, and most likely is being incorporated into
the structure of the newly formed magnetite. Arsenic K-edge EXAFS further reveals
structural changes in As as more magnetite is formed at lower redox potentials (Figure
3.10). Several changes in the spectra can be seen as the samples cross over from oxic
to reducing conditions, 24 hr and 200 mV down to -300 mV. Most notably, there are
the appearance of shoulder features at 4.20, 6.20, 6.85, and 10.30 A-'. Once again,
the prominence of these features appears to be greater in ARW than ASW, signifying
that there is more As incorporated into the magnetite structure in ARW. The arsenate
oxyanion possesses a tetrahedral geometry (O’Day 2006), which can occupy
tetrahedral crystallographic sites within the magnetite lattice (Coker et al. 2006).
Additionally, Coker et al. (2006) found that only arsenate incorporates into biogenic

magnetite and not the trigonal pyramidal arsenite.
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3.3.6 Arsenic Fractionation via Sequential Extractions Across a Redox
Gradient

Arsenic fractionation across a redox gradient in both ARW and ASW was
investigated through arsenic sequential extractions. These samples were collected
during the third replicate of the microcosm experiments. This third replicate has 5
sampling points as opposed to the usual 4 sampling points due to obstruction of Ho/N>
gas flow at around the 87 hr mark in the experiments. Although the microcosms
increased in Eh, both the ARW and ASW systems still remained overall in iron
reducing conditions with a maximum redox potential of +29 mV and +3 mV,
respectively, during this time. Once the gases were running properly, the systems were
set for -300 mV and allowed to equilibrate for an additional 24 hr.

The spread of arsenic across iron oxide phases during the ARW microcosm
experiment is shown as a percentage of total As (Figure 3.11) and total As
concentration per each associated iron phase (3.12). Likewise, we can see the same
results for the ASW microcosm experiment in Figure 3.13 and Figure 3.14,
respectively. In both ARW and ASW, there is near 0% As associated with outer-
sphere sorption across all sampling points. This is expected in these systems since
As(V) was added as the arsenate anion and has been shown to form mostly inner-
sphere complexes with iron oxides through ligand exchange (Fendorf et al. 1997).

In the ARW system (Figure 3.11), inner-sphere bound As increases as the
redox potential decreases to 0 mV, but then decreases slightly at -300 mV, but most
likely not enough over experimental error. At the same time, As associated with
poorly-crystalline iron oxides shows a clear decreasing trend, from 94% to 47%, as the
redox potential decreases. Well-crystallized associated As starts out very low and

overall increases for a maximum of 19% at the lowest redox potential measurement.
p
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Since the starting mineral was an arsenate-ferrihydrite coprecipitate, it is expected that
the majority of the As is bound by poorly-crystalline phases at the most oxic
conditions, as is shown at both the 24 hr and +200 mV sampling points. As the redox
potential begins to decrease below 100 mV, Fe reductive dissolution begins to occur
which frees up poorly-crystalline Fe and its associated As. The freshly released As,
which is most likely to be in its arsenate species, may adsorb back onto the mineral
surface as can be seen in the increase in inner-sphere As at lower Eh values.
Additionally, as was revealed by XAS, magnetite is found in the 0 mV and -300 mV
samples which could coprecipitate with As during mineral formation. Ferrihydrite
dissolution and reprecipitation transformations have been shown to sequester As in
previous studies (Coker et al. 2006; Kocar et al. 2006; Tufano et al. 2008; Tufano and
Fendorf 2008). Evidence of As coprecipitating with magnetite is also backed up by the
increased As fraction at -300 mV in the sequential extractions as well as evidence in
spectra changes in As K-edge XANES and EXAFS at both 0 mV and -300 mV in
Figure 3.9 and Figure 3.10. Arsenic associated with residual phases is 0% for the oxic
sampling points which is expected since the majority of the As is bound by the poorly-
crystalline coprecipitate. There is still 21-25% As found in the residual Fe phases for
the anoxic sampling points. Although other Fe mineral phases were not detected
through Fe K-edge EXAFS, this could possibly be due to incomplete digestion of the
well-crystallized minerals during the third and fourth sequential extraction steps.

In the ASW system, a similar trend to what was found in ARW can be found in
the outer-sphere and inner-sphere As fractions (Figure 3.13 and Figure 3.14). Virtually
no As is bound by outer-sphere sorption, and inner-sphere sorption increases as the

redox potential decreases. This is once again most likely due to the reductive
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dissolution of the poorly-crystalline Fe phases that release As into solution, allowing it
to adsorb back onto the mineral surface. However, As associated with poorly-
crystalline Fe decreases from 72% to 65% as the Eh values decrease, but then
unexpectedly increases up to 75% at the lowest Eh sampling points, -67 mV and -300
mV. Additionally, As bound by well-crystallized Fe increases to 26% at 200 mV, but
drastically decreases to a minimum of 1% at -300 mV. It could be that the adsorption
of SO4* on the mineral surface is inhibiting the complete digestion of the well-
crystallized Fe phases, as previously mentioned.

In the ARW system, there is a higher percentage of crystalline-bound As at
low Eh values compared to ASW, signifying that As is being sequestered by the newly
precipitated magnetite. This is also evidenced by looking at the Fe K-edge EXAFS in
the first replicate of the microcosms where there is 66% magnetite formed in ARW
compared to 32% in ASW. Arsenic K-edge XANES and EXAFS also show strong
evidence of structural changes in As from oxic to anoxic samples, signifying the
change from surface-bound to structural arsenic. There is more magnetite formation in
ARW, so there is also more As bound to these well-crystallized phases compared to
ASW. Since there is relatively more As bound by coprecipitation with magnetite in
ARW than ASW, there is potentially less As in solution or available for inner-sphere
sorption, as is seen in both the sequential extractions and the acid-extracted aqueous
data from the second and third microcosm replicates (Figure 3.11 and Figure 3.4).
There is also more total Fe and Fe(II) in solution after acid extraction (Figure 3.5 and
Figure 3.6) in ASW compared to ARW, indicating that there is more easily accessible

Fe in ASW. Similar to the available As, the newly available Fe is mostly likely being
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captured by the freshly formed magnetite, more of which is precipitating in ARW than

ASW.

3.4 Arsenic Cycling and Mobility in a Changing Coastal Environment

In these experiments, arsenic was found to be sequestered at a greater amount
in ARW compared to ASW. The most significant factor behind this finding may be the
fact that more magnetite was formed in ARW than in ASW, 66% vs 32%,
respectively. This is mostly likely due to the presence of high concentrations of SO4*-
in ASW that, when adsorbed to the mineral surface, have shown to inhibit reductive
dissolution (Sparks 1998). Through As sequential extractions, it was also found that a
larger amount of As is associated with well-crystallized Fe phases in ARW than ASW,
thus dampening the risk of competitive desorption or As reduction. Since the reduced
arsenite species is the more mobile and toxic form of the two most common inorganic
As species, it is of high significance that arsenate associated with well-crystallized
phases is not as available for reduction or desorption as compared to arsenate adsorbed
to the mineral surface. Undoubtedly, a significant amount of surface area will be lost
when poorly-crystalline Fe minerals transform to well-crystallized Fe minerals and
will have the potential to release surface-bound As into solution. However, as was
shown in previous studies (Coker et al. 2006; Kocar et al. 2006; Tufano et al. 2008;
Tufano and Fendorf 2008) and is supported in these experiments, As(V) may be
incorporated into the structure of well-crystallized minerals and therefore will also not
be as susceptible to reductive dissolution due to the decreased surface area. Further
experiments are needed as the role of sulfate in seawater also may have a significant

impact on As and Fe cycling throughout a redox gradient.
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This work relied on multiple approaches to reach the current findings,
including both macroscopic and spectroscopic techniques. Combining microcosm
batch experiments and sequential extractions with X-ray absorption spectroscopy
allowed for a greater understanding of arsenic cycling and mobility than any of the
techniques could reveal on their own. This research demonstrates that in the face of
SLR, arsenic cycling and mobility is of more importance than ever. The implications
of these findings may have an impact on various environmental sites, particularly in
areas where anoxic ground water that is rich with dissolved As and Fe come into
contact with oxic waters, precipitating arsenic-iron oxide like minerals. Coastal sites
may subject these freshly precipitated minerals to reducing conditions in the presence
of fresh water or seawater, such as is occurring at a Superfund site in coastal
Delaware. These findings can additionally be applied to other environmental systems
throughout the world where arsenic contamination may be prevalent, such as in
Southeast Asia or Bangladesh. Climate change induced saltwater intrusion will add
another complex layer on top of an already existing crisis. These findings will
contribute to the building of more robust models and further support the scientific
research being conducted in each area. Future work should include investigating the
specific effects that SO4>~ has on inhibiting the reductive dissolution of the arsenic-
ferrihydrite coprecipitate in each media. Additionally, the utilization of a well-
documented microbial inoculant will allow this system to even further resemble the

natural environment and yield more applicable results.
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TABLES

Table 3.1:  Salt concentrations and ionic strength for artificial river water (ARW)
and artificial seawater (ASW).
ARW ASW
Salt Concentration (mM) Salt Concentration (mM)
NacCl 1.292 NaCl 363.00
KCl 0.087 Na2S04 25.00
CaCl, 0.489 KCl 8.03
MgSQO4 0.338 NaHCOs 2.07
KBr 0.73
H3BOs 0.37
MgCl, x 6H,0 47.10
CaCl; 9.14
lonic Strength (M) lonic Strength (M)
0.0042 0.6239
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Table 3.2:  Summary of arsenic sequential extraction procedure, adapted from
Wengzel et al. 2001.
Arsenic Extraction Soil to
Fraction Extractant Conditions Solution Ratio Wash Step
Outer- 0.05 M ) )
Sphere (NH.),SOx 4 hr shaking 1:125 None
0.05M : )
Inner-Sphere NH,H,PO, 16 hr shaking 1:125 None
10 min shaking in
Poorly- oxa(l)a'lfel\‘t/f I;Iflj r4- u 4 hr shaking in 1:125 the dark with 0.2 M
Crystalline 3 ;5 P the dark ' NHjs-oxalate buffer,
' pH 3.25, SSR 1:62.5
0.2 M NH4- 10 min shaking in
Well- oxalate buffer + 0.5 hrina 96 °C 1:125 the dark with 0.2 M
Crystallized ascorbic acid, pH water bath ' NHas-oxalate buffer,
3.25 pH 3.25, SSR 1:62.5
Residual 6 M HCl 12 hr shaking 1:125 None
Table 3.3:  Partial arsenic sequential reactions revealing the amount of As associated

with each relevant iron mineral phase in the As-Fh coprecipitate.

Arsenic Fraction % Arsenic Arsenic (mg/kg)
Outer-Sphere 0.00 0.01
Inner-Sphere 1.48 57.47

Residual 98.52 3821.93
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Table 3.4:

independently and with the platinum catalyst (Pt/C).

Arsenate and iron adsorbed to arsenic-ferrihydrite coprecipitate (AsFh)

Sorbent Sorbed Analyte (mg/L)

Arsenate Std. Deviation Std. Error

AsFh 105.87 2.97 1.71

AsFh+Pt/C 113.90 3.92 2.77
Total Iron Std. Deviation Std. Error

AsFh 41.82 2.69 1.55

AsFh+Pt/C 43.72 431 2.49
Iron(ll) Std. Deviation Std. Error

AsFh 42.51 2.98 1.72

AsFh+Pt/C 44.43 4.56 2.63

Table 3.5:  Aqueous Fe(II) samples after centrifugation compared to samples that

remained in the anaerobic glove box. The effect of filtering on Fe(Il)
oxidation was also tested on each batch.

Sample

Aqueous Fe(ll)

Std. Deviation

Std. Error

(mg/L)
Centrifuged 548.06 1.33 0.77
Centrifuged + Filtered 547.93 23.05 13.31
Glove Box 552.06 7.34 5.19
Glove Box + Filtered 547.84 14.58 10.31
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Table 3.6:  Linear combination fit results from As-Fh coprecipitate reacted with
ARW and ASW in microcosms.

Sample % As-Fh % Magnetite R-factor
ARW 24 hr 100 0.00 0.017
ARW +200 mV 100 0.00 0.125
ARW 0 mV 50.6 50.7 0.113
ARW -300 mV 36.1 66.0 0.158
ASW 24 hr 100 0.00 0.087
ASW +200 mV 100 0.00 0.091
ASW 0 mV 76.0 27.6 0.135
ASW -300 mV 54.6 32.3 0.348
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Figure 3.1: Diffractogram of synthesized arsenic-ferrihydrite coprecipitate depicting
characteristic peaks of ferrihydrite.
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Figure 3.2: Diagram depicting the Eh and pH during microcosm experiments
(replicate 2) with As-Fh coprecipitate and ARW or ASW.
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Figure 3.3:
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Diagram depicting the Eh and pH during microcosm experiments
(replicate 3) with As-Fh coprecipitate and ARW or ASW.
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Figure 3.4: Acid-extracted aqueous data showing total arsenic in solution from
microcosm experiments in ARW and ASW. Replicate 2 is shown in solid
circles and triangles. Replicate 3 is shown in hollow circles and triangles.
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Figure 3.5: Acid-extracted aqueous data showing total iron in solution from
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potential sampling point in ARW and ASW. Replicate 2 is shown in solid
circles and triangles. Replicate 3 is shown in hollow circles and triangles.

91



500 - 9

& -
400 4 4 8
/
P -
300 4 7
—_ 2 -
S 00 6
E
S 100 15
t
g 3
(- % 0 4 4
X
(*]
y]
Q
& .100 1 3
-200 == River Water Eh 4 2
== Seawater Eh
-300 - = = =River Water pH 1 1
= = «Seawater pH
-400 I | | | ] 1 I ] 0
0 24 48 72 96
Time (hr)

Figure 3.7: Diagram depicting redox potential and pH during microcosm
experiments (replicate 1) with As-Fh coprecipitate.

92



Fe(lll) As Mineral

———ARW 24 hr

= ARW +200 mV
ARW 0 mV
ARW -300 mV

———ASW 24 hr

e ASW +200 mV

Normalized p(E)

T

ASW 0 mV

ASW -300 mV

Magnetite

7105 7125 7145
Energy (eV)

Fe(Il1) As Mineral

" ———ARW 24 hr
e ARW +200 mV
ARW 0 mV
ARW -300 mV
© = ASW 24 hr

" e ASW +200 mV

K2 -x(k) (A)

ASW 0 mV

ASW -300 mV

Magnetite

2 4 6 8 10
Wavenumber (1/A)

Figure 3.8: Iron K-edge XANES (A) and Fe K-edge EXAFS (B) for microcosm
reduction experiment with As-Fh coprecipitate. Linear combination fits
are shown in B as red dotted lines overlaying each respective spectrum.
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Figure 3.9: Arsenic K-edge XANES of As-Fh coprecipitate abiotically reduced in
microcosm experiments. Dashed circles indicate structural changes that
support the reprecipitation of As into a new mineral at the lowest redox
potential sampling points, 0 and -300 mV.
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Figure 3.10: Arsenic K-edge EXAFS of As-Fh coprecipitate abiotically reduced in
microcosm experiments.
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Figure 3.11: Arsenic fractionation in an artificial river water system across a redox
gradient. Percentage values are shown above each column.
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