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ABSTRACT

Lowering the Maximum Contaminant Level (MCL) for arsenic in drinking water in the U.S., has caused a
significant increase in the volume of Arsenic Bearing Solid Residuals (ABSRs) generated by drinking
water utilities. Most of the affected utilities are smaller water treatment facilities, especially in the arid
Southwest, and are expected to use adsorption onto solid sorbents for arsenic removal. Because of their
high adsorption capacity and low cost, iron sorbents are used treatment technology and, when the sorbent’s
capacity is spent, these ABSRs are disposed in municipal solid waste (MSW) landfillsand as a consequence
arsenic is likely being released into leachate. However, a mature landfill is a biotic, reducing environment,
which causes arsenic reduction and mobilization from the ABSRs. It is well documented that iron and
sulfur redox cycles largely control arsenic cycling and, because iron and sulfur are ubiquitous in MSW, it is
suspected that they play key roles in arsenic disposition in the landfill microcosm. The purpose of this
study is to investigate the degree to which sulfate can prevent arsenic from leaching into landfill through
biomineralization and to study ABSRs biogeochemical weathering effect on arsenic sequestration. The
primary routes of iron and sulfate reduction in landfills are microbially mediated and biomineralization is a
common by-product. In this case, biomineralization is the transformation of ferric (hydr) oxides into
ferrous iron phase and sulfate into sulfide minerals such as: siderite (FeCOj;), vivianite (Fe;(POy),), iron
sulfide (FeS), goethite (a-FeOOH), and realgar (AsS). In this work, long-term microbial reduction and
biomineralization of iron, sulfur, and arsenic species are evaluated as processes that both cause arsenic
release from landfilled ABSRs and may possibly provide a means to re-sequester As in a recalcitrant solid
state. The work uses long-term, continuous flow-through laboratory-scale columns in which controlled
conditions similar to those found in a mature landfill prevail. In these simulated landfill column
experiments, formation of biominerals, same as those that would naturally occur in typical non-hazardous
MSW landfills, will be investigated. The feed contains lactate as the carbon source and primary electron
donor, and ferric iron, arsenate, and a range of sulfate concentrations as primary electron acceptors. Our
results suggest that biomineralization changes the stability of arsenic through a number of different
processes including (i) release of arsenic through reductive dissolution of iron-based ABSRs; and (ii)

readsorption/incorporation of released arsenic to secondary biominerals. The influence of biominerals,

16



which have less surface area and adsorption capacity than original AFH, on the retention of arsenic is also
investigated in this study. Our results show that the concentration of sulfate fed to the system affects the
biomineral formation, and that the relative amounts and sequence of precipitation of biominerals affect the
free arsenic concentration that can seemingly be engineered by the concentration of sulfate fed to the
system.Comparison between the columns with different sulfate concentrations indicate that inflow sulfate

concentration higher than 2.08 mM decreases As mobilization to <50%.

Key words: Arsenic, Sulfate, Biomineralization, Arsenic-Bearing Solid Residuals (ABSRs), Amorphous

Ferric Hydroxide, Vivianite, Siderite, Fe sulfide, and As sulfide.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

1. Background

Arsenic is a naturally occurring element widely found in the earth crust that is
spontaneously released into drinking water sources, such as groundwater from natural
sources, through the dissolution of minerals, and from anthropogenic sources, like

pesticides, herbicides, and wood preservatives.

Several health effects are also related to arsenic exposure. Long term exposure to
contaminated drinking water has been cited as the most widespread threat to human
health posed by arsenic (Nordstrom 2002; Smedley and Kinniburgh 2002). Because of
the awareness of the presence of arsenic in drinking water and its associated risks to
people, the U.S. Environmental Protection Agency (US EPA) lowered the Maximum
Contaminants Level (MCL) of arsenic in drinking water from 50 ppb to 10 ppb. As a
consequence, the amount of arsenic waste generated from the treatment plants would
widely increase (as projected by Meng et al., 2001). This would cause generation of
more than 6 million pounds of ABSRs every year,which would be then disposed of in

mixed-solid waste landfills (USEPA, 2003).
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As a requirement of the Safe Drinking Water Act (SDWA), the United States
Environmental Protection Agency (USEPA) recommended different best available
technologies (BATs) to comply with the new arsenic maximum contaminant regulation
(USEPA, 2001). These technologies include precipitation/coagulation, adsorption and ion
exchange. The technologies available and under development for arsenic removal by
small utilities depend primarily on adsorption of arsenic onto a throwaway or re-
generable solid media. One option is to use iron oxide/hydroxide media to remove
arsenic, either as adsorbent in drinking water treatment plants (USEPA, 2000), or as a
precipitate to treat arsenic wastes produced from ion exchange and membrane filtration
processes (USEPA, 2003). Based on Toxicity Characteristic Leaching Procedure (TCLP)
results, these wastes may be disposed of in municipal solid waste (MSW) landfills where
reducing conditions predominate because of the high natural organic matter (NOM)
content and microbial activity. Under such conditions iron and arsenic will be reduced
and, as a consequence, arsenic will be released to the leachate (Ghosh et al.,2004). It is
known that reducing conditions increase aqueous arsenic concentrationas a result of

reductive dissolution of iron (hydr)oxides (Tufano et al., 2008).

A mature landfill leachate has a pH of 6.5-9and high concentrations of anions, mainly
carbonate, phosphate, and sulfate.It also supports a diverse population of
microorganisms, including methanogens, arsenic, iron,and sulfate reducers (Christensen

et al., 2001; Van Geen et al., 2004; Ludvigsen et al., 1999).
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The primary routes of iron and sulfatereduction in landfills is microbially mediated and
biomineralization is a common by-product.Biomineralization leads to formation of
ferrous iron crystalline phases such as siderite, vivianite, and into mixed-valence mineral
forms, such as magnetite and green rustand in the presence ofsulfide,sulfideminerals such
as ferrous sulfide (FeS) and realgar (AsS). Therefore, in sulfidic environment, sulfate

reducing bacteria (SRB) also has a significant impact on arsenic mobilization.

Under anaerobic conditions Fe (hydr)oxides can be used as terminal electron acceptors in
a process termed Dissimilatory Iron Reduction (DIR) (Lovley 1991). DIR causes the
reduction of structurally bound Fe in (hydr)oxide particles thereby inducing reductive
dissolution and subsequently biomineralization (Sturm et al., 2008).In the proposed
study, biomineralization, as a function of sulfate concentration, will be study as a key
component in controlling iron and arsenic leaching from ABSRs in landfills. More
importantly, biomineralization is potentially an engineered process by which leach
resistant arsenic/iron/sulfur minerals could be generated with an overall goal of
stabilizing arsenic in recalcitrant crystalline mineral phases. A wide range of sulfate
concentrations, from 1 to 52mM, occur in municipal solid waste (MSW) landfills (Ghosh
et al., 2006). At these concentrations a broad community of SRB is expected to be present
in MSW landfills, which in addition to reducing sulfate may be able to reduce arsenate by
using it as a terminal electron acceptor (Hoeft et al., 2001; Harrington et al., 1998;

Newman et al., 1997).
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Besides microorganisms, which are capable of direct As(IIl) oxidation and direct As(V)
reduction, the iron reducing and the sulfate-reducing bacteria can have an important

effect on the arsenic solubility.

Microbial transformations are likely major contributorsto arsenic dissolution that would
occur in the long residence times of landfills (Alday 2010; Kocar et al., 2010;Fendorf et

al., 2010; Johnston et al., 2010;Burton et al., 2011b).

This work investigates role of sulfate on arsenic reduction and mobilization by applying a
range of sulfates concentration in anaerobic column packed with Fe/As sludge. In
previous work of Alday (2010), SRB reduced the available sulfate from the influent
concentration of 0.064 mM and 2.08 mM to below detection levels in the effluent, under
landfill simulated conditions. SRB, as arsenic reducer, could play an important role in
reducing and mobilizing arsenic and in addition at high sulfate concentrationsby
reduction to sulfide and possibly subsequent formation of arsenic-sulfide minerals.
Biomineralization could be employed either as a pretreatment prior to arsenic disposal or

as a process to stabilize previously landfilled arsenic bearing solid residuals.

The goal of this research is to investigatebiomineralization as a possible process to
control iron and arsenic release from ABSR in landfills. The microbially generated
sulfide can interact with environmentally important elements such as Fe and As and
affect geochemical transformation of ABSRs via redox couple formation with As(V) and

Fe(III) or sulfide biomineral formation.
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If arsenic treated wastes, in mineral forms, could be safely disposed of in municipal
landfills, while maintaining their integrity and stability under such conditions,then the
potential expense associated with either hazardous waste disposal or cleaning up
groundwater contacted by arsenic-laden leachate from non-hazardous landfills could be

avoided.

1.1. Iron/Arsenic Fate in Anaerobic Environment

Natural aqueous systems contain not only dissolved organic matter but also dispersed
mineral (e.g., clay and metal oxides) particles. Iron is the most abundant element in the
lithosphere so the iron oxides are widespread in environmental systems (Illes et al.,
2005). Iron (hydr) oxides are found in most soils at varied concentration and several
forms (e.g., hematite, goethite, magnetite, etc.). Temperature, pH, and redox conditions
influence the iron-mineral formation in soils and aqueous systems(Zachara et al., 2002;
Dixit et al., 2003, Roh et al., 2003).Freshly precipitated iron (hydr) oxide minerals,such
as amorphous ferric (hydr) oxides (AFH) and ferrihydrite (FesHOs.4H,0), have no or
very low crystallinity with high specific surface area. Ferrihydrite is a poorly crystalline,
metastable mineral, and acommon secondary weathering products found in
soils,unsaturated and saturated subsurface materials, and aquatic sediments.
Transformations of these (hydr) oxides generate iron minerals with higher crystallinity,
such as hematite, goethite and magnetite (Dixit and Hering 2003). The high degree of
structural disorder and high specific surface area of ferrihydrite make it one of the most
reactive of the iron oxide minerals and an important sink for inorganic and organic
compounds in the environment.Ferrihydrite is especially important as an electron

acceptor in soils, sediments, and aquifers because it is more bioavailable to dissimilatory
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metal reducing bacteria (DMRB) than crystalline ones (Lovley et al., 1991). Iron-surface
charge is variable and highly dependent on pH and ionic strength. Either cations or
anions can be sorbed onto distinct iron-surface sites because the surface charge of these
(hydr) oxides can be either positive or negative. Silicate, phosphate, and molybdate
(inorganic anions); citrate, fulvic and humic acids, and biocides (organic anions); and
aluminum, copper, lead, vanadium, zirconium, cobalt, chromium, and nickel (cations) are
some of the particular compounds that sorb onto the iron surface (Dixon and Weed
1989). Iron sorption capacity also plays an important role in attenuating the concentration
of several contaminants in the environment, such as arsenic, through adsorption and co-

precipitation.

Iron is commonly found in two different oxidation states: ferric iron (Fe**) and ferrous
iron (Fe’*). Theabundance of ferric minerals in the subsurface and their affinity for
contaminants through adsorption has made solid-phase iron reduction a subject of
importancewith respect to understanding the biogeochemical dynamics of groundwater
contaminants (Royer et al., 2002). Iron oxide may be reduced through biotic or abiotic
electron transfer reactions with organic compounds (scott et al., 1998). Iron speciation in
soils and groundwater is mostly mediated by bioprocesses, as specific microorganisms
reduce metals to obtain energy for growth under anaerobic conditions. The fate of both
organic and inorganic contaminants has been found to be influenced by microbial iron
reduction. Secondary reactions of Fe(Il) may include aqueous Fe(Il) complexation,

adsorption to the oxide, and precipitation of ferrous minerals;FeCO3z in HCOj3;™ buffered
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systems, Fe3;(PO4),.8H,0 in systems with phosphate, Fe;O4, and FeS in sulfidogenic

environments.

Several studies have demonstrated that the microbial reduction of Asbearing
Fe(IlI)(hydro)oxides result in a dissolution of the solid phase, and this could potentially
mobilize sorbed arsenic on the surface of the iron oxides (Xinjun et al., 2009). The Fe(III)
reduction could also form secondary iron crystalline phasewith less surface area for
arsenic adsorption, such as siderite (FeCO3), vivianite (Fes; (PO4),.nH,0) and iron sulfide
(FeSx) and mixed valent mineral forms, such as magnetite (FeHFeIHzO4) and green rust
(FeH6 _XFeHIx(OH)12)]"+(A2'X/2.yH20)X' (Benner et al., 2002).The rate of iron reduction
correlates linearly with the iron surface area. AFH, with the highest surface area, is
rapidly reduced compared to crystalline ferric (hydr) oxides such as goethite and hematite
(Fredrickson et al., 1998). More in depth study on the characteristics of reduced iron
phases and incorporation of arsenic into mineral structure is needed to better understand
mechanisms of arsenic release within aquifer systems under reducing condition in

presence of biological iron minerals.

In a study with Zachara et al. (2002) key factors controlling the identity of the secondary
mineral weredetermined to beelectron donor and acceptor concentrations, ferrihydrite
aging/recrystallization status, sorbed ions, and co-associated crystalline Fe(III) oxides.
Three different combinations of electron donor/acceptor,lactate/ferrihydrite, from
deficient to excess (0.5 mmolL"! lactate and 47, 50, and 150 mmolL! ferrihydrite),were

used in this study. Transmission Mossbauer spectra of 2-line ferrihydriteindicates that the
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electron donor to acceptor ratio can affect the biomineralization products resulting from
the action of DMRB on iron (hydr) oxides.When ferrihydrite was at great excess, it was
transformed to a complex mixture of Fe(Ill) oxides including hematite, goethite,
lepidocrocite, and more crystalline ferrihydrite. In the case with the electron donor in
excess, the 2-lineferrihydrite was almost fully transformed to fine-grained magnetite,

with a small residualconcentration of 6-line ferrihydrite.

Arsenic is a naturally occurring element widely found in the earth crust that is
spontaneously released into drinking water sources, such as groundwater. Certain regions
have higher incidences of arsenic in groundwater. Arsenic is also a component of man-
made products, such as pesticides, pyrotechnics and wood preservatives. Arsenic can
appear in a number of different methylated organic forms, and at least two inorganic
forms: arsenate(H,AsQy') or arsenite(H3AsOs3). Arsenate or As(V) is the oxidized state of
arsenic and is typically found under aerobic conditions. Arsenite or As(IIl) is the reduced
state of arsenic and is found under anaerobic conditions (Dixit and Hering 2003). As(V)
exists under the conditions of natural waters as a negatively-charged monovalent
(H>AsOy) or divalent(HAsOf') ion that readily sorbs onto metal hydroxide or ion-
exchange resin surfaces, while As(IIl) is a zero-valent molecule (H3AsOs3) that is not
readily sorbed.Arsenic(V) binds stronglyto most mineral components of soil, inclusive of
clay minerals,iron, manganese, and aluminum oxides. In contrast,As(Ill) adsorption is
more specific, binding exclusivelyto iron (hydr)oxides (Tufano et al., 2008).

In the environment arsenic desorption fromsolids can occur as a result of ligand

displacement, dramaticshifts in pH, reduction of As(V), and reductive dissolution of iron
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or manganese (hydr)oxides(Smedley and Kinniburgh 2002; Smith et al., 1998). However,
a transition from aerobic to anaerobic conditionsis thought to be the
mostcommonpathway by whichAs is released to the aqueous phase (Tufano et al., 2008).
Inorganic As can also be transformed to biomethylated species such as
monomethylarsonic acid(MMAA),dimethylarsinic acid(DMAA), and
trimethylarsineoxide(TMAOQO) as a result of microbial activity (wilkin et al., 2003;

Rochette et al., 2000).

Research by Tuffano et al. (2008) address abiotic and biotic arsenic adsorption and
desorption experiments using ferrihydrite, goethite and hematite coated sands loaded with
either As(V) or As(IIl) in the abiotic experiments and ferrihydrite and goethite coated
sands loaded with only As(V) in biotic experiment. Both set of experimentswere run
under continuous flow columns at the same rate for 55 days. Feed for abiotic columns set
contained only basal salts buffer, whereas the feed to the biotic columns set also included
trace minerals, vitamins and lactate, as electron donor. The abiotic results of ferrihydrite
loaded column show that the effluent for both arsenic species reached the highest peak at
initial stages of the experiment. The final amount desorbed varies at different arsenic
loadings to the ferrihydrite coated sands, increasing initial loading were correlated with
higher As released. The experiment was done comparing Fe/As leaching by using a wild-
type (WT) and mutants of Fe/As reducing bacteria (Shewanella sp. ANA 3). The results of
the ferrihydrite coated sands column inoculated with the wild-type bacteria, which is
closer to natural environments, show an initial high As desorption followed by a steady

state, low level of As release until the finalization of the experiment. On the other hand
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the column with the mutant bacteria, without the ability to reduce As, the amount
desorbed was only 1.4% and in the column with mutant bacteria, unable of reducing Fe,
the As desorbed almost double the amount released in the WT column experiment.
Comparing the abiotic to the biotic columns experiments loaded with almost the same
quantity of As(III), abiotic desorption of As(II) was almost twice as much as the biotic

experiment.

A study with Horneman et al. (2004), on the sediment profiles in the groundwater of
Bangladesh revealed a particular point where As release is independent of the Fe activity
outcompeting its desorption rate by several folds where dissolved As and Fe are generally

greater at deeper depths under reducing environment.

In another research by Ghosh et al. (2006), incongruent Fe/As release was reported from
a long-term, flow-through column study on the behavior of a common iron-based ABSRs
when subjected to simulated landfill conditions. It was observed that during the early
stages of operation, most arsenic and iron leaching was associated with suspended
particulate matter generated by microbial erosionof ferrihydrite (Tadanier et al.,
2005),and iron was lost proportionately faster than arsenic and in later stages, the arsenic
leaching rate increased by more than 7-fold while the rate of iron leaching declined due
to formation of secondary minerals leading to decreased sorption capacity and slower
dissolution rates(Benner et al., 2002; Hansel et al., 2004 and 2005).Motivated by these
research works, a set of column experiments were conducted by Alday (2010). These

experiments were running under anaerobic condition, to mimic microbially mediated
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processes that influence arsenic leaching from arsenic bearing solid residuals (ABSR) in
mature municipal solid waste (MSW) landfills. The total arsenic leaching from these
columns were usually higher than 80%, with As(IIl) nearly always higher than As(V),
whereas Fe leached out less than 7% of the initial solid’s content. Effluent As
concentration starts releasing in a non-stochiomentric ratio from Fe at about 30 pore
volumes (60 days) and increased constantly until it reached plateau for approximately
100 pore volume (200 days), and then decreased continuously. These results strongly
suggest incongruent Fe/As release in which reduced iron re-precipitate in form of

secondary mineral whereas released arsenic mobilizes out of the system.

One other important factor in such systems is presence of sulfate and sulfate reducing
bacteria (SRB), and their role in arsenic reduction and mobilization. There are varieties of
microbial communities capable of arsenic reduction; among those SRB has a
considerable contribution to arsenic reduction under landfill condition(Hoeft et al., 2002;
Harrington et al., 1998; Newman et al.,1997). Sulfate is present in landfill at relatively
high concentration, from 105 to 4900 mgL'1 (Ghosh et al., 2006). Within this
concentration range, a broad community of SRB is present in MSW landfills, which are
capable of reducing arsenate by using it as terminal electron acceptor. In addition, at high
sulfate concentrations SRB reduce sulfate to sulfide which play an important role in
mobility and availability of arsenic through formation of arsenic thioanions complex,
arsenic-sulfide minerals and chemical reduction of Fe(Ill) (O’Day et al., 2004; Kocar et
al., 2010; Couture et al., 2011; Burton et al., 2011). A geochemical model from study on

a former pesticide-manufacturing facility in East Palo Alto, CA was proposed by O’Day
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et al. (2004), applying spectroscopic observations that show the ratio of reactive iron to
sulfur in the system controls the distribution of solid phases capable of removing arsenic
from solution under reducing conditions. Under this condition with sulfate presents, the
concentration of dissolved arsenic and its incorporation with minerals depends on the rate
of microbially mediated sulfate reduction to sulfide phases and the formation of stable
sulfide mineral. The XANES/EXAFS spectra of sediment shows formation of arsenic
sulfide phases at the molecular scale and that the co-precipitation of arsenic with

sedimentary iron sulfide minerals is not the dominant mechanism of arsenic uptake.

1.2. Biomineralization in Landfill

Microbial reductive dissolution and therefore transformation of iron oxides, can cause the
release of adsorbed or incorporated species (Pederson et al., 2006). The biomineralization
products are important in that they influence the overall thermodynamics of the
bioreduction reaction, and consequently its extent.Biomineralization products may retard
bioreduction by coating or passivating the residual Fe (III) oxide. Biomineralization
products may also sequester trace elements associated with the original oxide by co-
precipitation or surface complexation. The primary factor controlling the nature of the
secondary iron mineral suite appears to be the Fe(Il) supply rate,magnitude, and its
surface reaction with the residual oxide and other sorbed ions(Zachara et al., 2002).
Phosphate, carbonate, sulfate, and organic ligands are expected to be important factors
influencing microbial reduction of iron oxides. A considerable amount of organic matters

in landfill promotes high level of microbial activity under anaerobic conditions which

29



may lead to transformation of ferric iron (Fe3+) to ferrous iron (FeZ+) and/or sulfate to
sulfidesecondary formation of crystalline iron and sulfur phases. As (V) introduced to
this system from ABSR may releases in anoxic conditions, first as As(V) and then as
As(III), during the reductive dissolution of arsenic bearing amorphous iron phase. Recent
investigations suggest that certain iron-reducing bacteria capable of respiring
anaerobically on arsenate may reduce iron oxide carrying arsenate efficiently, with
arsenite incorporated in the crystal lattice during the formation of secondary minerals

(Kocar et al., 2006).

Initial As(V) concentration is also an important factor impacting iron reduction rate, its
mineralogy, and final arsenic speciation. Chow et al. (2009) finding from amendment of
Chattahoochee Riversediment with two different arsenic concentration, <1 uM and <10
uM As(V), indicates that the activity of iron-reducing bacteria was spurred by the
addition of even small concentrations of arsenate, but that As(V) probably inhibited iron
reduction in the highest amendments. Results from lower arsenic amended experiment
suggest that arsenate was removed during the recrystallization of iron, partly by
adsorption andincorporation into the crystal lattice of iron oxides.The secondary
mineralization of poorly crystalline iron oxides to more crystalline Fe/S phases reduces
specific surface area, and thus site densities, which decreasesarsenic sorption. Ona-
Nguemaet al. (2008) has studied arsenic and iron speciation in the products of anaerobic
reduction of pure and As(V) or As(Ill)-adsorbed lepidocrocite by Shewanella
putrefaciens ATCC 12099. The XRD patterns of samples from bioreduction of pure

lepidocrocite after 9 months exhibits characteristic of hydroxycarbonate green rust GR1
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(CO3) and ferrous-carbonate hydroxide FCH whereas samples from bioreduction of As
(IIT)-adsorbed lepidocrocite reveal FCH to be the dominant reaction product mixed with a
minor amount of GR1(COs3) after 22 months. These results indicate that the presence of
As(IIl) slows down the reduction of Fe(lll)-bearing GR1(CO;3) into FCH by
S.putrefaciens. The complete reduction of Fe(Ill) to FCH was observed in samples from
bioreduction of As(V)-adsorbed lepidocrocite after only 5 months. The poor crystallinity
of FCH suggests that a fraction of arsenic adsorbed on the surfaces of FCH particles
during the nucleation process, thus limiting their size. As K-edge XAFS results of
product samples showed that As(V)/As(Ill)-lepidocrocite does not reduce or oxidize,
respectively, under anoxic, abiotic condition and confirmed reduction of As(V)-
lepidocrocite in the presence of S. putrefaciens, whereas no As(IIl) oxidation was
observed in As(IlI)-lepidocrocite samples, in which S. putrefaciensreduced lepidocrocite
and GR1(CO3) to FCH . This study provides the first evidence for the formation of
multinuclear arsenite surface complexes at the edges of nano-sized Fe(Il)-bearing layered
minerals. XEDS analysis also suggests sorption of arsenite on the surface of the FCH
particles. Although biomineralization of Fe(Ill)-bearing minerals can lead to release of
associated arsenic to aqueous solution, Fe(II) biominerals products are capable of
sequestering back a fraction of the mobilized arsenic species. The Mossbauer
resultssuggest that Fe(Il)-containing biomineral co-precipitate with As(Ill) to form a
minor As (III)-Fe(II)-containing solid phase. Under reducing conditions~97% of As(1II)
was retained within biogenic Fe(II)-containing reaction products. These results indicate

that, at least under some circumstances, bacterial reduction can promote As(III)

sequestration in the form of As—Fe-containing biomineral.
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For both thermodynamic and kinetics reasons, Fe(Ill) should serve as excellent electron
acceptors for anaerobic respiration, with redox potential well above that of sulfate
(Nealson et al., 1992).With decreasing oxidation potential in sulfidizing environments,
ferrihydrites become thermodynamically unstable with respect to various ferrous/sulfide

containing solid phases.

The number and complexity of factors influencing arsenic mobilization as redox
conditions transition from oxidizing to reducing makes prediction of arsenic leaching

from ABSR under mature landfill conditions a challenging task.

2. Objectives

The important role of specific microbial activity (Fe/As reducers) in arsenic reduction
and mobilization under reducing condition has been fully studied, but the long-term
nature and mineralogical properties of the newly formed phases in the presence of broad
suite of microbial communities that are present and evolve in mature landfill, as well as
significant role of sulfate concentration controlling arsenic fateunder reducing condition
are poorly understood.SRB in the environment with wide range of sulfate concentration,
such as in landfill, could play an important role in arsenate reduction and mobility, and at
high sulfate concentrations by reducing sulfate to sulfide and subsequent formation of
arsenic-sulfide mineral which could contribute to arsenic sequestration. The goal of this

project is to study two new innovative processes for the sequestration of arsenic released
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in landfills: iron biomineralization and arsenic re-precipitation. A series of flow-through
bench-scale columns has been set up under anoxic conditions to simulate conditions
similar to those found in a mature landfill to investigate relevant processes,
biomineralization and arsenic sorption/co-precipitation, controlling the release of arsenic
from ABSR and its sequestration under landfill reducing conditions. These columns are
packed with a sludge of As co-precipitated with AFH (as a representative ABSR), with
Fe/As ratio of 20:1, and with mixed consortium of bacteria such as iron reducing bacteria,
and sulfate reducing bacteria obtained from anaerobic digester sludge produced in a
wastewater treatment plant. All columns are continuously fed with a solution of micro
and macro nutrients required by the bacteria for growth, different sulfate concentration
including one containing SRB inhibitor, and the addition of lactate as the only organic
electron donor and carbon source for the microorganisms. Results of these manipulations
will be evaluated based on reduction of arsenic and iron leaching from the columns. Also
characterization of the mineral phases formed and arsenic, iron, and sulfate speciation of
these heterogeneous mineral mixtures will be carry out by the end of each column run,
using X-ray diffraction (XRD) spectroscopy, micro-focused X-ray fluorescence (XRF)
mapping, and X-ray absorption spectroscopy (XAS) including extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near edge structure (XANES). There are no
previous long-term studies reported on the use of biomineralization as remediation
technique to stabilize the residuals that are disposed of in landfills. This research will
focus on how arsenic-bearing wastes will be influenced by iron and sulfur biominerals

formation in presence of sulfate under simulated landfill conditions and how different
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concentration of sulfate contributes to the order and extent of biomineralization and

potentially to the long-term stabilization ofarsenic under such conditions.

3. Dissertation Overview

This dissertation is divided into7 core chapters. A brief description of each of the

chapters is described below.

Chapter 1: of the dissertation is intended to be introductory in nature; providing a
general summary of the project, a brief literature review, andresearch objectives;
includingABSRs disposal issues, iron and arsenic fate after disposal,biomineralization

process and its impact on ABSRs.

Chapter _2:"Ferrous Biomineral Formation and Its Affinity for Arsenic
Sequestration under Simulated Landfill Conditions'. This chapter describes a
complete long-term column study under simulated landfills conditions that shows the
main  processes occurring in landfills; including  As-bearing  Fe(hydr)
Oxidebiotransformation to show how high affinity iron phase transforms to low affinity
minerals through biomineralization, arsenic and iron leaching and non-stichiomeitric
release, and looks at siderite and vivianite adsorption/co-precipitation
isotherms.Freundlich and Langmuir isotherm equations are used to describe the

partitioning behavior of the system.
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Chapter 3:is submitted to The Journal of Environmental Science and Technology with
the title of "Biomineralization controls arsenic mobility in landfill conditions". This
chapter evaluates the effect of sulfate on biomineral diversity and arsenic retention by
comparing low sulfate column (0.064 mM) with medium sulfate (2.08 mM), using a
broad set of analytical techniques to analyze aqueous chemistry and speciation.

Incongruent Fe/As release effect is also evaluated in this chapter.

Chapter 4:ispublished under the title'"Microscale speciation of arsenic and iron in
ferric-based sorbents subjected to simulated landfill conditions' in Environmental
Science and Technologywith Robert Root (first author), Sahar Fathordoobadi, Fernando
Alday, Wendell Ela, and Jon Choroveras coauthors. This paper describes the effect of
sulfate concentration on solid phase sorbent and sorbate speciation By combining X-ray
absorption spectroscopy (XAS) and multiple energy micro X-ray fluorescence (ME-

uXRF) mapping (elemental and chemical).

Chapter S:"How sulfur redox cycle and concentration impacts ABSRs fate under
simulated landfill conditions.'" This chapter evaluatesthe effect of sulfate concentration
on column’s mineralogy and the final species redox state by comparing medium (2.08
mM) and high sulfate (20.8 mM) columns, looks at possible mechanisms and pathways
(biotic, abiotic), explains electron consumption model, and thermodynamic favorability

of relevant redox couples using Lactate as electron donor.
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Chapter 6:This section provides a summary of the conclusions of the study undertaken
in the 6 core chapters of this research and recommendation on future work in this

research field.

Appendix A: "Time dependent arsenic release into landfill leachate from Arsenic

Bearing Solid Residuals (ABSRs) under different sulfate concentrations.''This
section discuss biomineral transformation over time under the influence of two different
sulfate concentration by looking at replicate columns of moderate and high sulfate at 3
different arsenic leaching regimes within a column’s life; by the end of lag phase, when
arsenic effluent concentration reaches its maximum, and after its concentration declined

back, at the end of run.
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CHAPTER 2

FERROUS BIOMINERAL FORMATION AND ITS AFFINITY FOR
ARSENIC SEQUESTRATION UNDER SIMULATED LANDFILL
CONDITIONS

1. Introduction

The U.S. Environmental Protection Agency revised Maximum Contaminant Level(MCL)
of arsenic in drinking water from 50 to 10 ppb, became enforceable on January 23, 2006
(US EPA, 2001), and has caused a significant increase in the volume of arsenic-bearing
solid residuals (ABSRs) generated by drinking water utilities (as projected by Meng et
al., 2001). Because of their high adsorption capacity and low cost, iron sorbents are
widely utilized for treatment and, when spent, comprise the bulk of the waste generated.
For their performance the iron-based sorbents depend on oxidized iron (Fe’*) surfaces,
typically forms of ferrihydrite (Fe(OH)s-nH,O or goethite (o.-FeOOH) (Amy et al., 2000;
Impellitteri and Scheckel 2006; Mohan and Pittman 2007). Based on Toxicity
Characteristic Leaching Procedure (TCLP)results, these ABSR may be disposed in
municipal solid waste landfills(US EPA, 2003). Even though ABSR are required to pass
the standard TCLP before being disposed of in nonhazardous landfills, there is evidence
that the TCLP does not accurately reflect long-term leaching that would occur under

landfill conditions (Meng et al., 2001;Ghosh et al., 2004).

37



Mature solid waste landfills are complex systems characterized by mildly alkaline,
reducing conditions, with diverse microbial communities and high organic matter
content.As a result, landfill environments display a variety of physical, chemical, and
microbial processes affecting the transfer of contaminantsfrom the disposed waste into
the leachate (Christensen et al., 2001; Ghosh et al., 2006; Kjeldsen et al., 2002). Iron
reduction in landfills is microbially mediated and biomineralization leads to common by-
products of ferrous iron crystalline forms, such as siderite, vivianite, and mixed-valence
mineral forms, such as magnetite and green rust (Kocar et al., 2006; Burnol et al., 2007,
Kirk et al., 2010; Root et al., 2013). Iron reducing bacteriaproduce these biominerals as a
by-product of their microbial respiration. Studies have shown that when ABSR is
subjected to simulated landfill conditions,the mobility and speciation of iron and arsenic
change through time, with extensive arsenic leaching taking place(Ghosh et al., 2004 and
2006; Jing et al., 2008; Alday 2010; Clancy et al., 2013). This shows that ABSR are not
stable under the conditions found in mature landfills. It has also been observed (Burnol et
al., 2007)that the As/Fe ratio in the leachate varies through time, indicating that there is
not a direct correlation between the mobility of arsenic and iron. This means that the
transport of arsenic cannot be accounted for only by the dissolution of ABSR. In this
work, biomineralization is evaluated as a possible process to control iron and arsenic

release from ABSR in landfills.

The sorbents employed for drinking water arsenic treatment are mineralogically the same
as those implicated in arsenic immobilization in natural oxidized systems, primarily ferric

(hydr)oxides (Amy et al., 2000; Benner et al., 2002; Smedley and Kinniburgh 2002;
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Mohan and Pittman 2007; Cances et al., 2008). In turn, iron reduction in municipal solid
waste (MSW) landfills, just as in natural environmental systems, is microbially mediated
and leads to formation of secondary minerals such as siderite, vivianite, and magnetite
(Hansel et al., 2003; Ghosh et al., 2006; Ona-Nguema et al., 2009). These minerals have
been suggested as potential As sinks (Charletand and Polya 2006; and references therein).
However, most of the secondary iron biominerals are crystalline with relatively low
specific surface area and sorption sites. As a consequence, biominerals may not be as
effective in As removal as amorphous iron phases. Despite many studies on adsorption
and/or incorporationof As into Fe-sulfides (Farquhar et al., 2002; Wolthers et al., 2005;
Cances et al., 2008; Kirk et al., 2010) and magnetite (Dixit and Hering 2003) thereis a
lack of such data for siderite and vivianite. Specifically, data concerningvivianite
reactivity in any context are sparse. Few studies on As sorption by siderite have been
reported (Guo et al., 2007 and 2009). Therefore, there is also a need to study the kinetics
and As sorption capacity of siderite and vivianite, and to evaluate the effectiveness of

these two common iron biominerals in arsenic sequestration.

The redox cycle of iron in landfills is controlled by interactions between porewater
(leachate) constituents and the solid phase, and is often driven by microbial
processes.The reductive dissolution of iron (hydr)oxides can release ferrous iron to the
pore water and/or promote the precipitation of secondary mineral phases (Benner et al.,
2002; Hansel et al., 2003; Tufano et al., 2008; Ona-Nguema et al., 2009).The
sorption/desorption of arsenic initially loaded on Fe(Ill) (hydr)oxides is then strongly

influenced by iron reducing bacteria (Burnol et al., 2007; Tufano et al., 2008). Fe(II)-
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induced transformation of iron(hydr)oxides may lead to incongruent partitioning of
arsenic between the aqueous and solid phases. Upon reduction, Fe(Il) is released to the
leachate, and ferrous biomineral phases may precipitate. The specific mineralproducts of
microbial Fe(IIl) reduction depend onthe crystalline state of the initial (hydr)oxide phase,
the presence and concentration of co-precipitated or sorbed constituents, and the solution
chemistry, especially iron and sulfate concentrations(Benner et al., 2002; and references
therein).  Secondaryphases  include  mixed  valent minerals such as
magnetite(FeIHZFeHO4),ferrous—bearing solids such as siderite (FeCOj3) and vivianite
(Fe3(PO4),,nH,0), and in the presence ofsulfide,biominerals such as ferrous sulfide (FeS)

and realgar (AsS). Therefore, in sulfidic environments, sulfate reducing bacteria (SRB)

have a significant impact on arsenic mobilization (O'Day et al., 2004; Burton et al. 2011).

The fate of As is tied to S and Fe reduction. Secondary mineralization of ferrihydrite
occurs via a coupled, biotic-abiotic pathway (Hansel et al., 2003). Ferrous sulfide
minerals are also commonly formed under sulfidic environments, usually contributing to
As mobilization due to their limited surface area (Burton et al., 2011 and 2013). Iron
sulfides could form through both biological (in presence of iron reducing bacteria) and
chemical(in presence of aqueous sulfide) routes (Millero et al., 1995; Poulton et al., 2003
and 2004). In some instances, kinetic limitations may produce solid phases that are not in
thermodynamic equilibrium with the contacting solution; alternatively, micro-
environmental variations at a scale not measured by the experimental or sampling design

may account for solids in apparent disequilibrium (Benner et al. 2002).
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Factors controlling the specific biomineralization pathway include pH, redox potential,
microbial activity, carbonate, phosphate, and sulfate concentration (Zachara et al., 2002;
Dixit et al., 2003). Final solid phases have more structured crystal geometry and lower
reactive site density. However, some of these minerals can effectively incorporate As.
Therefore, there is a need for more detailed and in depth evaluation of all the contributing
factors and reactions in biomineral formation which are influencing arsenic fate under
landfill conditions. Figure 2.1 illustrates the mechanisms affecting the fate of ABSR after

landfill disposal.

POSE 208
copz T

o2
C Fe(ll) g

i’,qeor
. PO, PO,3 \'O‘f_fat’;f-’—-’i

&
> CO52 77 A

p AS(V) o ety S ¢
& SO AVl aa) Redwtion As(lll) g — 58 _

.
el
|
-

—
=

) B

Y A

~

S%+ Fe? Y
HS" + As(llaq) ',

Y
AN \%
Zlq's\(///)a \\‘_~_> GW
T
ow

Figure 2.1.The primary routes of iron and sulfate reduction in landfills are microbially
mediated and secondary mineral formation is a common by-product. Biomineralization
plays a key role in determining whether or not desorbed As will be sequestered under
landfill conditions.SRB: Sulfate reducing bacteria; B: Biomineral; A: Arsenic.
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The goal of this project is to understand how biomineralization affects arsenic mobility
under simulated landfill conditions and to evaluate the feasibility of applying
biomineralization as a process to stabilize arsenic in landfills.Specifically, this work
focuses on studying two common iron phases that form as a result of reductive
dissolution under anaerobic conditions. According to previous experiments(Alday 2010;
Root et al.,, 2013), the main two iron crystalline biominerals formed under landfill
conditions are siderite and vivianite. We also evaluate the affinity of these minerals for
arsenic re-adsorption through batch isotherm tests carried out under anaerobic conditions.
A set of column experiments were conducted under anaerobic conditions to mimic key
microbially mediated processes that occur in mature MSW landfills. The columns were
loaded with sludge of As co-precipitated with ferric hydroxide (as a representative
ABSR) and inoculated with a mixed microbial consortium, including iron reducing
bacteria, from the anaerobic digester sludge from a municipal wastewater treatment plant.
The research highlights the importance of iron on the fate of arsenic after iron

mineralization and how these minerals influence its mobility.

2. Materials and Methods

2.1. Column Experiments
2.1.1. Sludge Preparation

An arsenic-bearing iron sludge was prepared to simulate the waste generated from arsenic

removal processes. Sodium arsenate heptahydrate (Na,HAsO,4.7H,0, KR Grade, Sigma-
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Aldrich) was dissolved in purified water (Milli-Q Water System by Millipore) to prepare
a 1 L solution with a concentration of about 70 ppb as As. Ferric chloride
hexahydrate(FeCl;.6H,O, ACS reagent, Sigma-Aldrich) was added to the As solution to
produce a supersaturated Fe, resulting in Fe:As molar ratio of 22:1. This mixture was
stirred on a reciprocating shaker table (Orbit, reciprocating speed 100 rpm) and the pH of
the solution was adjusted to 7.0£0.2 adding 10.0 M sodium hydroxide (NaOH, flakes,
EMD Chemicals). The produced AFH sludge was equilibrated for 2 days while the pH
was maintained at 7+0.2. After equilibration and settling, a supernatant sample was
filtered through a 0.45 pm cellulose acetate syringe filter (Whatman) for determination of
concentrations of dissolved As and Fe (Table 2.1). Iron concentration was below
detection. Subsequently, the residual sodium chloride content of the AFH was reduced by
decanting off the supernatant and filling a 4 L flask to the top with Milli-Q water, mixing
gently, and allowing the solid to settle for 3-4 hours and decanting off the water. This
procedure was repeated until the conductivity of the supernatant was below 1.0 mScm™.
During the process the pH remained constant (7.0+0.2) without needing further
adjustment. The remaining slurry was vacuum-filtered through a 0.45 um filter (cellulose
nitrate, Whatman). The final AFH water content was calculated by weight loss of a
sample dried at 70°C for 2 days. Characteristics of the sludge are presented in Table 2.1.

The sludge was stored in a capped-glass container for no more than three weeks at 4°C.
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Table 2.1. Tron/Arsenic sludge characteristics

Supernatant
SupernatantFe mg As/ mg Fe /
As P . [mg [mg Fe:As | % Water
pH . Concentration g dry g dry .
Concentration Ratio Content
(ppb) sludge] sludge]
(ppb)
7.00 69.6 BDL 31.2 521 22.4 83.4

BDL: below detection limit

Total Fe and As in the AFH were determined by digestion of 1 g (dry wt.) sample, using
15 mL of 70% by volume HNO3(J.T. Baker) in a CEM microwave digester (method SW
821-8051). Iron was determined by thel,10-phenanthroline method (APHA 1998) using a
spectrophotometer at 510 nm wavelength (Spectronic Genesys 5). Total and speciated
arsenic were measured by Ion Coupled Plasma Mass Spectrometer (ICP-MS, Agilent

7500a).

2.1.2. Column Characteristics

Chromatography-type Columns (Spectrum Chromatography; 2.5 cm ID x 30 cm length)
were packed with about 80 g (wet wt.) of the prepared iron/arsenic sludge, mixed with
120 g of glass beads (0.8 mm diameter) used as inert support. Anaerobic digester sludge
(25 mL of slurry) obtained from Ina Road Wastewater Treatment Plant, Tucson, Arizona

was added as the microbial source for the experiment (Figure 2.2). The column was fed

44



with a synthetic landfill leachate adapted from Field et al. (2003)(Table 2.2) by replacing
all chloride with sulfate salts to avoid chloride peaks overlapping other anion peaks in ion
chromatography (IC). Effluent samples, filtered through 0.45 pm cellulose acetate
syringe filters (Whatman), were analyzed to quantify arsenic, iron, and lactate. ICP-MS
(Ion Coupled Plasma Mass Spectrometer, Agilent 7500a) was used to evaluate total and
speciated arsenic. 1,10 phenanthroline method (APHA, 1998) using a spectrophotometer
(Spectronic Genesys 5) was used to determine iron speciation. The influent feed was
purged with nitrogen gas and fed continuously into the columns using a multi-syringe
pump (BS-9000-6 programmable multi-syringe pump, Braintree Scientific) at an average

rate of 2 pore volumes day .

Table 2.2. Composition of synthetic landfill leachate solution used as column feed
(adopted from Field et al., 2003)

Inorganic compounds Organic compounds
mg/L mM
KH,PO, 37 Lactate 5.5
Ca(OH), 5
Mg 9
NH,HCO; 987
NaHCO; 951
Trace Nutrient Element Solution Compounds pg/L
H;BO; 50
FeSO,*7H,0 2800
ZHSO4'7H20 106
MHSO4'H20 415
(NH4)6M07024'4H20 50
AIK(SOy),°12H,0 175
NiSO,4*6H,0 113
CoS0O,*7H,0 2360
NaZS 603 5 HzO 100
CuS0,*5H,0 157
EDTA 1000
Resazurin 200
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Effluent

m-ﬂ:ﬁ =) Glass beads

As/AFH, glass beads
and anaerobic
digester sludge

N

m-ﬂ.ﬁ =) Glass beads

Influent + SO,

Figure 2.2.Experimental Set-up; Up-flow bench-scale column, packed with laboratory
synthesized Fe/As sludge of 20:1 molar ratio mixed with glass beads and inoculated with
anaerobic digester sludge obtained from Ina Road wastewater treatment plant. The feed
contains lactate as the carbon source and primary electron donor (5.5 mM), and ferric

iron and arsenate as primary electron acceptors.

46



2.1.3. Solid Phase Characterization

The column was run for 665 days (332 PV). Effluent pH was measured every other week
and it fluctuated between 7.5 and 8.After termination, column was opened in an oxygen
free glove box (Terra Universal 100). The contents of the column (initially containing a
mix of AFH, glass beads and anaerobic digester sludge) were divided into four
approximately equal volume sections. Each layer was dried in the glove box at room
temperature for 7 days after which a 0.5 mm mesh was used to separate the glass beads
from the solids. Solid phases were analyzed by Powder X-ray Diffraction (XRD), by a
Scintag XDS 2000 PTS Diffractometerwith Cu-Kgradiation (A = 1.54060 A) operated at a
voltage of 40 kV and a current of 40 mA. Diffraction patterns were recorded by
continuous scans from 10° to 70° at 2 degrees/minute. The mineral phases were identified
using the instrument software and the International Centre for Diffraction Data (ICDD)

database.

2.2. Batch Adsorption/Co-precipitation Experiments

Batch tests were performed utilizing synthesized siderite and vivianite to remove arsenic
from aqueous solution through adsorption and co-precipitation. All experiments were
performed inside an anaerobic glovebox, kept under a constant flow of nitrogen gas to
maintain anoxic conditions. Deoxygenated water (DO)was also used for solution
preparation. DO water was prepared by bringing Milli-Q water to a boil while bubbling

nitrogen gas for 60 minutes.
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Experimental conditions were kept constant for all adsorption/co-precipitation
experiments, except for initial arsenic concentration. Reagent grade chemicals were used.
All vials, tubes, and glassware were cleaned in an acid bath and rinsed with Milli-Q water

before use.

2.2.1. Arsenic Stock Solutions

Arsenic salts (NaAsO4 for As(IIl) andHNa;AsO4.7H,Ofor As(V)) were used for the
preparation of stock solutions. The dry mass of the corresponding salt was dissolved in
100mL of DO water to obtain different As(III) and As(V) stock concentrations in the
range of 0.2-3500 mgL" in siderite experiments and 150-1200 mgL™' in vivianite

experiments.

2.2.2. Vivianite Synthesis

This synthesis method was adopted from Rosado et al. (2001).Each sample was prepared
inside the glove box in a 50mL glass bottle by dissolving the dry mass of phosphate
(0.2706g of NaH,PO,4)in DO water and adjusting to pH7 before adding the dry mass of
iron (0.8577g of FeCl.7H,0) at room temperature. Precipitation started immediately after
the addition of iron. The final volume was adjusted to SOmL for all samples.The pH was

readjusted using 10 M NaOH as needed throughout the experiment to maintain pH 7+0.2.
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A circumneutral pH was maintained in order to replicate mature landfill environments

(Christensen et al., 2001), as well as to maintain consistency between experiments.

2.2.3. Siderite Synthesis

This synthesis method was developed based on modification of synthesis procedures by
Singer et al. (1970), Bruno et al. (1992), and Wiesli et al. (2004). Artificial sideritewas
synthesized inside the glove box withferrous chloride (FeCl,-4H,O) and sodium
bicarbonate (NaHCOs3). Ferrous carbonate was precipitated by drop-wise addition of
0.05M Fe**solution into 0.15M HCOs; solution on a magnetic stirrer at room temperature.
Carbonate salt was used in excess (C032'/F62+: 3:1) to consume all the iron in solution.
The suspension was stirred for 1 h inside the glove box before it was set aside for 24 h for

the pale precipitate to settle to the bottom of the container.

2.2.4. Batch Vivianite Adsorption

Adsorption experiments were performed by the addition of either an As(IIl) or an As(V)
solution to pre-synthesized vivianite. The vivianite suspension was left to stabilize for at
least 2h before adding arsenic from a previously made stock solution. The volume of

arsenic solution added varied among samples based on the target initial arsenic
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concentration, but the final volume was kept constant at 50 mL. The final suspension was

allowed to equilibrate for 72h, stirring and checking the pH twice a day.

2.2.5. Batch Siderite Adsorption

The batch experiments to study the removal of As from solution were carried out by
mixing 50mL of As solution in 100mL polyethylene bottles with 0.5 g of the sorbent.
Isotherm studies were conducted with initial As(V) or As(III) concentrations between 0.2
and 100 mgL'l, and a contact time of2 weeks.After a predetermined contact time, the
aqueous samples in each bottle were filtered through a 0.45um cellulose acetate filter
(Whatman). The supernatant was analyzed for dissolved Fe and As. The effect of contact
time (lday—6weeks) was examined at room temperature with initial arsenic

concentrations of 100 mgL™".

2.2.6. Vivianite Co-precipitation

Co-precipitation experiments were performed by synthesizing vivianite in the presence of
either As(III) or As(V) solutions.The arsenic solution was mixed with the phosphate
before adding the dry mass of iron to the arsenic/phosphate solution.Different volumes of
arsenic solution were added initially to each samplein order to obtain a range of arsenic
concentrations.As with adsorption experiments, the suspension was allowed to equilibrate

for 72h, maintaining a circumneutral pH.
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After 72 h, the samples were presumed to have reached equilibrium, at which point the
amount of arsenic bound to the solid, and that remaining in the aqueous phase, was no
longer changing. The equilibrium point was determined based on results of preliminary
studies in our lab. The samples were taken out of the glove box and allowed to settle. The
solids were separated from the aqueous phase using a vacuum filter with 1um cellulose
acetate filter (Whatman). While filtering, the solids were rinsed with Milli-Q water to
dispose of salts that may have accumulated on the vivianite surface. The filtration process
lasted Sminutes to limit oxygen exposure. The wet solid weight was recorded and then
the solid was divided in two portions for different analyses. One portion was sampled in a
small plastic vial and transferred inside the glove box to air dry for 7 days before being
sent for X-ray diffraction (XRD) analysis to confirm the identity of the solid. The
remaining wet solid was dried in an oven for 24h at ~90°C. The wet and dry weights
measured were used to calculate the water content of the solid after filtration and to

determine the dry weight of the initial solid before it was divided.

Samples (~0.1g) of dry solid were mixed with 10mL of 65% HNOsfor extraction on a
shaker table continually mixed for 48h. This digestion process ensured that all contents of
the solid were dissolved for quantitative measurement of arsenic content. The solutions
were then diluted and stored with EDTA (as chelating agent to sequester iron from

solution) and acetic acid (as a buffer) until they could be analyzed by ICP-MS.
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Solid samples dried inside the glove box were analyzed by XRD. Digested samples, as
well as arsenic stock solutions, were analyzed by ICP-MS to obtain initial and solid
arsenic concentrations. The arsenic concentration remaining in the aqueous was

calculated by difference.

2.2.7. Siderite Co-precipitation

Co-precipitation experiments were performed by synthesizing siderite in the presence of
either an As(II) or an As(V) solution.The arsenic solution was mixed in the ferrous
chloride solution before addition to the bicarbonate mixture.Different volumes of arsenic
solution were added initially to each samplein order to obtain desired range of arsenic
concentrations(0.2-3500 mgL™). The suspension was allowed to equilibrate for 24h
inside the glove box. After 24 h, the solids were separated from the aqueous phase using
0.45um cellulose nitrate filters (Whatman).The filtered aqueous phase was sampled for
arsenic measurement. The wet solid weight was recorded and then the solid was
transferred in a weighting boat outside the glove box to air dry on the bench for 7 days.
The wet and dry weights measured were used to calculate the water content of the solid

after filtration and to determine the dry weight of the initial solid.

Aqueous samples were diluted and stored with EDTA (as chelating agent to sequester
iron from solution) and acetic acid (as a buffer) until they could be analyzed for dissolved
arsenic concentration by ICP-MS.The arsenic content of the solid phase was then
calculated by difference in mass balance.
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The effect of contact time (1-4 days) was examined at room temperature with initial

arsenic concentrations of 100 mgL'l.

3. Results and Discussions

3.1.Column Study

More than 10 column experiments were conducted over the course of 5 years of this
study. All ABSR-loaded columns exhibited a qualitatively similar trend in effluent
arsenic concentration as a function of time. An asymmetric bell-shaped curve
characterizes these trials as well as the arsenic-leaching from advective-flow, long-
duration studies previously reported (Ghosh et al., 2006; Kirk et al., 2010; Meng et al.,
2001).Column experiment conducted to evaluate the role of ferrous biomineral in arsenic
sequestration in this work run for about 2 years (665 days) with an average effluent
arsenic concentration of about 0.3 mM. Initially, low arsenic concentrations were
detected in the effluent (Figure 2.3). This early retention stage (termed here lag phase)
may be due to microbial acclimatization, or the re-adsorption of released arsenic onto
newly exposed AFH and re-precipitated iron surfaces (Kocar et al., 2006; Pederson et al.,
2006; Tufano et al., 2008) as Fe'* undergoes reductive dissolution. The lag phase is
followed by a continuous increase of effluent concentration to a maximum. This increase
in the effluent arsenic concentration occurs as a result of Fe**transformation and
precipitation of secondary iron minerals with limited sorption capacity (Table 2.3).
Following the arsenic peak, the effluent concentration dissipates to below 0.1mM to the
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end of column’s operation. This arsenic leaching behavior is qualitatively consistent with
that observed in the other few long-term column studies(Ghosh et al., 2006; Kirk et al.,
2010). The reactor was kept running for 665 days, and by the time it was stopped there

was almost no arsenic retained in the solid phase inside the column.

During the course of the experimentation, two arsenic leaching regimes were observed in
the column (Figure 2.3); For the first 300 days of operation, As(V) is the dominant

aqueous species, after which arsenic in the effluent is mostly As(III) until the termination

of experiment.
0.6
\ —e— As(II)
05 ] \ —a— As(V)
~ ‘ = = = Total As
% 0.4
ot
§ 0.3
<
0.2
0.1
0
30 160 290 420 550 680

Time (days)

Figure 2.3.Column effluent total arsenic and speciation shows As(V) being dominant
during the first half of column life and As(IIl) being major species from 319 days to the
end of column's life. Almost all of the initial arsenic mass(~100%) leached out of the
column after 665 days.
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The iron leaching trend does not follow that of arsenic. Throughout the course of
experiment, less than 1% of the total iron leached out, with average concentration ca.
0.05mM.The effluent Fe** concentration was much higher than Fe®* throughout the
column's life. The Fe** concentration during almost all the experiment was low with only
a few increases probably due to oxidation during sample handling and processing and/or
due to detachment and release of colloidal particles from the solid phase. Overall, iron

concentration did not follow a clear trend and fluctuated throughout the run (Figure 2.4).
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Figure 2.4.Column effluent total iron concentrations. <1% of the iron initially loaded
into both columns leached over the duration of the experiment.

During the experiments, leaching of As and Fe did not correspond to the initial molar
proportions in the ABSR. This incongruent Fe/Asrelease was evident in all of our
experiments, as well as in previous works (Alday 2010; Ghosh et al., 2006; Burnol et al.,

2007).The Fe/As molar ratio in the effluent (ca. 0.25) was always appreciably lower than

55



the initial Fe/As loading ratio of 22 (Figure 2.5). Early ferrihydrite reductive
transformation initially enhances arsenic retention due to re-adsorption of released
arsenic onto newly exposed AFH and re-precipitated iron surfaces (Kocar et al., 2006;
Pederson et al., 2006; Tufano et al., 2008), while prolonged reduction enhances arsenic
desorption due to the depletion of sorption sites resulting from continued iron reductive
dissolution and biomineral formation (Tufano et al., 2008). Also, arsenate may remain
adsorbed onto the ferrihydrite surface until the surface area and the number of surface
sites become too small to contain all the arsenate (Pedersen et al., 2006). Batch
incubation experiment with As(V) sorbed on, or co-precipitated with, 2-line ferrihydrite,
in a work by (Burnol et al., 2007) revealed that arsenic and iron leaching are in a non-
stiochiometric ratio: most of the leachable arsenic but only a small fraction of the
leachable iron, was released over a 2-month period and arsenic release can appear after

Fe(III) reduction, rather than simultaneously.
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Figure 2.5. Fe/As molar ratio in the effluent: As/Fe non-stoichiometric release was
evident since the initial loading Fe/As molar ratio was 22:1.
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Under landfill conditions, iron (hydr)oxides undergo reductive dissolution, releasing
aqueous Fe(II) to leachate and promoting long-term arsenic release/desorption. Dissolved
iron in the presence of phosphate and carbonate, two of the constituents commonly found
in landfills, forms thermodynamically more stable crystalline minerals such as vivianite
and siderite with lower capacity to retain arsenic due to their lower specific surface area
(Alday 2010; McCormick et al., 2002;Thinnappan et al., 2008). Dissolved iron migrates
downstream in the column, creating a pore-water Fe®* front which led to formation and
precipitation of Fe(Il)-bearing minerals. Therefore, the decrease in number of sorption
sites from the initial AFH to the final ferrous minerals significantly decreases arsenic
sorption capacity (Table 2.3). Iron phase transformation within columns is also evident
from change of color in solid phase from orange-brown (iron hydroxide) to darker shades
of brown and grey, suggestive of Fe**-minerals formation, siderite and vivianite, that
were detected in the solid samples using XRD (Table 2.4). Although XRD was employed
as a qualitative technique, the intensity of the peaks of the solid samples became larger
along the direction of the flow, suggesting an increase in the crystalline mineral content
from bottom to top of the column as a result of dissolved iron relocation. Thus, the
capacity of iron biominerals to sequester arsenic through adsorption or incorporation into
secondary solid phases must be evaluated in order to fully understand the partitioning

behavior of As between the aqueous and solid phase.

In contrast to our findings, other column studies on As elution from iron(hydr)oxide-
coated sand, in presence of Fe(Ill) and As(V) reducing bacteria, have shown that

reductive transformation of ferrihydrite promotes As retention rather than release (Tufano
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et al., 2008; and Kocar et al., 2006). Enhanced retention of arsenic maybe due to
incorporation/adsorption to secondary minerals or formation of an Fe(II)-As(III)
precipitate (Kocar et al. 2006; Thoral et al., 2005). However, their finding is relevant to
the specific conditions at which their experiments were run. Columns in their study were
selectively inoculated with only Fe(Ill) and/or As(V) reducing bacteria as compare to our
reactors where anaerobic digester sludge (mixture of microbial consortium) was added as
microbial source, containing variety of microbial groups capable of Fe/As reduction.
Moreover, certain microbial groups such as sulfate reducing bacteria (SRB), which is also
commonly found in anaerobic digester sludge, have the capability to reduce arsenate by
using it as terminal electron acceptor (Hoeft et al., 2001; Harrington et al., 1998;
Newman et al., 1997). When arsenate and sulfate ions are present together, the rate of
arsenate reduction could be faster than the rate of sulfate reduction. This results in higher
rate of arsenic reduction which subsequently promotes arsenic release. Also, most of
column experiments studying arsenic behavior in iron rich, anaerobic soil/sediments,
have run for relatively short periods of time, usually less than a month, which is
comparable in duration to the arsenic lag phase (ca. 30 d) in our reactors. With increased
reaction time, cessation of the phase transitions and ensuing reductive dissolution result
in prolonged release of As(Ill) to the aqueous phase (Tufano et al., 2008). Their results
suggest that arsenic retention during iron reduction is temporally dependent on secondary
precipitation of iron phases. Nevertheless, as it is shown in Table 2.3, the association of

arsenic with iron varies with the mineralogy.

58



Table 2.3. Specific surface area and As adsorptioncapacity of iron minerals.

Specific Surface Area

Compound (m*gh
Amorphous ferric a
hydroxide 600
(Fe(OH)3)
Goethite 540
(0-FeO(OH))
Siderite 1.58°
(FeCOy)
Vivianite 481
(Fe3(PO4),.nH,0)

“Roden and Zachara, 1996
b Dixit and Hering, 2003
¢ McCormick et al., 2002
“Thinnappan et al., 2008

Table 2.4. XRD analysis shows iron transformation into biominerals along the column.
The XRD patterns compared to the database show vivianite and siderite as the main

species.

Column’s Section
(numbers increase

Column's Mineralogy

in the flow
direction)
v Siderite and Vivianite
I Siderite and Vivianite
I Siderite and Vivianite
| Siderite and Vivianite
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3.2. Batch Adsorption/Co-precipitation Study

The solids synthesized in our experiments were identified by XRD as crystalline siderite.
Figure 2.6 shows an identification match between a sample and the corresponding

siderite pattern.All the solids displayed a characteristic pale green color.
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Figure 2.6. Powder-XRD pattern of synthesized mineral and match to siderite pattern.
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3.2.1. Effect of Contact Time on Siderite Adsorption

We performed batch experiments utilizing synthesized siderite to study removal of
arsenic from solution. The arsenic adsorption kinetic study was carried out with
adsorbent dosage of 10 gL' and initial As concentration of 100 mgL"'. Results shown in
Figure 2.7 demonstrate that adsorbed As, and therefore removal efficiency, increased
with an increasein contact time for the first 2 weeks of the experiment with As(III)
adsorption significantly higher than As(V). The adsorption rate slowed down afterwards
and stayed relatively constant to the termination of the experiment after 6 weeks. This
decrease in adsorption is likely due to the saturation of surface sorption sites indicating
that system has reached equilibrium. About 35% of As(V) and 54% of As(IIl) were
removed by the time that adsorption equilibrium was almost achieved after two
weeks.The kinetic data show that As removal mainly occurredwithin the first 15 days and
there was < 10% removal after this time up to 6 weeks. It means that an equilibrium of

As adsorption on siderite was roughly attained after 2 weeks.
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Figure 2.7. Effect of contact time on As concentration in the sorbent (qe) from As(V)
and As(III) solutions by siderite. Conditions: Adsorbent dosage =10 gL-1, initial As
concentration = 100 mgL-1. For both As(V) and As(IIl), adsorption capacity increase
over time for the first 2 weeks of the experiment after which it reached equilibrium to the
termination of the experiment.

3.2.2. Effect of Contact Time on Siderite Co-precipitation

The arsenic co-precipitation study was carried out with initial As concentration of 100
mgL'land final solid production of 80 gL'l. Results presented in figure 2.8 show that after
24 h, the amount of As(V) precipitated with siderite slowly decreases, reaching < 65% of
its first 24 h. Interestingly, As(IlI) co-precipitation and therefore its removal, follows a
relatively constant, flat trend with only a minor drop after 72 h. In contrast with
adsorption experiment, As(IIl) has lower tendency of co-precipitation with siderite
compare to As(V). Therefore, it could be concluded that adsorption is the favorable
mechanism of As(III) removal by siderite
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Figure 2.8. Effect of contact time on As co-precipitation from As(V) and As(III)
solutions by siderite, with reaction conditions: solid produced = 80 gL, initial As
concentration = 100 mgL'l. There was not a considerable removal difference in As(III)
within duration of experiment, however, 30% removal decrease was observed in As (V)
at the end which was still 20% higher than that of As(III).

3.2.3. Siderite Adsorption Isotherm

The adsorption isotherms were measured at room temperature for a range of arsenite and
arsenate initial concentrations of 0.2-100 ppm and pH of ~7.5 with adsorption maxima

being highest for As(III) at 100 ppm with adsorption capacity of 3.52 mgg™ (Table 2.5).

The choice of an isotherm model was based on its ability to fit the sorption equilibrium
data for at least one of the arsenic redox species studied. In this study, the Freundlich

isotherm satisfiedthiscondition by yielding a better fit to the experimental data with
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regard to As adsorption on the synthetic siderite and therefore was adopted (Figure 2.9).
Arsenic adsorption data fit to Langmuir isotherm is presented in supplementary

information. The Freundlich isotherm is given by:

qe=kp-Ce'" (1

where q.(mgg™") is the amount adsorbed per unit mass of the adsorbent, C.is the solution
concentration at equilibrium (mgL'l), and krand npare Freundlich constants denoting the
adsorption capacity and intensity respectively.BecauseFreundlichisothermmodel can be
applied to multilayer sorption as well as non-idealsorption on heterogeneous
surfaces(Gue et al., 2009), it could be speculated fromour data that the multilayer
adsorption would be involved in theprocess of As removal by the synthetic siderite. The
values of kg and ng were obtained from the slope and intercept of the linear Freundlich
plots and listed in Table 2.6. The calculated ng lies in the rangebetween 0.2 and 0.7,

denoting favorable adsorption of As(V) ontothe synthetic siderite.
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Figure 2.9. Freundlich plots for As adsorption from As(V) and As(IIl) solutions on
siderite, with reaction conditions: adsorbent dosage = 10 gL-1; initial concentrations
=0.2-100 mgL-1; contact time = 2 weeks.

3.2.4. Siderite Co-precipitation Isotherm

The co-precipitation isotherms were measured at room temperature for a range of arsenite
and arsenate initial concentrations of 0.2-3500 ppm and pH of ~7.5 with removal maxima
being highest for As(IIT) at 3500 ppm with adsorption capacity of 440.60 mgg" (Figure
2.10). Removal capacity for initial As(III) solution of 100 ppm in co-precipitation
experiment is 0.59 mgg™', which is about 43% of its value from adsorption experiment. It
could be concluded that at a given initial arsenite concentration, arsenic removal through
adsorption is more efficient than co-precipitation. However, both As(Ill) and As(V) are

following a very similar removal trend, with As(V) following slightly behind.
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Figure 2.10. Freundlich plots for As co-precipitation from As(V) and As(III) solutions on
siderite, with reaction conditions: Solid mass produced = SOgL'l; initial concentrations

=0.2-3500 mgL’l; contact time = 24 h.

Table 2.5. Siderite and vivianite capacity for arsenic adsorption obtained from literatures

and our experimental results.

Literature Values Lab Results
Adsorption Adsorption Adsorption Adsorption
Mineral Capacity for Capacity for Capacity for Capacity for
Arsenate Arsenite Arsenate
(umol g (umol g (umol g (umol g™
Siderite (FeCOs) 6.94° 13.9¢ 30.3*
Vivianite
(Fes(PO,),.nH,0 N/A N/A 421

“ Gue et al, 2007 (Natural Siderite)
*Values reported based on highest g obtained in the experiment.

Table 2.6. Freundlich isotherm parameters describing the arsenic sorption capacity of
siderite based on the data obtained in this study, where kg represents the adsorption

capacity of the adsorbent, and ng represents the adsorption intensity parameter.

ke[(mg/g)(L/mg)"] np
As(V) Co-precipitation -3.517 1.466
As(IIT) Co-precipitation -4.882 1.353
As(V) Adsorption -1.752 0.538
As(IIT) Adsorption -1.438 0.730
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3.2.5. Synthesized Vivianite Characterization

The solids synthesized in these experiments were identified by XRD as crystalline
vivianite with no major impurities. Figure 2.11 shows an identification match between a

sample and the corresponding vivianite pattern.

All the solids displayed a characteristic green color, although different shades were
observed. We may attribute this to different degrees of structural oxidation of iron in the
mineral, as has been previously documented to occur in vivianite at circumneutral
pH(Thinnappan et al., 2008 and references therein). This oxidation was enough to cause
changes at a macroscopic level, but no structural changeswere detected by
XRD.Generally, experiments with As(III) resulted in lighter green solids than

experiments with As(V).
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Figure 2.11.Powder-XRD pattern of synthesized mineral and match to vivianite pattern.

3.2.6. Vivianite Sorption/Co-precipitation Isotherms

Arsenic concentrations in the aqueous phase and in the solid were used to construct
sorption isotherms. Data points for each of the synthesized samples were plotted with
aqueous arsenic concentrations (in mgL™) in the x-axis, and solid arsenic concentrations

(in mg of As/gof dry solid) in the y-axis.Langmuir isotherm models of the form:

__ apcCe
a€ = 1+pCe 2)
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were used to describe the data, where q. is the solid arsenic concentration,C. is
theaqueous arsenic concentration,and aandf are parametersthat can be fitted to data
(Table 2.7). Data were available for co-precipitation experiments in the range of 1200
mgL'laqueous concentration. Data for the adsorption experiments were only available in
the range of 150 mgL'1 aqueous concentration. Co-precipitation (Figure 2.12, plots a and
b), as well as adsorption (Figure 2.12, plots ¢ and d) isotherms show a curve flattening
out, indicating a decreasing sorption capacity as aqueous arsenic concentrations increase

in the experimental range used, as is characteristic of a Langmuir-type process.

The average dissolved arsenic concentrations are below 80 mgL™ for both natural
environments (Smedley and Kinniburgh 2002) and the expected leachate from ABSR
under landfill conditions (studies from our lab).The present study shows that within this
relevant range, vivianite has a very similar sorption capacity for As(IIl) and As(V). More
strikingly, bothadsorption and co-precipitation experimentsdisplayvery close trends in
sorption isotherms. These similarities hint to a single common binding mechanism
defining the sorption of arsenic onto vivianite. Table 2.4 presents arsenic adsorption

capacity obtained from our lab work in comparison with literature values.
Comparing the results from co-precipitation with adsorption for both siderite and

vivianite experiments, it could be concluded that co-precipitation is a much more

efficient mechanisms of removing arsenic from aqueous phase than adsorption.
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Figure 2.12.As(V) and As(III) co-precipitation (plots a and b) as well as adsorption (plots
¢ and d) isotherms. Adsorption experiments were run at arsenic concentration: 150 mgL-
land co-precipitation experiments were run at arsenic concentration: 1200 mglL-1.

Table 2.7. Langmuir parameters describing the arsenic sorption capacity of vivianite,
where o represents the sorption maxima, and [} represents the sorption intensity.

« (mgg") B
As(V) Co-precipitation 357.08 0.00154
As(IIT) Co-precipitation 274.33 0.00119
As(V) Adsorption 31.55 0.03054
As(IIT) Adsorption 37.14 0.01006
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The mobilization of arsenic from arsenic-bearing solid residuals (ABSR) in non-
hazardous landfills is known to be a consequence of ABSR reductive dissolution and
subsequent formation of secondary minerals. Vivianite and siderite have been identified
as two of secondary Fe(II) phase commonly formed in landfill environment, creating
questions about its specific role in the mobilization of arsenic. Different nature of
experimental conditions does not allows direct comparison between batch and column
arsenic removal performances; Static vs. dynamic, abiotic vs. biotic, and short-term vs.
long-term studies. However, it help us to better evaluate behavior of arsenic towards

siderite and vivianite under reducing conditions.

The adsorption and co-precipitation results of this study indicate that synthesized
vivianite and siderite may be good candidates as an arsenic sink in anoxic environments
for a short period of time. They both show high removal capacity for arsenic in short-
term batch experiments under static flow conditions. Arsenic is removed via both
adsorption and co-precipitation, but overall uptake is greater in the vivianite/siderite co-
precipitation experiment. It could be due to the fact that in the presence of arsenic
species, precipitation of ferrous biominerals would incorporate As(III)/As(V) mainly into
the crystalline matrix instead of sorption on the mineral surface which is the main
removal mechanism for adsorption experiments, thereby removing more arsenic from
solution than adsorption alone. Freshly synthesized ferrous minerals have much more
active sites on the surface. However, as the mineral ages over time, its sorption capacity

reduces resulting in release of more labile sorbed arsenic species.
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Under dynamic column conditions, reductive dissolution of AFH drives formation of
siderite and vivianite, resulting in removal of mobilized arsenic back to the freshly
formed biominerals in early stage of column operation via both incorporation in and
sorption on to the minerals. However, naturally formed biominerals have less affinity for
arsenic removal than synthetic minerals (Guo et al., 2007 and 2009; Thinnappan et al.,
2008) as naturally occurring, well-crystallized biomieralshave limited surface area (Table
2.3). Moreover, naturally precipitated siderite/vivianite have been aged for a long-term
period inside the simulated landfill column and therefore have lost their active sites over
time. Also, different mechanisms control arsenic removal with natural and synthetic
siderite; adsorption on the synthetic siderite is a relatively quick process
predominatedbychemicalreactions, whereas theadsorption on the natural siderite is a
more complex process controlled by diffusion, exhibiting the slowest step in the primary

and secondary porosity (Guo et al., 2009).

The results of this study suggest that vivianite and siderite could be two potential sink for
As removal under landfill conditions with more stable, efficient removal through co-
precipitation. However, the Fe(Il) minerals are not nearly as effective at sorbing arsenic

as iron (hydr)oxides.

4. Conclusions

Understanding the effect of biomineralization on arsenic mobility is crucial to predict the
fate of arsenic in landfills, and ultimately, to make the most informed decisions about
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ABSR disposal.The adsorption and co-precipitation results of this study indicate that
synthesized vivianite and siderite may be good candidates as an arsenic sink in anoxic
environments for a short period of time. However, short term batch experiments
underestimates the long-term sorption/retention behavior of ferrous minerals towards
arsenic. The simplified experimental conditions used in this study inevitably will lead to
overestimation of the sorption capacity of siderite/vivianite in landfills and natural
environments, as they fail to account for competition with other organic and inorganic

ligands that would be present.

Comparing the results from co-precipitation with adsorption for both siderite and
vivianite experiments, it could be concluded that co-precipitation is a more efficient
mechanisms of removing arsenic from aqueous phase than adsorption as arsenic gets
incorporated into the crystalline matrix through co-precipitation instead of sorption on the
mineral surface that is a weaker association and may release the sorbate back into the

solution because of surface aging and reduction of sorption sites.

Moreover, minerals like siderite/vivianite that are formed from iron reduction of solid
residuals have a greater capacity to sorb arsenic than naturally occurring minerals. This is
due to the fact that different mechanisms control arsenic removal with natural and
synthetic mineral; adsorption on the synthetic mineral is a relatively quick process
predominated by chemical reactions, whereastheadsorption on the natural mineralis a

more complex process controlled by diffusion.
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Further work on the sorption/co-precipitation of arsenic and determination of efficiencies
and uptake mechanisms under conditions relevant to those govern in landfills as well as
XAS investigation of arsenic species association with iron, in presence of siderite and

vivianite is warranted.

74



CHAPTER 3

BIOMINERALIZATION CONTROLS ARSENIC MOBILITY IN
MATURE LANDFILL CONDITIONS

1.Introduction

The U.S. Environmental Protection Agency revised the Maximum Contaminant Level
(MCL) of arsenic in drinking waterto 10 pg L' enforceable January 23, 2006, and this
hascaused a significant increase in the volume of arsenic-bearing solid residuals (ABSR)
generated by drinking water utilities (as projected by Meng et al., 2001). Because of their
high adsorption capacity and relatively low cost, iron-based sorbents are widely utilized
and, when spent, comprise the bulk of the ABSR waste stream generated by water
utilities in the U.S. The iron-based sorbents depend on ferric (Fe3+) surface sites for
adsorption; typical sorbents are some form of ferrihydrite(Fe(OH)s-nH,O) or goethite (a-
FeOOH) (Amy et al., 2000; US EPA., 2002; Impellitteri and Scheckel, 2006; Mohan and
Pittman, 2007). Commonly, the ABSR pass the Toxicity Characteristic Leaching
Procedure (TCLP), which enables them to be disposed to nonhazardous, municipal solid
waste (MSW) US landfills(US EPA, 2003). However, mature MSW landfills are complex
systems characterized by mildly alkaline, reducing conditions, with diverse microbial
communities and high organic matter content(Christensen et al., 2001; Ghosh et al.,
2006; Kjeldsen et al., 2002).Thus, when ABSR are subjected to landfill conditions, the

mobility and speciation of both iron and arsenic can be affected, often leading to
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enhanced leaching (Ghosh et al., 2004; Ghosh et al., 2006; Jing, 2005; Jing et al., 2008;

Clancy et al., 2013).

The iron based drinking water arsenic sorbents are similar mineralogically to those
implicated in arsenic immobilization in natural oxidized systems, primarily ferric
(hydr)oxides (Amy et al., 2000; Benner et al., 2002; Smedley and Kinniburgh, 2002;
Nordstrom and Archer, 2003; Mohan and Pittman, 2007; Canceset al., 2008). As in
natural suboxic environments, Fe(IIl) reduction in MSW landfills is mediated
microbially, and subsequent Fe(II/IIl) biomineralizationin supersaturated solutions
generates common secondary minerals, such as siderite, vivianite, and mixed-valent iron
minerals such as magnetite and green rust (Meng et al., 2001; O’Day et al., 2004; Ghosh
et al., 2006; Burnol et al., 2007;Root et al., 2009; Kirk et al., 2010; Kocar et al., 2010;
Root et al., 2013). When sufficient sulfide is present, immobilized arsenic is generally
found in (or associated with) sulfidic minerals (Cullen and Reimer, 1989; O’Day et al.,
2004; Blanchard et al., 2007; Cances et al., 2008; Nordstrom et al., 2003; Smedley and
Kinniburgh, 2002; Root et al., 2009; Kirk et al., 2010). However, when a transition from
oxidizing to reducing conditions occurs with sulfate present, the degree to which iron-
associated arsenic remains sequestered, is re-sequestered by formation of new mineral
phases containing either or both iron and sulfur, or is released to aqueous solution is
complicated and has been the subject of considerable research (Root et al., 2009).
Potentially important factors include the initial solid-phase arsenic bonding environment
(Burnol et al., 2007; Dixit and Hering, 2003; Ford et al., 2006; Burton et al., 2012; Jeong

et al., 2010); the concentrations of aqueous species, including but not limited to Fe, As,
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and S (Ghosh et al., 2006; Ford et al., 2006; Mukiibi et al., 2008; Charlet and Polya,
2006); the hydrodynamic conditions (Benner et al., 2002; Hansel et al., 2005; Herbel et
al., 2006); kinetics and local microenvironments creating disequilibrium conditions
(Benner et al., 2002; Hansel et al., 2003; O’Day et al., 2004; Postma and Jakobsen,
1996); and the time frame of interest (Majzlan et al., 2007; O’Day et al., 2004; Ghosh et
al., 2006; Pigno et al., 2006). In landfill conditions, the fate of As is tied to the
microbially-mediated reduction of S and Fe coupled to the oxidation of organic carbon.
The mass fraction of arsenic sorbed to iron(oxyhydr)oxides decreases upon reductive
dissolution and transformation of these ABSRs to more crystalline phases because of an
attenuation of surface site reactivity(Bose et al., 2002; Pedersen et al., 2006; Tufano and
Fendorf, 2008). However, in the presence of excess Sz'(aq), mobilized As(III) could be re-
sequestered via precipitation of amorphous As,S3 or other crystalline As-S phases, and/or
via sorption to newly formed Fe-S phases (O’Day et al. ,2004; Gallegos et al., 2009; Kirk
et al., 2010; Upadhyaya et al., 2010; Root et al., 2013). These secondary Fe and As
sulfides can form through both biotic and abiotic routes (Canfield et al., 1992; Hansel et.

al., 2003; Poultonet al., 2003 and 2004; Saalfieldet al., 2009; Kirk et al., 2010).

Diverse SRB species also have the capability to reduce arsenate as a terminal electron
acceptor and, therefore,molybdate, a well-known SRB inhibitor, also inhibits arsenate
reduction by SRB (Hoeft et al., 2002, Harrington et al., 1998; Newman et al., 1997).
Newman et al. (1997) suggests that dissimilatory arsenate reduction might occur in the
sulfidogenic zone at arsenate concentrations of environmental interest. They showed

nearly complete inhibition of arsenate reduction when molybdate was added in a
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monocultural set of experiments, where the particular microbial community
(Desulfotomaculumauripigmentum sp. nov.) chosen was able to reduce both arsenate and
sulfate. Figure 3.1 illustrates the possible fates of ABSR arsenic after landfill disposal.
The number and complexity of factors influencing arsenic mobilization, as redox
conditions transition from oxic to suboxic and anoxic, makes prediction of arsenic
leaching from ABSR under mature landfill conditions very difficult. Improved
understanding can be obtained through mechanistic studieson simplified systems that
nonetheless represent the complexity of process couplings and feedbacks discussed
above. However, mature MSW landfill, complex-system, ground-truthing studies are

largely lacking to date.

2°: Secondary Mincral

MAP: (Aqueous) Mobilized Arsenic Phase
Block arrow: Microbially-Mediated Pathway
Thin arrow: Abiotic Paftrway

50>

PO CO%
Aqueous ¢ Oy

Reduction ¥ e(ll) (aq)

Figure 3.1. The primary routes of iron and sulfate reduction in landfills are microbially
mediated and secondary mineral formation is a common by-product. Biomineralization
plays a key role in determining whether or not desorbed As will be sequestered under
landfill conditions.
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In the present work, we conducted a series of advective-flow, column experiments to
simulate the biochemical and hydraulic conditions of a mature MSW landfill. Theaim
was elucidation of mechanisms controlling arsenic leaching from an amorphous ferric
hydroxide sorbent ABSR, such as those generated in removal of arsenic from drinking
water directly or in removal of arsenic from the aqueous residual streams of ion exchange
and membrane processes used for removal of arsenic from drinking water. A primary
focus was on the generation and effects of secondary minerals derived from
transformations of the amorphous ferric hydroxide (AFH). Most prior column studies
have been short-term experiments of less than 3 months, which fail to demonstrate long-
term Fe/As transformations and the mobilization of end-products, that would likely occur
under long-term mature landfill disposal of ABSR.Additionally, many reported column
experiments employ a single microbial strainrather than the broader microbial consortium
that is present in a mature landfill. Thecurrent work differs from related,arsenic-bearing
ferric sorbent studiesfocused on transition to a reductive environmentin the extended
duration of the trials (up to 400 d) (Kocar et al., 2010; Pederson et al., 2006; Tufano et
al., 2008a; Tufano et al., 2008b; Benner et al., 2002; Burnol et al., 2007; Fredrickson et
al., 1998; Herbel and Fendorf, 2006; Hansel et al., 2003; Impellitteri et al., 2006; Kocar et
al., 2006; Jing et al., 2008; ), the mixed bacterial consortia used (Kocar et al., 2010;
Burton et al., 2013; Tufano et al., 2008a; Tufano et al., 2008b; Benner et al., 2002;
Burnol et al., 2007; Fredrickson et al., 1998; Herbel and Fendorf, 2006; Hansel et al.,
2003;Impellitteri et al., 2006; Kocar et al., 2006), the varied sulfate influent concentration
as an independent variable(Pederson et al., 2006; Tufano et al., 2008a; Tufano et al.,

2008b; Burnol et al., 2007; Fredrickson et al., 1998; Herbel and Fendorf, 2006;
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Impellitteri et al., 2006; Kocar et al., 2006; Jing et al., 2008;), and hydraulic flow through
the reactor (Saalfield et al., 2009; Pederson et al., 2006; Fredrickson et al., 1998; Jing et
al., 2008; );all of which are necessary to simulate ABSR response to disposal in mature
landfills. The results demonstrate that As release from ABSRs may readily exceed the
arsenic toxicity characteristic for extended durations, bringing into question the wisdom

of the current practice of disposal in non-hazardous landfills.

2. Materials and Methods

2.1. Sludge Preparation

Arsenic-bearing iron sludge was prepared to simulate the waste generated by treatment of
brines from arsenic removal ion exchange/membrane processes generally employed in
drinking water treatment. Sodium arsenate heptahydrate (Na,HAsO,.7H,O, KR Grade,
Sigma-Aldrich) was dissolved in purified water (Milli-Q Water System by Millipore) to
prepare a 1 L solution with a concentration of 0.047 M As. Ferric chloride
hexahydrate(FeCl;.6H,O, ACS reagent, Sigma-Aldrich) was added to the As solution to
produce supersaturated, 0.935 M Fe solutions with final Fe:As molar ratios of 27, 21, 21,
and 24 for the low sulfate (LS; 0.064 mM), LS-BES, (LS with 1 mM2-
bromoethanesulfonic acid added) LS-Mo (LS with molybdate added), and HS (high
sulfate; 2.08 mM) columns, respectively. Mixtureswere stirred on a reciprocating shaker
table (Orbit, reciprocating speed 100 rpm) for 1 h before adjusting the pH to 7.0+0.2with

10.0 M sodium hydroxide (NaOH, flakes, EMD Chemicals). Theferric hydroxide solid

80



product was identified by X-ray diffraction as two-lineferrihydrite (Fe(OH);-nH,0O) and
is hereafter referred to as amorphous ferric hydroxide (AFH). The AFH was equilibrated
for 2 d while the pH was maintained at 7.010.2. After equilibration (48 h) and settling, a
supernatant sample was syringe filtered through a 0.45 um cellulose acetate filter for
determination of concentrations of dissolved As and Fe in equilibrium with the solid.
Subsequently, the residual salt content (sodium chloride) of the AFH was reduced by
decanting the supernatant solution and washing the solid residual in a 4 L flask with
deionized (DI) water, mixing gently, and allowing to resettlefor 3-4 hours. This
procedure was repeated until the conductivity of the supernatant solution was below
1.0mScm™. During this process, the pH remained constant (7.0+0.2) without further
adjustment. Thefinalslurry was vacuum filtered through a 0.45 pm filter (cellulose
nitrate, Whatman). The AFH water content was calculated by mass loss at 70°C for 2 d.

The AFH was stored in a capped-glass container at 4°Cand used within 3 weeks.

2.2. AFH Characteristics

Total Fe and As in the AFHweredetermined by digestion of 1 g (dry wt.) sample, using
15 mLconcentrated (70%) HNO;3(J.T. Baker) in a CEM microwave digesterfollowing
method SW 821-8051.Ferrous and total iron were determined by the 1,10phenanthroline
method (APHA, 1998) at 510 nm wavelength (SpectronicGenesys 5). Total and speciated
arsenic weremeasured byinductively coupled plasma mass spectrometer (ICP-MS,
Agilent 7500a) and HPLC-ICP-MS, respectively. Thesolid-phaseAs and Fe

concentrationswere, respectively,340.6 mmol kg (25.52 mgg™) and 9172 mmol kg
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(513.06 mgg™) for the LS column and 417.0 mmol kg™ (31.24 mgg)and 9169 mmol kg’
1(521.03 mgg )for the HS column. Chromatography-typecolumns (Spectrum
Chromatography; 2.5 cm IDx 30 cm length) were packed with 80 g (wet wt.) of the
arsenic-laden AFH, mixed with 120 g of glass beads (0.8 mm diameter), to give packed
materialshydraulic permeability and a homogenous distribution. Anaerobic digester
sludge obtained from Ina Road Wastewater Treatment Plant, Tucson, Arizona (25 ml of
slurry) was added as the mixed, anaerobic microbial community source. Column feed
wasa synthetic landfill leachate (Field et al., 2003) adapted by replacing all chloride with
sulfate salts to avoid chloride peakinterference in ion chromatographic(IC) analysis.
Theinfluent sulfate concentrationswere(0.064mM for the LS columns and 2.08 mM for the
HS columns. The influent feed was made with de-gassed water and purged with nitrogen
gas after mixing. Synthetic landfill leachate influent was fed continuously into the
columns using a multi-syringe pump (BS-9000-6, Braintree Scientific) at an average rate
of 2.0pore volumes d! for columns LS-1, LS-BES, and LS-Mo and 0.6 pore volumesd
'for HS column. Effluent samples, filtered through 0.45 wm syringe filters (cellulose
nitrate, Whatman), were analyzed to quantify arsenic and iron. Ion chromatography (IC,

Dionex, DX-500) was used to quantify sulfate, lactate and acetate.

For allcolumns, the organic carbon source was 5.5mMlactate fed continuously. The
HScolumn feed included 2.08mM sulfate, while LScolumns received 0.064 mM sulfate.
Two of the LS columns were run under the influence of microbial inhibitors. In one (LS-
BES), acetoclasticmethanogenic bacteria were inhibited by the addition of 1 mM2-
bromoethanesulfonic acid(BES) sodium salt(BrCH,CH,SO3Na, Sigma-Aldrich) (Perkins

et al., 1994; Oremland and Capone, 1988). BES additionstarted on day 139 (of 327 d)to
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investigate how inhibition of methanogens as a substrate (acetate) competitor might
influence As reduction. Methanogenic bacteria utilize acetate and hydrogen as their
electron donors and, consequently, maycompete with iron, sulfur, and arsenate reducing
bacteria for a portion of the e donor pool, thus potentially decreasing the activity of the
processes of primary interest. The second inhibited column (LS-Mo) received addition of
2-sodium molybdate(VI) dehydrate(Na,MoO.2H,0, Acros Organics)to inhibit sulfate
reducers.Molybdate was addedat a concentration of 0.5 mMat day 99, increased to 1 mM
at day 121, and to 10 mM at day 124. The molybdate concentration was decreased to 5
mMafter 175 days, 2.5 mM at day 191, and finally stopped at day 208. Although the
sulfate concentration in the influent was only 0.064 mM, extra molybdate was added to

block the activity of the SRB that would be reducing sulfate and potentially arsenate.

2.3. Solid Phase Characterization

The landfill simulation columns were run for durations from 327 to 432 days (Table 3.1).
After termination,the columnswereopened in an oxygen free glove box (Terra Universal
100). The contentswere divided into four, approximatelyequal volume sections,
numberedsequentially in the upwarddirection of flow. Each sectionwas dried in the glove
box at room temperature for 7 dafter which a 0.5 mm sievewas used to separate
glassbeads from othersolids. Solidphases were analyzed by powder X-ray Diffraction
(XRD), scanning electron microscopy(SEM), X-ray absorption spectroscopy (XAS), X-
ray fluorescence (XRF), and sequential extraction. XAS and XRF were conducted at the

Stanford Synchrotron Radiation Lightsource(SSRL)with details and results described
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elsewhere (Root et al., 2013). Powder XRDwas conducted using a Scintag XDS 2000
PTS Diffractometerwith Cu-Karadiation (A = 1.54060 A) operated at 40 kV and 40 mA.
Diffraction patterns were recorded by continuous scans from 10° to 70°20 at a scan rate
of 2°20 min"'. Mineral phases were identified using the International Centre for
Diffraction Data (ICDD) database. Solid phase extractions wereperformed forFe and
Asquantification.The extraction was by 6M HCI followed by aqua regia (3:1 HCI/HNO3),
although in no case the aqua regia extract more than 10% additional Fe or As. The dried
solid had about 1% moisture (w/v). For extraction stepl and 2 the samples were stirred on
a reciprocating shaker table (Orbit, 100 rpm) for 48 hand thesupernatantsamplewas
filtered through 0.45 pum filter (cellulose nitrate, Whatman), before analysis.For step 3 the

samples were stored at 4°C for 12 h before analysis of filtered supernatant solution.

Table 3.1. Designations, distinctive feed characteristics and durations of operation of
simulated mature landfill columns used in study.

2 Feed Additives Retention Duratlogl of
Column [SO47] . . .. . Operation
(microbial activity Time .
1D (mM) inhibitors) (hrs) Time | py
(Days)

LS 0.064 - 12 432 864

LS-Mo 0.064 Molybdate 12 327 654
2-Bromoethanesulfonic

LS-BES 0.064 acid(BES) 12 327 654

HS 2.08 - 36 331 198
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3. Results and Discussion

3.1. Arsenic and Iron Leaching Trends

Effluent pH was measured bi-weekly and fluctuated between 7.5-8.0 for allLS (0.064
mM) columns and between 7.5-8.3 for the HS column.Despite differences in influent
sulfate concentration and the presence or absence of microbial inhibitors,all ABSR-
loaded columns exhibited a qualitatively similar trend in effluent arsenic concentration as
a function of time (Fig. 2). Anasymmetricbell-shaped curve characterized these trials,
similar to arsenic-leaching from prior advective-flow,long-duration studies (Ghoshet al.,
2006; Kirk et al., 2010; Menget al., 2001). Leaching from the columns’ ABSR starts with
aphase of relative arsenic retention, despite immediate AFH reduction as indicated by the
presence of Fe** in the effluent (not shown). This period of AFH reductive dissolution
without substantial arsenic mobilization from the column varied from 58 to 65 d (37 to
130 PV). Theearly retention stage may be due to microbial acclimatization, or the re-
adsorption of released arsenic onto newly exposed AFHand re-precipitated iron
(predominantly magnetite, Fe’*,Fe’*O4) as AFH undergoes reductive dissolution
(Kocaret al., 2006, Pederson et al., 2006, Tufanoet al., 2008), or a combination of these
factors. In column trials lasting 90 d, Tufano et al. (2008) observed thatAFHreductive
transformation initially enhancedarsenic retention(relative to release from an abiotic
column),depending on the influent lactate concentration (0.08 to 7.7 mM).In the
simulated landfill columns here receiving 5.5mMlactate, the lag phase was followedbya
continuous increase of effluent concentration to a maximum occurring after 3-4 months.
The onset of this period of increasing arsenic release was also observed by Tufano et al.

(2008) (but not subsequently monitored or quantified) and it was attributed therein to
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thedepletion of Assorption sites resulting from continued iron reductive dissolution.In all
LS and HS columns, this phase was characterized by effluent arsenic concentrations in
excess of 200 upM (15 mgL"'As).After peak As leaching, effluent
concentrationsdissipated rapidly to below 50uMby about 200 d before tailing off more
slowly through the balance of the trial. This arsenic leaching behavior is qualitatively
consistent with that observed from the commercial, ferric iron-based sorbent, GFH,
during a 900 d leaching trial (Ghoshet al., 2006) and with an As-S-Fe system 300 d trial
using arsenic-feed and a goethite (a-FeOOH) sorbent (Kirket al., 2010). A number of
flow-throughleaching studies of As-Fe and As-S-Fe systems have not reported this four
stage release (lag, rapid increase, peak-tapering, and finallydecrease) behavior in As
leaching (Kocar et al., 2006 and 2010; Tufano et al., 2008; Impellitteri and Scheckel,
2006; Burton et al., 2011 and 2013; Herbel et al., 2006). Evidently, study durations of

less than 3 months typicallymiss the leaching trends described here.

3.2. Mobilized As Concentration

The arsenic-laden AFH mimics the spent residual generated in a coagulation/filtration
process using addition of iron salts for removal of arsenic from drinking water or the
brine stream from a membrane or ion exchange arsenic removal process (Scottet al.,
1995; US EPA, 2002; Amy et al., 2000;Heringet al., 1996). Currently the ABSR from
water treatmentprocesses generallypassthe TCLPused to determine if an ABSR may be
disposed in a non-hazardous landfill, (Ghosh et al., 2006; Meng et al., 2001). TCLP

passage requires arsenic release belowthe“Toxicity Characteristic” (TC) limit of 5 mgL'1
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(60 uM) from ABSRs. Based on the concept that a leaching test, such as the TCLP,must
challenge the residuals with an environment that is at least as aggressive as the final
disposal environment, passing the TCLP implies that ABSRs will leach less than the TC
after landfill disposal. However, results of thesimulated landfill column trialsindicate
arsenic concentrationshigher than 5 mgL'for extended time periods (Figure 3.2). The
maximum leaching concentration in the four columns ranged from 15 to 35.7mgL'As
(200 to 476 uM),with durations of arsenic leaching in excess ofthe TC ranging from 166
to 498 pore volumes. The likelihood that arsenic release by ABSRs under mature landfill
conditions is not well predicted by use of the TCLP has been suggested for over a decade
(Hooper et al., 1998; Ghosh et al., 2004; Meng et al., 2001). However, most studies of
ABSRs or similar sorbents’behaviorunder landfill conditions wereshort term experiments
(Kocar et al., 2006 and 2010, Tufano et al., 2008, Burton et al., 2011 and 2013),did not
employ ABSRs or surrogates (deLemos et al., 2006; Veselska et al., 2013),or used a
single microbial species to induce greater experimental control, and consequently did not
fully demonstrate the mature MSW landfill environmental impact on ABSR-bound
arsenic fate. Long-term exposure of ABSR to simulated mature landfill conditionsin the
presence of realistic microbial consortia indicates that the TCLP significantly
underestimates arsenic leaching from water treatment residuals and that the leaching may

readily exceed the arsenic TC (Figure 3.2).
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Figure 3.2.Arsenic leaching from all columns followed the same asymetric bell curve,
including an approximately 60 day lag phase, a rapid increase to a effluent concentration
greater than 200 mM, and a slow tapering decline.

3.3. Fe/As Leaching Stoichiometry

The issue of arsenic release (or lack thereof) from iron (oxyhydr)oxide sorbents (both
natural and engineered sorbents and under both natural and engineered conditions) has
been of intense interest for well over a decade (Cummings et al., 1999; Ghosh et al.,
2006; Tufano et al., 2008; Muramatsu et al., 2012; Burton et al., 2013a; Langner and
Inskeep, 2000; Burton et al., 2013b; Appelo et al., 2002; Zobrist et al., 2000).The
corollary issue of the relative release of iron and arsenic has been discussed often
(Cummings et al., 1999; Zobrist et al., 2000; Horneman et al., 2004; van Geen et al.,
2004;Burnol et al., 2007;Cortinas et al., 2008; Silva et al., 2012).Despiteother differences
in arsenic leaching behaviorand variation in thefraction of arsenic leached outover the
duration of the runs as discussed later,the irontoarsenicleaching ratio was in all cases
proportionately much less than the initially loaded ratio.This has been sometimes referred

to as decoupling of iron and arsenic where decoupling is defined operationally
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(Horneman et al., 2004; van Geen et al., 2004;Burnol et al., 2007)as disproportionate
leaching ofiron to arsenic compared to that initially present in the system. In all columns
the initial Fe:Asmolar ratio of the ABSR was 25+3:1, whereas the effluent ratios were
never greater than 1:100 and the average cumulative ratio of leached masses was between
1.4x10™- 8.2x10'3(Figure 3.3).A significant decrease in the Fe:Asmolar ratio signaled the
end of the lag phase, which in all cases lasted from 58-65 d.Lag phase Fe/As ratios were
6.8, 12.5, 6.4, and 11.1 times greater than the post-lag phase ratio for LS, LS-Mo, LS-
BES, and HS columns, respectively (Figure 3.3). An earlier ABSR-landfill study showed
similar disproportionate arsenic to iron leaching, although there iron was released more
readily from the commercial, iron-based sorbent during the initial retention stage,
whereas in all later phases, as here, arsenic release was proportionately much greater than
that of iron (Ghosh et al., 2006). Similarly, others investigating the relationship of arsenic
to iron release in natural systems observed a particular point where As release became
independent of the Fe activity and exceeded its desorption rate by several fold(Horneman
et al.,2004; van Geen et al., 2004;Burnol et al., 2007). Horneman et al. (2004) showed
Fe/As non-stoichiometric releasefrom sediment profiles into the groundwater of
Bangladesh, where although dissolved As and Fe generally increased with depth, there
was no correlation between their aqueous concentrations. The van Geen et al. (2004)
study using sediment incubations from Bangladesh is particularly relevant to this work as
a primary independent variable determining the Fe:As release ratio was the presence or
absence of acetate amendment to the incubations. In mature (methanogenic) landfill
conditions, volatile fatty acids, including acetate,are a dominant electron donorand, as in

the Bangladesh study, may determine the proportionality of iron to arsenic aqueous
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mobilization. In the sediments amended with acetate, van Geen et al. (2004) foundthe
total As released was between 60 to 80% of the initial solid content, while the Fe was
between 0.5 to 2%. Non-stoichiometric release of Fe and As is consistent with either
preferential As release from the intact AFH adsorbent or incongruent sorbent-sorbate
transformation, where solubilized Fe was preferentially reprecipitated into a neo-formed
solid phase. Results discussed below indicate predominance of the latter in the present set
of experiments, but with precise mineral transformation paths being sensitive to influent

sulfate concentration.
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Figure 3.3.The lower Fe:As molar ratio in the effluent than the initial ABSR Fe:As molar
ratio of greater than 22:1 demonstrates decoupling of iron from arsenic leaching in all
trials. In addition, the lag phase ratio was greater than 6 times more than the post-lag
phase ratio for any given column.
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3.4. Secondary Mineral AsSorption

After termination, each columnwas divided into four zones of ca. equal bulk volume for
solidscharacterization. During the first three weeks of operation allcolumnschanged from
orange to black in color, suggesting a solid phase iron redox transformation likely to
magnetite (Zacharaet al.,2002; Pederson et al., 2006; Tufanoet al., 2008; Burton et al.,
2011). Most work on microbial iron/arsenic transformation under reducing conditions,
where formation of magnetite was confirmed, have been short term studies of 1 to 2
months(Zachara et al.,2002; Kocar et al., 2006 and 2010; Pederson et al., 2006; Tufano et
al., 2008; Burton et al., 2011). Although magnetite peaks were not detected in our XRD
scans of the final solids, an X-ray amorphous species cannot be ruled out and/or
magnetite may have been a temporally transient phase (Table 2). Poorly-crystallinegreen
rust and magnetite are potential mixed Fe(II)/Fe(Ill) intermediate phasesprecedingthe
formation of final Fe™ and other iron species detected by XRD and XAS (Table
3.2).Although early phase magnetite presence was not confirmed, its poorly-crystalline
occurrence is consistent with Fe** pore water concentrationsthat were sufficiently high to
poise the system for ferrous and green rust mineral precipitation, rather than Fe** sorption
to ferrihydrite catalyzing enhanced goethite (a-FeOOH) formation (Zacharaet al.,

2002;Tufano et al., 2009;Yang et al., 2010; Raghavet al., 2014).

91



Table 3.2. Biominerals generated under LS and HS sulfate influent conditions.

Column’s
Section LS LS-BES LS-Mo HS
(In the (Sulfate Conc. (Sulfate Conc. (Sulfate Conc. (Sulfate Conc. 2.08
Direction of 0.064 mM) 0.064 mM) 0.064 mM) mM)
Flow)
I Vivianite and Vivianite, Siderite Vivianite and FeS, AsS and
Siderite and Goethite Siderite Siderite
I Vivianite and Vivianite, Siderite Vivianite and FeS, AsS, Siderite
Siderite and Goethite Siderite and Vivianite
I Vivianite, Siderite Vivianite, Siderite Vivianite, Siderite FeS, AsS, Siderite
and Goethite and Goethite and Goethite and Vivianite
v Vivianite, Siderite Vivianite, Siderite Vivianite, Siderite SldG?zzl’ :lls\t/l:::éte’
and Goethite and Goethite and Goethite Goethite

Selective chemical extractions of the columnsolids showed the mass of extractable iron
species increased progressively in the direction of flow with the influent quadrant
retaining less than 10% of its initial iron, while the mass increased progressively in the
flow direction with the outletquadrant (Q4) containing greater than 100% of the original
mass present for the LS case (Figure 3.4a).In the HS case, more than 50% of the initial
mass of iron relocated to the top two quadrants. Slower mass movement in HS case may
be partially due to the lower flow rate of HS, at about 1/3 of the LS column,with the total
of 198 and 864 PV passing through HS and LS columns, respectively. Since the sole
reactive solid introduced into the columns was the simulated ABSR, the down-gradient
relocation of iron mass indicates the reductive dissolution of AFH and transport of Fe**
with subsequent secondary mineral formation along the flow path. Introduction of the
primary electron donor generated the greatest reducing potential at the inlet,and
consequentlythe most AFH reductive dissolution occurred there. A redox gradient in iron

species was evident with ferrous species dominating the inlet, withan increasing
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proportion of Fe3+species with distance toward the outlet.As discussed in a companion
paper that details the solid phase Fe and As speciation dynamics (Root et al., 2013),
ferrous minerals, vivianite(Fe;(PO,4),-nH,0) and siderite (FeCO;3), were detected in all
columns in all quadrants analyzed by XRD with the exception of the inlet quadrant of the
high sulfate column, where vivianite was absent.Iron X-ray adsorption spectroscopy
(XAS) data of the terminal solids showed mackinawite(FeS) and green rust ([Fez+6_
JFe* (OH) 1, A% - nH,0O1" where A® typically is COs> or SO4%),in addition to
vivianite and sideritein the HS quadrants interrogated(Root et al., 2013).As the reductive
activity decreased in the flow direction, Fe’* minerals became proportionately more
evident;secondary goethite was detected by powder XRD (Table 3.3)and ferric
(oxy)hydroxide was evident in XAS (Alday, 2010). The observed translocation of Fe**
from AFH reductive dissolutionwas concurrent withprecipitation of siderite, vivianite,
and mackinawitefor the HS case.We hypothesize that an under-saturated condition (with
respect to ferrous minerals) resulted in the appearance of goethitein down-gradient
column quadrants, since kinetics of its formation are favored duringreactive transport of
soluble Fe**that adsorbs to AFH surface hydroxyls, promoting therate of AFH
transformation to goethite (Zacharaet al., 2002;Tufanoet al., 2009; Yang et al., 2010;
Raghavet al., 2014).Reactive transport of Fe in these columnsresulted in the inlet
quadrantsbeing almost completely devoid of Fe* species (Table 3.2) and depleted in total
Fe (Figure 3.4). This observation reflects the coupled influence of reduction and
advection.Fluid flow not only causes the redistribution of solids along the flow path, but

also the nature of solid species formed, since batch studies have shown ferric species
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surfaces being surface passivated and their presence preserved(Roden and Zachara, 1996;

Roden et al., 2000; Hansel et al., 2003).
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Figure 3.4. Final Fe (a) and As (b) mass distribution in LS and HS columns. More than
100% of the initial Fe mass present for the LS and HS cases relocated to the top two
quadrants. Arsenic was retained mainly in the Q4 and Q3 of both LS and HS cases.
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Table 3.3. Specific surface areas and sorption capacities of iron minerals observed after

trial termination.

Specific Surface

Adsorption Capacity for

Adsorption Capacity for

Solid Area Arsenate Arsenite
(m’g") (umol g™) (umol g7
Amorphous ferric 600° 2675" 3514"
hydroxide
b b b
Goethite ( a-FeOOH) 54 173 173
Ferrous Sulfide (FeS) 3.2° N/A 14°¢
Siderite d . )
(FeCO5) 1.58 6.94 13.88
Vivianite .
4.8/ 13
(Fe3(POy),.nH,0)

“Roden and Zachara, 1996
’Dixit and Hering, 2003

“Bostick et al., 2003

“McCormick et al., 2002

‘Guo et al., 2007

Thinnappan et al., 2008

MParticle size of 30 Mm

Sulfate reduction can contribute significantly to secondarybiomineral formation under

landfill and natural environment conditions throughprecipitation of sulfide minerals such

as iron mono- and di-sulfides (FeSy ;<x<>). Where arsenic is present at sufficient activity,

arsenic sulfides (e.g., realgar[AsS], orpiment [As,S3], or arsenopyrite[FeAsS]) are

expected to form (Bosticket al., 2003; O’Dayet al., 2004; Kirk et al., 2010; Burton et al.,

2013). TheLS and HS effluent sulfate concentrations decreased from nearly 100% of the

influent initially to below detection and <10%, respectively, after 60 d, which we

postulate may be the time needed for sulfate reducing bacterial (SRB) acclimatization.

No reduced sulfur solid species were detected in the low sulfate columns, whereas FeS
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(mackinawite) and a realgar-like species (AsS) were the dominantsolid phases detected in
the HS column (Table 3.3). The higher sulfur activity in the HS column provides
conditions of supersaturation of these sulfide phases.Based on Fe/As EXAFS analysis,
realgar and ferrous sulfide comprise 100% of the solid phase (within the detection limit)
close to the inlet, the active zone of sulfidogenesis. Formation of biominerals sequesters
sulfide in the near-inlet sections. Hence, as the concentration of aqueous sulfide decreases
in the direction of flow,so also does the percentage of sulfide minerals in the solid phase.
Although the analytic techniques utilized did not allow differentiation between carbonate
and sulfate green rust, the only zone where a possible sulfate mineral was detected was
the outlet quadrant of the HS column, where green rust was detected. In accord, sulfide
secondary mineral precipitation decreased with distance in the direction of flow (and

reductive activity) and matched the trend of ferrous mineral presence.

The iron mineral transformation from ferric to either mixed-valentor ferrous phases
causes a significant decrease in the specific surface area and reactive surface site density
contributing to As adsorption capacity of the Fe minerals (Table 3.2). Considering the
minerals that were formed in both LS and HS columns, the decrease in sorption sites
from the initial AFH to the final ferrous minerals, siderite and vivianite, in the LS column
and additionally mackinawite in the HS column is considerable.Likewise the goethite
detected in the down-gradient column sections also has a lower specific surface area than
the AFH initially present (Table 3.3). Based on the greater sorption capacity of the
detected Fe®* to Fe** species,the increase in proportion of Fe* species with downgradient

distance (Table 3.2), and the increase in total iron mass downgradient(Figure 3.4a), it is
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reasonable that the retained arsenic mass also increased progressively in the flow

direction (Figure3. 4b), although the mass was much lower than that originally present.

Total arsenic mass percentage leached from the columns was:HS = 35%, LS-Mo = 37%,
LS = 81%and LS-BES = 81%. The marked increase in arsenic retention of HS versus LS
(except LS-Mo) is a consequence of thearsenic sequestration in sulfide biominerals. A
possible mechanism is sorption of arsenite (As’*) on mackinawite and subsequent
reductive arsenitetransformation to a realgar-like (AsS) solid phase and transformation of
iron to green rust through oxidation of the FeS(Gallegos et al., 2003; Bostick and
Fendorf, 2013; Root et al., 2013). For all columns, the loss of AFH is accompanied by
almost complete retention of iron through secondary iron mineral precipitation (the total
Fe leached was less than 5%). However, for the LS casethis transformation resulted in a
loss of arsenic sorption capacity and an observed 81% mobilization of arsenic from the
column. For the HS case, loss of arsenic sorption capacity also occurred, but the
generation of the realgar-like phase (Root et al., 2014) greatly increased overallarsenic

retention.

Competition between methanogens and iron, sulfate, and arsenic reducers for the
available electron donors (primarily lactate, acetate, and H;), did not impact arsenic
retention under the simulated mature MSW conditions. The arsenic release from the
column with methanogenic inhibition (LS-BES) showed the same high loss of arsenic as
the LS column without such inhibition, suggesting the competition of methanogens for

electron donors did not significantly decrease Fe, S or As reductive activity.
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The arsenic leached from the LS-Mo column was 38%, which is noticeably lower than
the approximately 80% leached from LSand LS-BES column experiments. This result is
surprising in the face of suggestions that stimulation of bio-sulfidogenesis may lead to
greater arsenic retention (Kirk et al., 2004; Keimowitzet al., 2007). This decrease in
arsenic release suggests a significant contribution of SRB in arsenic reduction and
mobilization from the host solid phase, even in a condition with a relatively low
concentration of sulfate available. Since some SRB can reduce arsenate (Hoeft et al.,
2002; Harrington et al., 1998; Newman et al., 1997) and subsequently decrease its
adsorption affinity andstability (HerbelandFendorf, 2006; Tufanoet al., 2008), and since
sulfide derived from bio-sulfidogenesis can readily reduce Fe* causing reductive
dissolution of AFH (Poulton, 2004; Kocar, 2010),hindrance of these mechanisms could

explain the increase in LS-Moarsenic retention.
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CHAPTER 4

MICROSCALE SPECIATION OF ARSENIC AND IRON IN FERRIC-
BASED SORBENTS SUBJECTED TO SIMULATED LANDFILL
CONDITIONS

This chapter was published in the journal of Environmental Science and Technology with
Robert Root (first author), Sahar Fathordoobadi, Fernando Alday, Wendell Ela, and Jon
Chorover as co-authors with collaboration between the Department of Chemical and
Environmental Engineering, and the Department of Soil, Water and Environmental

Science, University of Arizona, Tucson, AZ, 85721.

In the recent years there has been a good number of studies in which effect of short-term
microbial reductive dissolution of Arsenic Bearing Solid Residuals (ABSRs), under the
influence of an isolated microbial strain, has been investigated. Such short-term
experiments are failing to demonstrate long-term Fe/As mobilization and transformation
into the end-products and therefore unable to simulate mature landfill conditions. In
addition, most of column studies employ only one isolated microbial community which

again does not offer a valid representation of actual landfill condition.

In this research, we set up series of continuous flow-through columns to study long-term
effect of sulfate on ABSRs under simulated landfill condition, using anaerobic digester
sludge (mixture of microbial consortium) as microbial source that contains variety of
microbial groups capable of Fe/As reduction. As and Fe concentration and speciation
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were measured weekly in the effluent. At the termination of each column experiment, the
solid content was characterized, using X-ray absorption spectroscopy (XAS) and X-ray
fluorescence (XRF) imaging to examine the effect of influent sulfate concentration on
ABSR under microbially-induced reducing conditions (Current chapter).

My contribution to this paper consist of:

1) Experimental design, execution, maintenance and termination.

i1) Aqueous sample collection, preparation and analysis.

ii1) Solid phase sample preparation for XAS and XRF analysis.

1. Introduction

Arsenic is a known environmental toxin (O'Day., 2006; Smedley and Kinniburgh., 2002)
that is affecting the health of millions of people worldwide through natural and
anthropogenic contamination of drinking water sources (Smith et al., 2000). Because of
its environmental abundance, toxicity, and potential for human exposure, As has been
designated the number one priority toxin by the Agency for Toxic Substance and Disease
Registry (e.g. 1997-2011). Since 2006, when the USEPA adopted a maximum
contaminant level of 10 pg L' in drinking water, more than 4000 US water utilities have

been required to reduce concentrations of product water As (USEPA, 2001).

The high chemical affinity of arsenic for adsorption to hydrous ferric oxide (HFO)
surfaces enables economical methods for removing it from drinking water (Pierce

andMoore.,1982) by exploiting inner-sphere complexation of As(V) under oxic
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conditions (e.g. (Manceau., 1995;Waychunas et al., 1993). The combined low-cost and
effectiveness of ferric-based sorbents have contributed to their wide use by water
treatment utilities, leading to significant increases in the volume of arsenic-bearing solid

residuals (ABSR) (Mohan andPittman., 2007).

Iron based As “filter” media are typically non-regenerable and, in the US, can be
disposed in municipal solid-waste (MSW) landfills if shown to pass the USEPA toxicity
characteristic leaching procedure (TCLP). An estimated 3-12 x10° ug of ABSR are
generated annually, typically loaded to >1:200 As:Fe mole ratio, creating 15-60 Mg of
localized point-source As (Ghosh et al., 2004). ABSR are subjected to landfill
(bio)geochemical conditions, including organic-rich reducing environments, which are
not simulated by the TCLP (Menget al., 2001;Hooper., 1998). Prior studies have shown
that reductive dissolution of iron oxides can result in mobilization of sorbed or co-
precipitated As (e.g.(Nickson et al., 2000;Kirk et al., 2010)) - a potential fate for ABSR
in mature MSW landfills as well (Ghosh et al., 2006).Indeed, the coupled cycling of As
and Fe in landfills is impacted by microbial Fe reduction; where spent As sorbent, labile
organic matter, and a consortium of heterotrophic reducing bacteria results in release of
As and Fe into mobile pore waters (Cortinas et al., 2006;Jing et al., 2008). Although it is
generally recognized that biogeochemical As cycling is closely coupled to the bio-
availability of redox sensitive Fe, S, and organic carbon (Corg) (e.g., O'Day et al.,
2004;Polizzotto et al., 2006)), the specific reactions driving arsenic release and
sequestration following ABSR disposal in landfills have not been fully characterized. In

particular, the influence of sulfate activity is poorly resolved. Sulfate in landfill leachate

101



ranges from 1 to 51 mM, and is likely a key driver of neo-precipitate formation and
potential secondary phase As sequestration (Ghosh et al., 2006). For example, in
laboratory batch studies of ferric based ABSRs, it was found that reduction of influent
dissolved sulfate resulted in precipitation of iron sulfide (FeS,) coincident with 80-100%

reduction of As(V) to As(IIl) during a 2 year incubation (Liu et al., 2008).

The current study used X-ray absorption spectroscopy (XAS) and X-ray fluorescence
(XRF) imaging to examine the effect of influent sulfate concentration on ABSR under
microbially-induced reducing conditions. Briefly, laboratory columns were packed with
As(V)-loaded HFO, inoculated with a diverse heterotrophic microbial consortium from a
wastewater treatment plant, and reacted with a synthetic landfill leachate (SLL)
containing either low (LS) or high (HS) sulfate concentrations (0.064 mM and 2.1 mM,
respectively). Effluent samples were collected for complete aqueous chemical analysis as
presented elsewhere (Alday., 2010). The focus of the present study is on the solid phase
transformation of ABSR under the two influent sulfate concentrations. By combining X-
ray absorption spectroscopy (XAS) and multiple energy micro X-ray fluorescence (ME-
uXRF) mapping (elemental and chemical), we elucidate changes in sorbent and sorbate
speciation, binding environments, and co-associations that enable improved prediction of

As fate in mature landfills.
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2. Materials and Methods

2.1.Column Design

Columns (Spectrum Chromatography, 2.5 cm dia; 30 cm long) were packed with 73.3 g
(15.1 g dry mass) of As(V) loaded ferric sludge (20:1 molar Fe:As), 120 g of 0.8 mm
glass beads to provide tractable porosity (®= 41.7%), and 25 ml of anaerobic digester
sludge from a wastewater treatment plant (76% water, 18% organic matter; Ina Road
Wastewater Treatment Plant, Tucson AZ USA). The anaerobic digester sludge was
chosen, in lieu of a pure strain inoculum, for its miscellany of microbes consistent with
the broad diversity of anaerobic organisms in a mature MSW landfill. The sludge was a
poorly crystalline ferric hydroxide, similar to 2L ferrihydrite (referred to hereafter as
AFH), coprecipitated with As(V) by dissolving 0.935 M ferric chloride hexahydrate
(ACS reagent, Sigma-Aldrich) and 0.047 M sodium arsenate heptahydrate (KR Grade,
Sigma-Aldrich) in 1 L of purified water. The AFH was washed 5x to a supernatant EC
<ImScm™ and adjusted to pH 7.0 with NaOH. The SLL contained minerals and nutrients
necessary for microbial activity and lactate as the organic electron donor and carbon
source (Table 1, Appandix B). The SLL was sparged with nitrogen and fed continuously
with a multi-syringe pump (Braintree Scientific) in up-flow mode at 5.1 mlh™ (2 pore
volumes [PV] d™). The Darcy’s velocity was 0.25 m d” (hydraulic conductivity ~10~ cm
d) to represent saturated, semi-pervious landfill conditions. Columns were fed SLL with
either 0.064 mM (LS) or 2.1 mM (HS) sulfate for 330 days or 331 days, respectively.
Sulfate influent concentrations bracketed reported groundwater (average 0.048 mM
(USEPA, 1999)) and US landfill (2.78 mM (Ghosh et al., 2006))values. The goal was to

evaluate the significance of relatively small increments of sulfate in landfill systems
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relative to natural groundwater environments. Column effluent samples were filtered
through 0.22 pm cellulose acetate syringe filters and analyzed for As, Fe*, SO47, lactate,
and acetate. Acetoclastic methanogenic bacteria were inhibited by the addition of 1 mM
2-bromoethanesulfonic acid (BES) sodium salt (BrCH,CH,SO3Na, Sigma-Aldrich) in the
influent of the LS column.BES was added to the LS column on day 139 (278 PV). It was
observed to not change arsenic and iron leaching patterns compared to other column
experiments without inhibition, and was not added to the HS (Alday, 2010). To preserve
the experimental redox environment, post operation column autopsies were conducted in
an anaerobic chamber, where reacted AFH was dissected and subsamples were collected

before transport in crimp-sealed serum vials to a synchrotron facility for x-ray analysis.

2.2. X-ray Spectroscopy

Column subsections were analyzed with K-edge XAS for speciation of arsenic and iron.
Spectra were collected at Stanford Synchrotron Radiation Lightsource (SSRL) on
beamline 4-1. Beam energy was calibrated on an arsenic foil with the main edge
inflection assigned 11,867 eV and on iron foil with the first edge inflection assigned at
7112 eV. Fluorescence was monitored with a 13-element solid-state Ge detector with a
He cryostat sample holder (~ 8-15 K, see SI for XAS setup and analysis details). For bulk
XAS analysis, 100-200 mg of moist sludge was ground, homogenized, loaded in Teflon
sample holders, and sealed with Kapton tape in an anaerobic chamber at the synchrotron

facility (Coy, No/H,=95/5).
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2.3. XRF Imaging Collection and Analysis

For XRF analyses, reacted AFH was air dried in the dark in an anaerobic chamber, to
minimize post-experiment photochemical/oxidative reaction, and embedded in metal free
epoxy (EPO-TEK 301-2FL; Epoxy Technologies, Inc). The suspension was cured for 72
h in a vacuum desiccator, packed under Ny, and sent in a low permeability bag for thin-
sectioning (30 um, polished 2-sides) under anoxic conditions (Spectrum Petrographic,
WA). Thin sections were transported to SSRL in anaerobic bags (Anaerogen™) and

stored in an anoxic chamber until analyzed.

The X-ray microprobe at SSRL, beamline 2-3, was used to interrogate the local chemical
environment by scanning thin-section at energies near the Fe or As absorption edge
(Mayhew et al., 2011). Images collected were 400-500 umz with a pixel step size of 2.5-
3.0 um and 50 ms dwell time. For multiple energy (ME) maps, the measured
fluorescence (F,) at a designated energy was used to compile a 2D image relating
concentration (p) of each element (i) or species (j) to elemental fluorescence yield (w;),

i.e. (eq.l).

Fim = X(pijw;) M

Species specific mapping was conducted by monitoring F,,at multiple energies across the
edge jump of As and Fe. The As K-edge is diagnostic for oxidation state, with the white

line peak (ca. = 1eV) for arsenic sulfides at 11869 eV, As(IIl) at 11872 eV and As(V) at
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11875 eV (ODay et al., 2004). Therefore, when the monochromator is tuned to 11869
eV, resultant fluorescence from an arsenic sulfide is measurably different from that of As
(IIT) or As(V). The same concept of multiple energy maps was applied to the Fe edge for
phase identification. However, unlike As where a clear spectral peak was associated with
oxidation state, the difference in Fe fluorescence at multiple energies was compared in a
fluorescence yield - energy matrix selected specifically for phase identification (see
Mayhew et al. for details (Mayhew et al., 2011)). Briefly, model compound spectra were
input to a matrix of normalized fluorescence and energy (eV) at the energies of the XRF
maps (Figure SI1 and Table SI3). Generally, the number of energies mapped is greater
by one than the number of components that can be resolved (i.e., n+1 energy maps for n
phases). Iron and As was mapped at discrete energies (7114, 7121, 7124, 7126, and 7137
eV for Fe; and 11869, 11872, 11875, and 11880 eV for As) to assess chemical

associations and speciation.

The X-ray energy was calibrated with metal foils as above for bulk XAS. Principal
component analysis (PCA) was applied to the >40k pixel images to locate regions of
unique components and chemical differences. The application of PCA to image data is
common for processing soft X-ray transmission data (e.g. (Lerotic et al., 2004;0sanna
and Jacobsen, 2000)) but has been less extensively applied to hard X-ray pXRF data (see
(Mayhew et al., 2011)).The unique components highlighted with PCA were probed with
X-ray absorption near edge structure (UXANES) and collected at the same spot-size,
stage and detector position as image data, to provide additional constraint for reference

models and allowed components in the linear combination fits (LCFs) of bulk XAS.
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3. Results

3.1. Column leachate aqueous chemistry

The bioreduction of AFH released As and Fe to mobile leachate under both high and low
sulfate influent conditions (Alday, 2010). After 300 d, the LS column leached 84% of the
initial solid-phase arsenate and 3.3% of the iron. After 331 d, the HS column released
36% of the initially loaded arsenate and <1% of the iron. Hence, about three-times more
As and Fe were retained under the higher sulfate conditions. Effluent monitoring showed
that leachate pH fluctuated around circumneutral with values 7.5-8.0 for LS and 7.5-8.3
for HS. In both columns, e donor lactate was oxidized to acetate and carbonate. Nearly
all of the lactate was converted to acetate in the effluent from the beginning through to
completion of the experiment. Influent and effluent sulfate concentrations were
monitored in both columns, with influent sulfate found to be constant throughout the
experiment. The HS effluent sulfate decreased from nearly 100% breakthrough at 1 d to
50% at 37 d, 25% at 40 d, and <10% at 60 d, and for the duration of the experiment. The
LS influent sulfate dropped from 100% breakthrough at 5 d to <10% after 15 d and
remained low for the experimental duration. This indicates that sulfate reduction or

sorption occurred in both columns.
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3.2. As Speciation by Bulk XAS

Normalized As k-edge XANES spectra of LS column solids showed that initial solid
phase As(V) had been mostly reduced to As(IIl) after 300 d. In sections LS-II, LS-III,
and LS-1V, XANES showed two distinct peaks at 11872.1 and 11875.3 eV, consistent
with As(IIT) and As(V), respectively (Figure4.1a, fits shown in Table 4.1). Fitting of As
XANES to reference spectra of As(IIl) and As(V) sorbed to ferrihydrite shows that 75-
81% of the As(V) in the AFH was reduced to As(Ill). Arsenic K-edge extended x-ray
absorption fine structure (EXAFS) of the LS samples showed the bulk solid to be mixed
As(IIl) and As(V), with spectra fit to first-shell As-O scattering paths, second-shell
contributions from As-Fe scattering, and a multiple scattering (MS) contribution
corresponding to the As-O-O MS within the arsenate tetrahedra (Figure4.1b-c, fits shown
in Table 4, Appandex B). Including the MS paths improved the fit, whereas degeneracy,
distance, and the Debye-Waller factor were linked to the determined As'O,4 parameters
(see e.g., (Ona-Nguema et al., 2005;Beaulieu andSavage, 2005)). Multiple scattering was
not significant for As(Ill), likely because of static disorder in the ligating oxygen shell.
At 10 cm into the LS column (LS-II), bulk As EXAFS were fit with As-O distances at
1.77A and 1.69A, corresponding to arsenite pyramidal coordination, and arsenate
tetrahedral coordination, respectively. The second shell EXAFS contributions from As-Fe
interatomic distances were fit to 3.31A + 0.01A and 3.46A + 0.01A, similar to
coordination environments observed in a laboratory experiment of arsenite sorption to 2-
line ferrihydrite and a field site where arsenate was sorbed to amorphous hydrous ferric
oxide (Root et al., 2007;Gao et al., 2013). The EXAFS determined mixed As species was

consistent with XANES. Scattering at the As-Fe interatomic distance of 3.31 A was
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attributed to a °C coordination, bidentate-binuclear corner-sharing between AsHIOg
pyramids and FeOs octahedra, whereas the 3.46A As-Fe scattering distance was
attributed to 2C coordination of As'Ogtetrahedra with ferric octahedra (Figure4.1¢)(Ona-

Nguema et al., 2005).

Linear combination fits to the As XANES from the HS experiment, using realgar(AsS) as
model reference sulfide spectra, showed a gradient from 100% AsS to 100% As(I1I) from
the column influx to the efflux (Figure4.1d, Table 4, Appandix B). Differentiating among
As sulfides (e.g. AssSs4, AsyS;3, etc.) with XANES alone is not possible because the
associated edge shifts are within energy resolution of the beamline (~1 eV at the As
edge). Therefore, while the peak match to realgar is not mineral specific, it is diagnostic
of a solid-phase As-sulfide complex. Arsenic XANES of HS-I showed a distinct peak at
11869 eV, fit to a single sulfide component. The intermediate section HS-III had an
absorption maximum at 11872 with an asymmetric broadening below the main edge. The
lower energy broadening feature was fit with 31% AsS; the main peak was fit with 69%
As(II). The As XANES for the sample near the outlet of the column, HS-IV, was fit
with a single component of As(IIl). Arsenic EXAFS of the bulk solid in HS-I showed an
As-S distance of 2.25 A and contributions beyond the first shell of As-As at 2.58A,
3.49A, and 3.62A (Figure4.1e). The As-As backscattering features beyond the first shell
observed in HS-I are unique to realgar (and associated polymorphs) and are not observed
in orpiment (As;S3), arsenopyrite (FeAsS), As-thio complexes, or organic As-S ligands
(Figure4.1f) (Suess et al., 2009). Complete reduction of As(V) was observed in the HS

column. First shell As-O distance in HS-IIT and HS-IV were 1.76—1.781&, consistent with
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As(Ill) in pyramidal coordination. The second shell contributions from Fe backscatters
were fit at 3.49A, a distance longer than the As(III) ’C coordination observed in the LS
column, consistent with either a monodentate 'V coordination or >C coordination of non-

edge sharing iron octahedra.
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Figure 4.1.As K-edge XAS of AFH from the synthetic landfill column experiments; LS
column (a) XANES (b)unfiltered K’ weighted EXAFS, and (c) uncorrected for phase
shift Fourier transformed EXAFS (FT); HS column in shaded panels d) XANES (e)
EXAFS, and (f) FT. Collected experimental spectra (black) and model reference spectra
(gray = As(V)=Fh, blue = As(III)-Fh, red = realgar) together with calculated best fits to
the data (stippled red). The vertical lines in a) show reference AsS (red), As(IIl) (blue),
and As(V) (gray); vertical lines and arrows in ¢ and f) highlight the structural features
corresponding to the calculated coordination and distance, shown with inset schematic,
and explained in the text; numerical fit parameters are given in Table SI4.
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3.3. Fe Speciation by bulk XAS

Iron XAS data show the reduction of AFH-derived Fe(IIl) to Fe(II) and secondary Fe
(bio)mineralization. Normalized first-derivative Fe K-edge XANES spectra were used for
LCFs because they reveal subtle distinctions (O'Day et al., 2004). Column spectra were
well described with LCF of fractional components of standard ferrous, ferric, and mixed-
valent iron reference spectra, incl. ferrihydrite, siderite, carbonate green rust, vivianite,
and mackinawite (Table 4.1). LCFs of the Fe XANES indicated development of a redox
gradient in both columns, with the most reducing conditions near the inlet. In the LS
column, 68 to 53 % of the AFH was transformed along the redox gradient. The LS
spectra showed siderite and ferrihydrite as major components, and carbonate green rust
and vivianite as minor components, with components constrained by pXANES and XRD
from LS-II (Figure4.2a). In contrast, the HS column showed 100% of the AFH was
transformed to ferrous iron sulfide (mackinawite) at the inlet, while ferrihydrite was co-
associated with siderite and green rust at the outlet. Mackinawite and ferrihydrite did not
co-occur in the HS column and ferric phosphates such as strengite could not be fit to the
spectra (Figure4.2b). Assignment of the Fe K-edge XANES to a ferrihydrite component
is supported by the lack of detectable goethite peaks by XRD. Non-linear least squares
fitting of the Fe EXAFS from the bulk solid in HS is consistent with the Fe solids being
dominantly a mackinawite-like FeS along with a smaller green rust component
(Figure4.2c-d, Table 4, Appandix B). The Fe-S bond distances of 2.27 A, and
contributions beyond the first shell from Fe-Fe backscattering at 2.71 A and 3.62 A, are
unique to the mackinawite structure and are not observed in pyrite or arsenopyrite

(Lennie et al., 1995;Jeong et al., 2010). Additional backscatterers were needed for a good
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fit to the EXAFS spectra. AnFe-O distance at 2.02 A and a Fe-Fe distance at 3.26 A, both
consistent with green rust — a phase also suggested by the Fe XANES — improved the fit
significantly. The Fe-Fe distance at 3.26A is close to the expected distance for edge
sharing iron octahedra found in natural and synthetic green rust (3.18-3.25A) (Root et al.,
2007). Pyrite was investigated as a possible component in reduced HS sections but was
not observed; the Fe XANES LCF was better for mackinawite, as was the unique
structural fit from the Fe EXAFS spectra, and XRD showed a lack of diffraction peaks

diagnostic of the cubic pyrite structure.
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Figure 4.2. Normalized first derivative Fe K-edge XANES collected at 8-15K for a) LS
and b) HS. Fe K-edge c) EXAFS and d) uncorrected for phase shift Fourier transformed
EXAFS (FT). Solid lines are data, stippled lines are best fits, shaded regions in d) are

mackinawite FeS (black) and green rust GR1CO3 (green) with Fe-backscatterer pair
labeled; all numerical fit parameters are given Table 4.1
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Table 4.1. Arsenic and IronK-edge XANES fit results.

fit (%)° YAs
Arsenic
As-S As(III) As(V) Total
LS-II - 81 17 98
LS-III - 77 21 98
LS-1V - 75 34 109
HS-I 97 - - 97
HS-11I 31 69 - 100
HS-1V - 102 - 102
fit (%)° TFe;”
Iron
Mack | Sid | Viv® GR'’ Fh* Total
LS-II - 51 - 17 32 100
LS-III - 41 5 18 36 101
LS-IV - 34 5 12 47 98
HS-I 85 - - 12 - 97
HS-III 30 45 19 - - 94
HS-IV - 33 - 17 53 103

“Results from linear combination least-squares fits with energy varied for each
component with reference mineral previously analyzed by XAS(Root et al., 2009). Dash
(-) indicates a component not used in the fit. “Fit components were not normalized to
unity. “Fit with synthetic vivianite spectrum, prepared following (Eynard et al., 1992).
“Fit with green rust 1-hydroxy-carbonate spectrum prepared following (Drissi et al.,
1995). °Fit with synthetic 2-line ferrihydrite spectrum, prepared following (Schwertmann
andCornell, 2007). Columns sections are numbered (I-IV) from the inlet to the outlet.
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3.4. X-ray Fluorescence

3.4.1. Low Sulfate Column

Elemental correlations from ME puXRF mapping images for the LS column show As
primarily associated with ferrihydrite between the glass beads (Figure4.3a-d).
Fluorescence yield varies by atomic number; however, comparing per pixel fluorescence
counts of Fe to As gives a correlation coefficient of 0.82 and an Fe:As count ratio of
26:1, close to the initial molar ratio of 20:1. ME uXRF across the As edge indicates that
As(Il) and As(V) were distributed through the column with localized high
concentrations (Figure 2, Appandix B). The Fe ME uXRF map shows the predominance
of ferrihydrite and siderite in the reacted AFH with rims of green rust (GR) forming at the
solid-liquid interface. Both As(V) and As(Ill) are associated with the areas mapped as
ferrihydrite and siderite, whereas the areas mapped as GR are associated with low As

counts and As(V) only.

3.4.2. High Sulfate Column

The association of As to Fe differed in the HS column; areas of high As were observed to
be mostly independent of Fe rich regions (Figure4.3e-h). The abundance of Fe solids
appeared to be lower in HS-I versus LS-II, as seen in the fluorescence map (Figure4.3a v
4.3e) and in micrographs (Figure3, Appandix B). Arsenic speciation maps showed As
associated with sulfide widely distributed throughout the solid matrix, and As(III) located

in isolated spots (Figure4.3h). The Fe maps indicated that As(IIl) was generally
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associated with the area mapped as siderite, and it was not found within the area mapped

as FeS.

The HS ME pXRF showed complete As(V) reduction, mostly to AsS with some As(III).
Most of the arsenic in the HS-I section of the column was As-sulfide, consistent with the
bulk XAS (Figures4.2b and4.3h). The Fe phase was mostly FeS with a GR crust co-
occurring throughout, consistent with the bulk XAS. Siderite was observed - not
associated with AsS phases - and generally in regions of lowest As fluorescence. The
AsS and FeS phases were spatially correlated, but not uniformly; there were areas of FeS

without AsS.
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Figure 4.3. Multiple energy pu-XRF maps for the low sulfate (LS: a-d) column
experiments after 300 days of bioreduction in inoculated synthetic landfill leachate, and
high sulfate (HS: e-h) after 331 days of bioreduction in inoculated synthetic landfill
leachate. The top panels show total Fe (a) and As (b) intensity for LS according to the
color-scale shown, c.) ternary Fe speciation for LS, ferrihydrite shown in red, carbonate
green rust (GR1COs3) in green, and siderite in blue, and d.) binary distribution of As
species for LS with As(IIl) in red and As(V) in blue, with color intensity corresponding
to concentration. The bottom panels show total Fe (e) and As (f) for HS columns, g.)
ternary Fe speciation for LS, with FeS shown in red, GR1COj; in green, and siderite in
blue, and h.) binary As speciation with As sulfide and As(III) in blue. The white dashed
lines delineate the edges of glass beads, and color intensity corresponds to the molar
concentration of each chemical species per volume in each pixel, mapped at 3um2 and
2.5 um? for LS and HS respectively.

4. Discussion

In this long-term flow-through column experiment under sulfidogenic conditions, bulk

XAS was used to probe the Fe and As speciation, and uXRF imaging was employed to
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determine the localization of secondary phases and As speciation.Reductive
transformations of AFH are attributed microbial reduction of Fe(III) and SO,*. Once
heterotrophic microbial respiration was activated and Fe* was produced, the resulting
reductive dissolution of AFH was likely by both biotic and abiotic pathways as expected
in a mature landfill (Poulton., 2003). Results showed that the dissimilatory reduction of
these ABSRs produced green rust, vivianite, and siderite in the LS column and
mackinawite, siderite, vivianite, and greenrust in the HS column. While solid phase
As(V) was reduced, the extent of arsenic mobilization and secondary iron mineral

formation were dependent on the influent sulfate concentration.

4.1.As and Fe Speciation in Low Sulfate Column

Mixed valent As is distributed with iron solids in the LS column, indicating mixed
coverage and no obvious preference for As(V) over As(IIl) at this scale at many surface
sites. The LS ME puXRF maps show mixtures As(III) and As(V) in the same 3 um? pixel
space. However, areas of highest As concentration were dominated by As(V) and
ferrihydrite, identifying ferrihydrite as the energetically favorable sorbent. Our results
indicate that siderite and green rust were not effective sinks for As(IIl), consistent with
previous sorption studies (Jonsson et al., 2008). In general the areas of lowest As
fluorescence were associated with regions mapped as green rust indicating that As did not
partition strongly to green rust, consistent with previous findings (Kocar et al., 2010).
Green rust occurred as a surface crust on ferrihydrite, whereas siderite was inter-mixed

with ferrihydrite. The precipitation of green rust as rims along the ferrihydrite surface
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suggests that the reducing SLL solution either induced a nucleation of GR at favorable
ferrihydrite surface sites, or that it initiated a solid state transformation of ferrihydriteby
reaction with free Fe>* (Genin et al., 2006;Kukkadapu et al., 2004). A gradient of solid
phase predominance from Fe(Il) to Fe(Ill) was observed in both the LS and HS columns.
Fe XANES show ferric, ferrous, and mixed valence phases, with greater predominance of
ferrous (ferric) solids near the inlet (outlet). The siderite fraction was greatest at the inlet,
owing to the oxidation of lactate to carbonate coupled to Fe(IIl) reduction. Our results are
consistent with a laboratory study showing that the reduction of ferrihydrite by
Shewanella putrefaciens results in the precipitation of green rust (and vivianite in the

presence of phosphate) (Kukkadapu et al., 2004).

4.2. Arsenic and Iron Speciation at High Sulfate Activity

As(V) was reduced to As(III) or AsS at the HS column inlet, and for these simulated
landfill solids with localized As(V)-AFH and elevated SO42', SLL was shown to react to
precipitate realgar-like AsS and FeS as discrete phases. The precipitation of a realgar-like
solid phase is consistent with the neo-formation of arsenic sulfide solids observed in
microbially (Demergasso et al., 2007;Root et al., 2009) and abiotically (Sadiq., 1990)
reduced sediments. An As sulfide precipitate was reported as the primary product of
As(III) reaction with FeS at pH 5, and it occurred as a discrete phase, not associated with
Fe, but rather an amorphous hydrous arsenic sulfide with the local structure of realgar
(Renock et al., 2009). Realgar has been precipitated from the reaction of As(IIl) with

nano-particulate iron sulfide at pH 5, while at pH 9 thio-arsenites were formed (Han et
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al., 2011). Upadhyaya et al. (2010) showed that under reducing conditions in a fixed-bed
bioreactor, generation of iron sulfides sequestered arsenic through surface precipitation of
arsenic sulfide on FeS (Upadhyaya et al., 2010). The precipitation of realgar in a high-
sulfate environment subjected to reducing conditions is supported by thermodynamic
modeling that predicts the formation of a realgar-like surface precipitate (Gallegos et al.,

2008).

Similar to the LS experiment, a gradient from Fe(II) to Fe(Ill) solid phases was observed
along the flow path in HS columns. The HS column XANES show FeS and green rust in
the zone of greatest sulfidogenesis. It was observed that the inlet region, with the highest
HS" activity, promotes the precipitation of sulfides. The observed stability fields of
ferrous sulfide and ferric (hydr)oxides do not overlap, unlike ferrous carbonate and
phosphate species. Evidently, by mid-column, carbonate activity competed with HS’
activity, favoring the precipitation of siderite over FeS, and making green rust unstable.
While ferrihydrite-like Fe speciation was kinetically stable near the outlet, it is expected
to age to goethite over longer times (Hansel et al., 2005). The Fe-O distance of 2.02 A,
attributed to GR, is shorter than prior reports (2.06-2.12 A), possibly indicating a higher
ratio of Fe(Ill)/Fe(Il) than ideal green rust, associated with the rapid oxidation of Fe(Il),
possibly by reaction with As(III) (Thoral et al., 2005). The Fe-Fe distance at 3.26 A is
close to that expected for edge sharing iron octahedra in natural and synthetic green rust
(3.18-3.25 10%) (Root et al., 2007). The EXAFS is best fit to a mixture of 71% FeS and
30% green rust, a higher estimation of the green rust contribution than given by XANES,

which shows 85% FeS and 12% green rust. Discrepancies between Fe EXAFS and
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XANES fits have been shown by O’Day et al. (2004), where analysis of known
pyrite:phyllosilicate mixtures showed sulfide mass contributions can be underestimated
by XANES relative to EXAFS, because of stronger backscattering of sulfur relative to
oxygen in the EXAFS first shell (O'Day et al., 2004). Conversely, the underestimation of
FeS by EXAFS in the present study is consistent with an amplitude reduction in x(k)°k3,
attributed here to low crystallinity or nano-crystalline FeS (Frenkel et al., 2001). Self-
absorption was explored as a cause of dampening of the EXAFS signal because it would
also manifest in an underestimation in the target phase in the EXAFS relative to XANES,
but it was ruled out by concurrently collected transmission spectra that show no
dampening of the EXAFS or concomitant enhancement in the XANES (esp. pre-edge

region) relative to fluorescence spectra.

4.3. Fe-S-As Reactions in Sulfidic Environments

It has been shown that microbial sulfidogenesis can initiate the reductive dissolution of
ferric solids including AFH (Poulton, 2003). Oxidation of lactate, and reduction of
sulfate, initiated by microbial respiration will promote ferric solid phase dissolution and

subsequent release of Fe** and HS™ to pore waters (eq. 2-3).

12 Fe(OH);'nH,0(,) + CH;CH(OH)COO™ + 22 H™© 12 Fe** + 3 HCO; + (30+n) H,0 (2)

3 S0,” + 2 CH;CH(OH)COO ¢ 3 HS™ + 6 HCO5 + H* 3)
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Where ferric (hydr)oxide solids are stable, oxyanion HXASVO42'X has a stronger affinity
for reactive surface sites than does neutral ASHI(OH)3(DiXit and Hering, 2003). However,
the reduction of As(V) to As(IIl) alone does not require release of As(III) to solution, the
mechanism of As mobilization to porewater is via dissolution of sorbent AFH and
subsequent release of sorbate As (Kneebone et al., 2002). If iron reduction is
energetically favored over arsenate reduction, the dissolution of ABSR will release

oxyanion HXASVO42'X to solution. The reduction of arsenate to arsenite can then be

coupled to microbial respiration (eq. 4) or to abiotic reaction with free HS™ (eq. 5) (Hoeft

et al., 2004);
6 HAsO,> + CH;CH(OH)COO + 10 H'© 6 H3As0;" )+ 3 HCO3" 4)
4 HAsO,” + HS + 7 H' © 4 H;As03° )+ SO4* (5)

Excess Fe** and HS™ in solution at circumneutral pH can then promote the precipitation of

mackinawite (eq.6) (Wolthers et al., 2003).

Fe’* + HS © FeS(,) + H (6)

Bulk Fe and As XAS showed that at elevated sulfate concentrations (2.1 mM), ABSR
were reduced to FeS and As(IIl) + AsS. We propose a possible explanation for the
precipitation of realgar-like solid phases in environments similar to those found in anoxic
zones in mature landfills. It has been reported that dissolved As(Ill) can be removed from

porewater as an adsorbed species on FeS (Gallegos et al., 2008;Farquhar et al.,
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2002;Wolthers et al., 2005). Additionally, it has been shown that As(IIl) can react with
excess sulfide to form soluble thioarsenite complexes that precipitate as As—S solids,
such as amorphous arsenic sulfides, orpiment (As,S3) at low pH, and realgar (As4S4) at
circumneutral pH (O'Day, 2006;Wilkin andFord, 2006;Bostick et al., 2005). It has been
proposed, and supported with thermodynamic modeling, that dissolved As(III) can adsorb
to reactive FeS surface sites (Bostick and Fendorf, 2003), followed by its reduction to
AsS via oxidation of FeS, forming As-S polymeric (realgar-like) solid phases and

precipitation of green rust (eq. 7) (Gallegos et al., 2008).

6 FeS + 2 As(OH)3(4g) + 6 HyO + CO3> ¢ 2 AsS + Fe",Fe'',(OH),CO; + 4 HS +2H"(7)

This reaction is consistent with the co-associations of FeS, green rust and polymeric AsS
solids observed in the HS column of this study. The identification of intercalated anion in
the green rust phase (i.e. CO32' orSO42') formed here was not resolved, and (eq. 7) could

also be written with sulfate green rust.

In this model for mature landfill conditions it is expected that the formation of AsS is
limited by the activity of dissolved As(III) and inhibited by excess HS or low pH
conditions, conditions that have been reported to favor formation of thio-complexes or
precipitation of orpiment (Bostick et al., 2005;Couture andVan Cappellen, 2011). The
kinetics of this reaction and conditions favoring AsS precipitation require further study,
as our current study examined long term reaction products after 331 d (and 661 PV). A

flow-through study with As loading close to this study (and SO4* 0.80 mM) was run for
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88 d and did not show precipitation of As sulfides (Kocar et al., 2010). However, a short
term (48 h) study showed XAS and XRD evidence of solid phase realgar (or polymorph)
after mackinawite (5 g L") was reacted in batch reactors with 0.5 mM As(III) (mol As:Fe
=114) (Gallegos et al., 2007). Long term (400 d) dissimilatory reduction of arsenic loaded
schwertmannite (ferric hydroxysulfate) produced secondary orpiment and mackinawite
when excess SO42' was absent, but no As-S formed at 100 mM SO42'because
schwertmannite transformation was inhibited and served as a sorbent for As, thus
inhibiting As-sulfide precipitation (Burton et al., 2013). This indicates the importance of
FeS surface site development and a concomitant lack of alternate energetically favorable

sorption sites, such as those from ferrihydrite or schwertmannite, in AsS precipitation.

The present study shows that dissolved arsenic can partition into a realgar-like AsS solid
that is spatially associated with FeS,,,) under environmental conditions similar to those in
a municipal landfill. The results indicate that the sulfate/sulfide redox couple is important
to controlling As mobilization in high-iron environments such as those occupied by

landfill-disposed AFH.
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CHAPTER 5

HOW SULFUR REDOX CYCLE AND CONCENTRATION
IMPACTS ABSRs FATE IN LANDFILLS

1. Introduction

Lowering the arsenic Maximum Contaminant Level (MCL) in drinking water in the U.S.
has led to generation of more than 10,000 kg Asyear' associated with arsenic bearing
solid residuals (ABSRs). Currently these ABSRs are being disposed in landfill and as a
consequence arsenic is likely being released into leachate. However, a mature landfill is a
biotic, reducing environment. Mature landfills also contain a significant organic matter
component, which leads to a high level of microbial activity that favors anaerobic-
reducing conditions.Such conditions may transform the ferric iron in ABSRs to reduced
ferrous iron and, as a consequence, arsenic may be released(Ghosh et al., 2004; Meng et

al., 2001).

Sulfate is one of the componentscommonly found in landfill leachate with concentration
ranging from 1 to 51 mM. Main source of sulfate in landfill leachate comes from
construction and demolition debris such as drywalls, and incinerator ash. With such a
wide sulfate concentration window a broad range of sulfate reducing bacteria (SRB)
community is expected to be present in MSW landfills, which in addition to reducing
sulfate to sulfide may be able to reduce arsenate. Although arsenic reducing microbial
communities are abundant in landfills, SRB are also expectedto substantially reduce
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arsenic (Hoeft et al., 2002; Harrington et al., 1998; Newman et al., 1997). In
sulfidogenesis, reducing environment the couple sulfate/sulfide can inhibit some bacterial
activity such as methanogenesis withhydrogen and/orlow molecular weight organic
compounds consumption, as sulfate reduction yields higher free energy than
methanogenesis (Table 5.1). Iron and sulfur redox cycles have a considerable influence
on arsenic cyclingand its displacement in the landfill microcosm. The primary routes of
iron and sulfate reduction in landfills are microbially mediated and biomineralization is a
common by-product. Biomineralization may lead to formation of minerals such as
siderite (FeCO3), vivianite (Fesz(POs),), iron sulfide (FeS), goethite (FeOOH), and realgar

(AsS).

The microbially generated sulfide can interact with environmentally important elements
such as Fe and As and affect geochemical transformation of ABSRs via redox couple
formation with As(V) and Fe(IIl) or sulfide biomineral formation. Aqueous sulfide is a
powertful reductant of Fe(Ill) that can drive the reductive dissolution of poorly crystalline
ferric (hydr)oxides, such as ferrihydrite (Dos Santos and Stumm, 1992; Poulton et al.,
2004). Sulfidogenesis can also drive iron sequestration through precipitation of Fe sulfide
minerals, including mackinawite, greigite and pyrite (Rickard., 1974; Wilkin and Ford,
2006; Burton et al., 2007). This reaction can facilitate arsenic release under landfill
conditions by triggering reductive dissolution of arsenic bearing ferric (hydr)oxides
(Kocar et al., 2010). In thesulfidigenesis environment, where the sulfide concentration is
high orpiment could form as the main sulfide mineral. Orpiment can then react with

dissolved sulfide to form arsenic-sulfide aqueous complexes (thioarsenic) which results
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in dissolution of orpiment. The formation of thioarsenic complexes could be expected at
neutral to high values of pH (Wilkin et al., 2003;Helz and Tossell, 2008), as is shown in

following reaction (Reaction 1):

1.5A8,S3+1.5HS ™+0.5 H' —>H,As3S¢ (1)

Thiolated arsenic species are commonly known to be found under reducing Fe-rich and
sulfide-rich environment and are controlling arsenic chemistry (Wilkin et al., 2003;
Couture et al., 2013). However, there is not sufficient information on sorption behavior

and aqueous quantification of thioarsenic species in the presence of iron sulfide and iron.

In this chapter results are presented to show that how concentration of sulfate feed into
the system affects the biomineral formation, and that the relative amounts and sequence
of precipitation of biominerals affect the free arsenic concentration that can seemingly be

engineered by the concentration of inflow sulfate to the system.

In the advective-flow experiments performed by Burton et al. (2011), the reductive
dissolution of ferrihydrite close to the in-flow end of the column with highest
sulfidization activity, resulted in theformation of secondary Fe sulfide minerals such as
mackinawiteand was associatedwith substantial mobilization of arsenic. Their
resultsindicate that the newly formed iron mineral was not effective at As sequestration.
Since under advective-flow conditions as employed here and by Kocar et al. (2010), the

reactants consumed through sulfate-reduction (sulfate and lactate) are continually

126



replenished, allowing ongoing sulfidogenesis and the accumulation of secondary iron

biominerals which are very weaksorbents of As compared to ferrihydrite.

Iron (hydr)oxides are strong sorbents of arsenic that undergo reductive dissolution and
transformation upon disposal in landfill where it reacts with biogenic dissolved sulfide.
Arsenic originally bound to these Fe(Ill) (hydr)oxides will subsequently subject to
transformation upon reaction with dissolved sulfide, forming aqueous thiaolated arsenic

or As sulfide phase.

Table S.1.Thermodynamic favorability of methanogenesis and sulfate reduction from
different substrates.Adopted from Alday, 2010.

Substrate Reaction IAGO 5
(KJmol' CH/SO,*)
Hydrogen 4H, + CO, — CH, + 2H,0 “ -135.6"
Acetate CH;COOH — CH, + CO, * -31.0°
Hydrogen SO+ 4H, — H,S + 2H,0 + 20H * -154.07
Acetate SO, + CH;COOH — H,S + 2HCO; ” -43.07
1580,” + CH;CHOHCOO™ — 654¢
Lactate 1LHS + CH;COO™ + HCO; + .H*

“Laloui-Carpentier et al., 2006
b Karhadkar et al., 1987
¢ Kocar and Fendorf, 2009
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To assess themobilityofarsenicundersulfatereducingconditions, Coutore et al. (2013) run
flow-throughreactors for 2 months, using lake sediment, with inflow solutions containing
sulfate and soluble As(II) or As(V) and after 3 weeks they also added lactate to the
reactor.Their observations suggest more efficientAsretention once the dissolved sulfide
and zero-valent S are buffered. Their finding raise the question on sulfide mineral ability
on arsenic sequestration, knowing also that the redox transition between the zone of
Fe(Ill) oxyhydroxides stability and As sulfides formation drives high As remobilization
(Coutur et al., 2013). Therefore, there is a need for more in-depth research on long term

effect of sulfate on arsenic behavior and speciation under land fill conditions.

2.0bjectives

In this part of the work we examine the role of sulfate concentration on ABSRs
biomineralization under simulated landfill conditions and investigate biogeochemical
weathering products of iron, sulfur, and arsenic by looking at possible biotic and abiotic
pathways involved in the process of biomineralization. Therefore, microbial reduction
and biomineralization of iron and sulfur are evaluated as processes that both promote
arsenic release from landfilled ABSRs and may possibly provide a means to re-sequester

it in a recalcitrant solid state.

Electron consumption order in two cases of medium and high sulfate concentration as
well as the thermodynamic favorability of redox active couples relevant to landfill
conditions were also evaluated using column measurements.
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3. Materials and methods

3.1. Sludge preparation

An arsenic-bearing iron sludge was prepared to simulate the waste generated from the
treatment of ion exchange/membrane processes brine solutions. Sodium arsenate
heptahydrate (Na,HAsO4.7H,0, KR Grade, Sigma-Aldrich) was dissolved in purified
water (Milli-Q Water System by Millipore) to prepare a 1 L solution with a concentration
of 0.047 M as As. Ferric chloride hexahydrate (FeCl;.6H,O, ACS reagent, Sigma-
Aldrich) was added to the As solution to produce a supersaturated, 0.935 M as Fe
solution with Fe:As molar ratio of 22:1. This mixture was stirred on a reciprocating
shaker table (Orbit, reciprocating speed 100 rpm) for 1 hour before adjusting the pH to
7.010.2 with 10.0 M sodium hydroxide (NaOH, flakes, EMD Chemicals). The ferric
hydroxide solid produced was 2L ferrihydrite (Fe(OH);-nH,0) and is hereafter referred
to as amorphous ferric hydroxide (AFH).The AFH was equilibrated for 2 days while the
pH was maintained at 7.01£0.2. After equilibration and settling, a supernatant sample was
filtered through a 0.45 pm cellulose acetate syringe filter for determination of
concentrations of dissolved As and Fe with supernatant As concentration of 69.56 ppb for
MScolumn and 77.28 ppb for HS column, respectively. Iron concentration was BDL in
both batches. Subsequently, the residual salt content (Sodium chloride) of the AFH was
reduced by decanting off the supernatant and filling the 4 L flask to the top with Mili-Q
water, mixing gently, and allowing to resettle for about 3-4 hours and decanting off the
water. This procedure was repeated until the conductivity of the supernatant was below
1.0 mSem™. During the process the pH remained constant (7.0+0.2) without needing

further adjustment. The remaining slurry was vacuum filtered through a 0.45 um filter
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(cellulose nitrate, Whatman). The final AFH water content was calculated by weight loss
of a sample dried at 70°C for 2 days. Two batches of AFH were prepared as described
above: one for use in a medium sulfate (MS: 2.08 mM) feed column and one for a high
sulfate (HS: 20.8 mM) feed column. The AFH water-content was 83.4% and 83% wt/wt
for the MS and HS columns, respectively. The sludge was stored in a capped-glass
container at 4°C to be used as fresh sludge for a period of time no longer than 3 weeks.
Previous work in our lab (Alday, 2010) using visual, SEM, and XRD analysis, has shown
no evidence of phase changes under these conditions for 3 weeks, although changes are

known to occur over longer time frames.

3.2. Sludge Characteristics

Total Fe and As in the AFH were determined by digestion of 1 g (dry wt.) sample, using
15 ml of 70% by volume HNO3;(HNO;, J.T. Baker) in a CEM microwave digester
(method SW 821-8051). Iron was determined with 1,10 phenanthroline method (APHA,
1998) using a spectrophotometer at 510 nm wavelength (Spectronic Genesys 5). Total
and speciated arsenic was measured by Ion Coupled Plasma Mass Spectrometer (ICP-
MS, Agilent 7500a). The As and Fe per gram of dry AFH were 31.24 mg As and 521.03

mg Fe for MS column and 5.83 mg As and 94.92 mg Fe for HS column (Table 5.2).
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Table 5.2. Tron/Arsenic sludge characteristics.

SupernatantAs | SupernatantFe | [mg As/ I[;.I;g Fe:As %

ColumnID | pH Concentration | Concentration g dry g C. Water
(ppb) (ppb) sludge] | 9TY | Ratio oo nient
pp pp g sludge]

Medium
Sulfate(MS) 7.00 69.56 BDL 31.24 521.03 22.38 83.43
High
Sulfate(HS) 7.00 77.28 BDL 5.83 94.92 21.86 80.00

BDL: below detection limit

3.3. Columns Experiments

Chromatography-type columns (Spectrum Chromatography; 2.5 cm ID x 30 cm length)
were packed with about 80 grams (wet wt.) of the prepared iron/arsenic sludge, mixed
with 120 g of glass beads (0.8 mm diameter), to give packed materials porosity and
homogenous distribution. Anaerobic digester sludge(25 ml of slurry) obtained from Ina
Road Wastewater Treatment Plant, Tucson, Arizona, was added as the microbial source
for the experiment. The column was fed with a synthetic landfill leachate adapted from
Field et al. (2003) by replacing all chloride with sulfate salts to avoid chloride peaks
overlapping other anion peaks in ion chromatography (IC). The inflow sulfate
concentration was 2.08 mM for the MS and 20.8 mM for the HS columns, respectively.
The influent feed was purged with nitrogen gas and fed continuously into the columns

using a multi-syringe pump (BS-9000-6 programmable multi-syringe pump, Braintree
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Scientific). Effluent samples, filtered through 0.45 um syringe filters (cellulose nitrate,
Whatman), were analyzed to quantify arsenic, iron and sulfate. Ion chromatography (IC,

Dionex, DX-500) was used to quantify sulfate, lactate, and acetate.

Table 5.3.summarizes important column conditions. pH was measured with an Orion

(Model 720) pH meter. ORP was measured with a Cole Palmer Platinum Single-Junction

Electrode.

Table 5.3. Summary of column characteristics.

Average [As] (aq) Average [Fe] (4 2 .
Column ID (mM) (mM) [SO47] (mM) | Run Time (Days)
Medium Sulfate 0.22 0.27 2.08 331
High Sulfate 0.1 0.01 20.8 551

Flow rate: 0.04-0.12 L/day
Fe/As molar ratio: 22

3.4. Solid Phase Characterization

The MS and HS columns were run for 331 and 551 days, respectively. After termination
of the experiment the columns were opened in an oxygen free glove box (Terra Universal
100). The contents of each column (initially containing a mix of AFH, glass beads and
anaerobic digester sludge) was divided into four, approximately equal volume sections,
numbered from bottom to top in the direction of flow. Each layer was dried in the glove
box at room temperature for 7 days after which a 0.5 mm mesh was used to separate the

beads from the solids. Solid phases were analyzed by Powder X-ray Diffraction (XRD),
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X-ray absorption spectroscopy (XAS), X-ray fluorescence (XRF), and sequential
extraction. XAS and XRF were conducted at the Stanford Synchrotron Radiation Light
source (SSRL) and are described elsewhere (Root et al., 2013). Powder XRD was by a
Scintag XDS 2000 PTS Diffractometerwith Cu-Kqradiation (A = 1.54060 A) operated at a
voltage of 40 kV and a current of 40 mA. Diffraction patterns were recorded by
continuous scans from 10° to 70° at 2 degrees/minute. The mineral phases were identified
using the instrument software and the International Centre for Diffraction Data (ICDD)

database.

4. Results and Discussions

4.1. Arsenic and Iron Leaching Patterns

During the time that the experiment was conducted, As(V) was always dominant species
in the effluent in MS column, with As(IIT) concentration below 0.05 mM except for a few
isolated points where the concentration was ~ 0.1 mM (Figure 5.1) and total arsenic
average concentration of 0.25 mM. In contrast, As(IIl) was dominant in the effluent of
HS column throughout the run with total arsenic average concentration of 0.15 mM
(Figure 5.2). HS and MS columns are behaving very differently in terms of effluent
arsenic speciation. Qualitatively the same arsenic leaching trend was observed in all the
columns; a bell shaped curve. It starts with a lag phase (phase I) of microbial
acclimatization, follows by continuous increase of effluent concentration to a maximum

(phase II)which then follows by dissipation over time (phase III) till end of column’s life.
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In the medium sulfate column same arsenic release pattern is observed (Figure 5.3),
except for the attenuated elongation of the maximum concentration phase and the slower,
smoother drop in concentration toward the end. It could be partially a result of As(III)
removal by the formation of insoluble As-S precipitates in MS system. Therefore, in the
phase of high arsenic release (phase II), continuous removal of arsenite keeps the effluent

concentration from reaching the maximum point.

At the end of run 35% and 46% of the initially loaded arsenic were leached out of MS
and HS columns, respectively. Cumulative mass of arsenic that is leaching out follows
the same trend in a comparable manner in both columns with HS reactor following a little
behind due to the longer lag phase (Figure 5.5). After 331 days of operation, 35% of the
total arsenic mass was released from MS column as oppose to 23% from HS column. Key
factors contributing to the mass balance difference are: Initial mass of loaded sludge, run
time, flow rate, and inflow sulfate concentration. Except for the lag phase in HS column,
effluent arsenic concentration was always much higher than arsenic toxicity characteristic
(TC) of 5 mgL'1 (60 uM) that is the concentration below which arsenic waste disposal in
municipal landfill is considered safe. Yet, under landfill conditions, these ABSRs are
leaching arsenic at much higher concentration than arsenic TC which indicates TCLP
impairment to represent landfill condition as a standard leaching test. HS column was run
till concentration of arsenic in the effluent reached below TC limit, however, MS column
was stopped while arsenic was still leaching out at its maximum concentration of ~ 0.4

mM.
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Unlike the differences in arsenic leaching trend and speciation, both columns are
behaving almost identical in term of iron leaching trend, speciation, and total mass
released. During the first two months of the experiments, average iron concentration was
between 6-8 mgL'1 after which it stayed below 2 mgL 'for the rest of the operation. From
the second month to the end of the experiments, values fluctuated with only a few above
or close to the initial highest peak. Although Fe reducing activity was continuous
throughout the operation, the fraction of initial iron load that leached out was <1 %. The
Fe®* concentration during all the experiment was lower than that of Fe®*. Iron reduction

started from the very beginning of the run without any lag.
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Figure 5.1.Medium sulfate column (MS) arsenic speciation with As(V) being dominant
during the course of the experiment. 35% of the initial arsenic mass leached out of the
reactor after 331 days.
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Figure 5.2.High sulfate Column (HS) arsenic speciation with As(IIl) being dominant
during the course of the experiment. 45% of the initial arsenic mass leached out of the
reactor after 551 days.
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Figure 5.3.Arsenic leaching trend in both simulated landfill columns follows same
pattern with different total As mass released; 35% fromMSand 45% fromHS column.
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Figure 5.4.Cumulative arsenic leaching trend in medium sulfate column A and high
sulfate column B. After 331 days 35% of the loaded As leached out of MS column
compare to 22.85% of total As that was released from HS reactor after the same period of
time.

4.2. Sulfate Consumption Rate

Influent and effluent sulfate concentration was monitored in MS column almost to the
last days of its operation and half way through HS column's life. Influent sulfate
concentration maintainedsteady into the HS and MS columns over the course of the
experiment, except for a few drop points in the last few months of MS column. The
effluent sulfate concentration from MS column decreased from nearly 100%
breakthrough at 1 d to 50% at 37 d, 25% at 40 d, and <10% for the duration of the
experiment after 60 d (Figure 5.5). The influent sulfate concentration of20.8 mM in HS
column dropped from 100% breakthrough at day 1 to 25% after 15 d, and except for an
incident of 100% breakthrough at 75 d, effluent concentration kept increasing steadily to
about 75% for the rest of the experimental duration (Figure 5.6). These results
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indicatethat sulfate is reduced to sulfide or retained in the column as an adsorbed

complex in both reactors.
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Figure 5.5. Sulfate consumption pattern in MS column. Within the first month of
operation almost 50% of the input sulfate was consumed after which effluent sulfate
concentration reduced to less than 10% of its influent concentration to the end of the run.
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Figure 5.6. Sulfate consumption pattern in HS column. Within the first month of
operation almost 25% of the input sulfate was consumed after which effluent sulfate
concentration kept increasing back to about 75% of its influent concentration to the end
of the run.
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4.3. Solid Phase Biomineralization

MS and HS columns were stopped after 331 and 551 days of operation, respectively, and
the columns were divided into four layers from bottom to top, which was the direction of
the flow, to characterize the remaining solids. During the first 2-3 weeks of columns
operation, changes in color, from brown to black, were noticeable in all layers of both
columns, suggesting solid phase transformations of the initially loaded amorphous iron.
These changes in coloration suggest formation of iron and sulfur phases which were
detected in the XRD and XAS analyses conducted at the end of column's life. Different
concentration of feed sulfate results in different sulfide biomineral formation in each

individual column (Table 5.4).

It is known that microbial sulfate reduction significantly contributes to the biomineral
formation under landfill conditions by forming sulfide minerals with much less specific
surface areasuch as iron sulfide (FeS), and realgar (AsS), compare to the originally
loaded iron sludge. The significant role of sulfate concentration in such system is
confirmed by diverse mineralogy discovered in MS and HS columns. A geochemical
reaction-path model, developed byO’Day et al. (2004), shows that in anoxic
environments the ratio of reactive iron to sulfur determines the distribution of solid
phases capable of sequestering arsenic.Therefore, sulfate concentration fed into the
landfill simulated columns dictates solid phase end-product which in turn influence fate
of released arsenic.FeS is the first sulfide phase forming in MS column. Realgar was also

detected within the bottom three sections of MS column (Table 5.4). This model also
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predicts Realgar as the first arsenic sulfide to precipitate in high-iron, reducing
environments where H,S activity is buffered by the coexistence of iron sulfide with
ferric(hydr)oxide at circumneutral pH. Siderite and vivianite are present in all four

sections of MS column with strongest peak in the upper section along with green rust.

Main sulfide phase detected in HS column is elemental sulfur throughout the column
length except for section one (close to inlet) that consist of only poorly crystalline iron
phase. There were no other sulfide mineral (Ferrous sulfide or Realgar) detected in this
column. Vivianite was detected in the two middle sections but not close to inlet or outlet.
Some traces of goethite were also detected by XRD but with low peak intensities. All of
the biominerals in both columns have less specific surface area than the AFH initially

presented.

The identification and quantification of secondary minerals produced following
ferrihydrite reductive transformation was obtained by performing linear combinations
fitting of k3 weighted EXAFSspectra and was confirmed by XRD (Figure 5.7).
Substantial mineral phase transformationis observedwithin the column, with ferrihydrite
conversion to predominantly FeS in MS column and vivianite in HS column.The arsenic
and iron oxidation state were measured by X-ray Absorption Near Edge Spectroscopy
(XANES). As and Fe XANES analysis shows As(IIl) as the only oxidation state in all
four solid sections of the column and Fe(II) as the only oxidation state in the three bottom

sections of the column which changes to 50/50 Fe(Il) and Fe(Ill) in the top section
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(Figures 5.8 and 5.9). Formation of secondary sulfide minerals was also confirmed by

XAS analysis which is discussed in detail in chapter 4.
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Figure 5.7. XRD patterns for biominerals formed in MS column. The XRD patterns
compared to the database show FeS and siderite as the main species in the bottom and top
sections of the column, respectively. Goethite was also detected but with weaker peaks

than the reduced Fe minerals.
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Figure 5.8. First derivative As XANES spectra for standard reference species compared
to spectra for experimental samples collected from MS column at the completion of the
331 day advective flow experiment. The vertical dashed lines highlight the first-
derivative peak energy of arsenite reference species. Mineral fit to samples from bottom
and the top two sections confirm presence of As(Ill)as the only arsenic speciation in the
solid phase.
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Figure 5.9. Normalized and First derivative Fe XANES spectra for standard reference
species compared to spectra for experimental samples collected from MS column at the
completion of the 331 day advective flow experiment. Mineral fit to samples from bottom
and the top two sections confirm presence of ferrous solid phase as the main Fe oxidation
state in the MS column.
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Table 5.4. Biomineral transformation under the influence of different sulfate
concentration

Column’s Section MS Column HS Column
(In the Direction of (Sulfate Conc. 2.08 mM) (Sulfate Conc. 20.8 mM)
Flow)
Siderite, Vivianite, Green .
v rust, and Goethite Sulfur and Goethite
I FeS, AsS, Siderite and Sulfur, Vivianite and
Vivianite Goethite
II FeS, AsS, Siderite and Sulfur*, Vivianite and
Vivianite Goethite**
| FeS, AsS and Siderite Poorly crystalline

*Elemental sulfur
**Goethite was detected as minor component in middle two sections

4.4. Electron Consumption Model

Diverse chemical composition and aqueous chemistry of our columns is driven by
microbial oxidation of the only electron-donor source in the system, Lactate. However,
formation of sulfide phases in both reactors are direct product of abiotic reactions
between microbially reduced species. In this section, we discuss the biotic and abiotic
reaction paths that could occur in our columns resulting in variation in solid phase

characteristics.

To better understand possible pathways and mechanisms that cause such a diverse
mineralogy and different speciation we developed a electron consumption model based
on reactive components of each column. The standard state Gibbs free energy of
reactions were adopted from Kocar et al. (2009) work on thermodynamic analysis of

anaerobic sediments contaminated with arsenic using a range of Fe-(hydr)oxides and

144



lactate as electron donor. Knowing AG? for pertinent reactions and having the
concentration of electrons available through lactate feed, we developed a model to predict
the order of iron, arsenic, and sulfate reduction as a function of both time and depth of
column. Solid Fe(Ill) and As(V) will be used by the biomass sequentially according to

the energy yield of both reduction reactions.

Here in figures 5.10 and 5.11, we can observe the change of speciation (oxidation state)
trend in the direction of flow and as a function of time. Lactate and sulfate are entering
the reactors from the very beginning of the column operation. Following the injection of
lactate, iron reduction starts immediately from day one and from section one and after a
few days all the iron, sulfate, and arsenate at the bottom of the column got reduced. After
about four days from the beginning of the experiment a mixture of both oxidation states
for arsenic, sulfur, and iron are found in all four sections and after about three weeks
everything in the column is reduced. The electron consumption trend in MS column
represent a system with strong reducing power which provide a rich electron source to

drive complete reduction reactions (Figure 5.10).

In HS column, however, we observed a very different speciation distribution because of
much higher sulfate concentration, 10x higher than MS system, even though all the other
parameters such as flow rate and electron concentration are exactly the same(Figure
5.11). In HS column also iron reduction in the first section, close to inlet, starts from the
first day of operation as well as partial reduction of input sulfate that continues

throughout the column's life. There is not enough reducing power though to completely
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reduce all the sulfate which is continuously entering the column, neither it's sufficient for
iron and arsenic reduction within all four sections of the column. Therefore, except for
the iron close to the inlet and partially reduced sulfate that is moving up in the column in
the direction of flow, none of the species are getting reduced completely due to lack of
available electrons. High concentration of sulfate which is entering the reactor at the
same time as electron source does, consumes all the reducing powers and leaves iron and

arsenic in their original oxidation states.
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Figure 5.10. Electron consumption model for MS column. At sulfate concentratio of 2.08
mM, lactate (5.5mM) provide sufficient reducing power to reduce sulfate, iron, and
arsenic completely in the column in a period of less than a month.
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Figure 5.11. Electron consumption model for HS column. At sulfate concentratio of 20.8
mM, lactate (5.5mM) is only able of partial reduction of sulfate and iron close to inlet.
Reduced sulfur move up in the direction of flow where only oxidized state of iron and
arsenic exist.

4.5. Possible Reaction Pathways and Mechanisms

Sulfate concentration dictates dominant redox reactions and pathways in our columns
which will then determine arsenic fate under landfill conditions. The significance of
sulfate role is on how it controls the availability of lactate for other species as the only

source of electron for microbial reduction. Therefore, concentration of sulfate feed into
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the column determines whether or not there is enough reducing power left to carry up

with the flow to reduce iron and arsenic downstream.

In MS column close to the inlet, lactate is partially consumed by iron reducing bacteria to
reduce Fe(Ill) on the surface of freshly loaded sludge to Fe(Il), which then dissolves into
the aqueous phase as a result of reductive dissolution. Arsenic reduces to arsenite through
microbial reduction, andsulfate reducing bacteria(SRB) are reducing sulfate to sulfide
which would react with aqueous ferrous and arsenite to form ferrous sulfide and realgar,
as sulfide concentration favors formation of these biominerals in MS column. Under
sulfate-reducing conditions, arseniccould be sequestered by the formation of AsS
precipitates or strongly sorbed surface complexes(Gallegos et al., 2007).Sulfate reduction
to sulfide, coupled to lactate oxidation, results in Fe(IIl) reduction by dissolved S(-II);
where excess sulfide is generated (exceeding the removal rate by Fe(Ill)), formation of
FeSsycan also be expected (Kocar et al., 2010). The mechanism of ferric (hydr) oxide
reduction by S(-II) involves ligand displacement of OH by HS  and subsequent e
transfer from S(-II) to Fe(Ill), forming a Fe(II) S'complex, follow by H,O-S™ ligand
exchange and dissociation to form Fe(Il)q) and S°(Afonso and Stumm, 1992; Poulton et
al., 2004). Higher up in the column, close to the outlet, where lactate reducing power is
diminishing, oxidation of sulfide could couple to reduction of Fe(Ill) to form elemental
sulfur. In this reaction e transfers through surface complexation and results in the
oxidation of dissolved sulfide to S° and dissolution Fe(II)(Poulton et al., 2004).
Elemental sulfur could then undergo biologically mediated disproportionation (Reaction

2). Zero-valent sulfurcan also oxidize arsenite to stable aqueous arsenate species that is
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the dominant arsenic oxidation state continuously detected in our effluent measurements
(Figure 5.1).Therefore, the speciation of As under reducing conditions is closely linked to

that of sulfur.

48°=3H,S+1S0,™ 2

Elemental sulfur could also react with dissolved sulfide to form aqueous polysulfides

(Reaction 3)(Saalfield et al., 2009);

iS°+HS +OH =S,;S*+H,0 3)

Another possibility for oxidized arsenic speciation in this column could be the presence
of green rust in the very top section close to outlet as it can inhibite arsenate reduction.
Su's group conducted batch experiments on arsenate and arsenite sorption on carbonate
green rust in an anaerobic glove box at pH ranging from 7.7 to 10.4. They found that
sorbed arsenite was partially oxidized at the surface of carbonate green rust. Despite the
low Eh reducing conditions, As(V) reduction in the presence of CGR did not occur even
after reaction times of up to 60 days. As(V) reduction under such reducing conditions
may be kinetically inhibited in the presence of CGR or is thermodynamically infeasible
(Su et al., 2005). They also demonstrate in a batch experiment that As(III) oxidation
occurred for the one day (pH 7.5) batch test resulting in conversion of about 20% of
sorbed As(III) to As(V) on the surface of CGR. Because dissolved As(IIl) in water in the

absence of CGR did not show any oxidation effect, it is concluded that As(III) oxidation
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must be a solid-promoted process.Amstaetter et al. (2010) studied arsenic redox changes
by goethite mineral suspension amended with Fe(I) under neutral pH. They discovered
that goethite in the presence of Fe(Il) is capable of As(IIl) oxidation under anoxic
conditions. In contrast to thermodynamic predictions, Fe(Il)-goethite systems did not
reduce As(V), instead they observed rapid oxidation of As(III) to As(V) in Fe(II)-goethite
systems. Their study indicates that in the simultaneous presence of Fe(Ill) oxyhydroxides
and Fe(Il), as commonly observed in environments inhabited by iron-reducing

microorganisms, As(IIl) oxidation can occur.

In HS column, however, complete consumption of lactate by SRBs,close to inlet, which
is the active zone of sulfidogenesis, leaves no more electron for microbial reduction of Fe

(IIT) and As(V) and not even complete reduction of sulfate (Reaction 4).

Sulfate reduction significantly contributes to the oxidation of organic matter in anoxic
environments (Finster et al., 2008). Therefore, in HS reactor concentration of Fe(II)q) 1s
low whereas dissolved sulfide concentration is high and is transported up in the direction
of flow. High H»Sqconcentration inhibits formation of Sulfide minerals and increases

abundance of soluble thioarsenite species (Burton et al., 2011).

The results from Kirk et al. (2010) geochemical modeling calculations show that lower
sulfide concentration promote orpiment (As;S3) and realgar (AsS) formation whereas
higher sulfide concentration stimulates thioarsenic formation and inhance As solubility.

H,S is an strong reductant of iron oxides and arsenate in sulfidogenic environments.
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Oxidation of sulfide, coupled to reduction of Fe (III) and As(V), in three top sections of
the column producesdissolved As(IIl), Fe(Il), and elemental sulfur (Reaction 5). Hence,
top parts of HS column are zones of active abiotic redox reactions. A possible mechanism
for the accumulation of elemental S in HScolumn is its precipitation from s’ (aq)

produced during the oxidation of sulfide by Fe oxyhydroxides(Couture et al., 2013).

SO4*+2C3H505 =HS +2HCO; +2C,H;0, + H*(Kocar et al.,2009) “4)

2Fe(OH)3+HS +5H=2Fe**+S°+ 6H,0 (Kocar et al.,2009) (5)

Rapid reduction of Arsenate by sulfide allows for the formation of arsenic-sulfide
complexes, lasting for several days in solution before dissociating and leading to the

production of dissolved arsenite (Rochette et al., 2000).

Low-Fe environmens inhibit FeS or pyrite precipitation and increases dissolved H,S
concentration, leading to orpiment formation. Dissolved H,S concentration higher than 1
mM dissolves orpiment through formation of arsenic-sulfide complexes(O'Day et al.,
2004). Therefore, low iron concentration could be the reason for absence of FeS and
consequently realgar in HS column. Arsenic thioanions formation promotes arsenic
solubility and keeps the free aqueous concentration below saturation for sulfide minerals
(Bostick et al., 2005). For arsenic sulfide mineral to form, its solubility needs to be

exceeded and also mineral precipitation rates need to be faster than the flowrate.

152



Kocar group conducted a column study of loaded As(V)-ferrihydrite coated sand
inoculated with sulfate reducing bacteria and they observed that sulfidogenesis mainly
occurs in zone of active Fe reductive dissolution and solid phase transformation which
leads to changes in As partitioning; formation of As sulfide minerals, in particular, is

inhibited by reactive Fe(Ill) or Fe(Il) either through sulfide oxidation or complexation.

Another possible route for arsenic reduction is microbially driven. Under reducing
conditions, chemoautotrophic dissimilatory As(V) reducers generate As(IlI) usingsulfide
as electron donor and through fixation of inorganic carbon that would oxidize back into
CO; to transfer the electrons to Arsenate (Hoeft et al., 2010). Abiotic reduction of As(V)
by dissolved sulfide is slow at neutral to basic pH, unlike abiotic Fe(Ill) reduction
rate(Rochette et al., 2000),therefore, As(V) reduction is mainly microbially promoted
downstream of the column. Hoeft’s group calculation shows that sulfide and arsenate loss
occursat a 1:4 ratio, which indicates an eight-electron transfer reaction from the oxidation
of 1 mol of sulfide with the reduction of 4 mol of arsenate. At high sulfide concentration,
anoxygenic phototrophic bacteriafavors elemental sulfur production over sulfate
formation, but also hinders elemental sulfur disproportionation for thermodynamic
reasons (Finster et al., 2008). As a result, in sulfide rich environments such as the HS

column in this study, elemental sulfur remains as final solid sulfur phase (Figure 5.12).
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Figure 5.12.Influent sulfate concentration dictates possible biotic/abiotic reactions and
pathways occurring in MS and HS reactors, resulting in diverse mineral phases and
different arsenic speciation between the two columns.

4.6. Thermodynamic Favorability Diagram of Pertinent Reactions

In this work, we evaluate the behavior of ABSRs in a complex and multicomponents
environment of municipal waste landfill. Understanding and mapping all the major
reaction paths, involving more than one component (Fe, As, etc.) in a highly reducing,
microbial rich environment with a range of phosphate, carbonate, organic carbon, and a
wide range of sulfate concentration relies not only on kinetic factors, but even more
importantly thermodynamic favorability of relevant redox reactions to determine whether
a reaction can proceed and on energy yield for microbial respiration of processes
representative of landfill conditions.Due to the significant impact that sulfate reduction
and concentration has on the fate of Fe and subsequently As, thermodynamic favorability
of its redox reaction is considered in our analysis. Kocar et al. (2009) has conducted a
thermodynamic viability study using actual measurements from the sediments of a field
site in Cambodia which is contaminated with arsenic. They determined standard state
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Gibbs free energy for arsenate, ferrihydrite, and sulfate reduction using Lactate, acetate,
or H; as electron donor (Figure 5.13). They found out that reduction of all three species
are thermodynamically feasible over a wide range of electron donor, concentrations, and
pH with ferrihydrite reduction being more favorable than arsenic at Fe** concentration of
lower than 1.0 x 10, which is the case in both HS and MS columns except for a few
isolated higher Fe®* concentration points.Biogeochemical reactions yielding the greatest
Gibbs free energy will dominate until reactants are depleted, at which time the dominant
process will cycle to the next most favorable energy yielding reaction(Stumm et al.,
1996).However, the hierarchy of energy yielding redox couples also depends on the
concentration gradient of the both reactants and products which influence the reduction
rate of the relevant constituents in our columns. Based on the thermodynamic
calculations, As reduction expected to occur regardless of the presence of reducible
Fe(IlI)() or sulfate (Kocar et al., 2009). In this study, AG® x, from Kocar's group were
adopted and effluent concentration from column experiments were used to develop a
thermodynamic viabilitymodel for pertinent redox reaction favorability as a function of
concentration (Figure 5.14). Arsenate/Arsenite redox zone was determined by bracketing
the values in between the lowest and highest arsenite concentration of 1.28 x 10? mM
and 0.262 mM measured in the effluent and therefore thermodynamic favorability of
arsenate reduction by lactate is presented as two separate lines for the case of low and
high arsenite concentration. Same strategy was adopted to plot the lines of redox
favorability for Fe(OH); and FeOOH. By knowing the concentration of the electron
donor, Lactate, and AG°., the order and extent of € consumption and species reduction

in the columns could be also predicted as is explained in above section. Here in both HS
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and MS columns phase transformation starts with reductive dissolution of ferrihydrite,
follows by reduction of sulfate and then arsenate in the direction of the flow. Reduction

of both As(V) and sulfate is favorable over a wide range of concentration in these

columns.
Lactate Oxidation Reactions AG® 4, (KJ/mol)

4FelOHi; + C4HsQy + TH =4Fe?" + CH;C00 + HCOq + 10H,0 -347.3
ZHASO® + CoH;05 + 3HY =2H3A50, + CHLCOO0- + HCO, —-293.9
AFeC0OH + CoHs0y — THY =4Fe® + CHCOO + HICy + 6H.O 2734
4Fe;04 + CaHs0s + THY =4Fe?*' — CH:CO0 ™ + HCO3 + 4H,0 —-26L9
2H;As0, + C3H;0; + HY =2H3A505 + CHCOO0~ + HCOy -216.7
0.5504% + C3Hg0y =0.BHS + CH,C00~ + HCO; + 05H! —@5.4

Figure 5.13.Standard state Gibbs free energy for pertinent reactions using lactate as
organic electron donor.Adopted from Kocar et al, 2009.
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Figure 5.14.Thermodynamic favorability of pertinent redox reactions in a simulated
landfill column. AGy, are calculated using concentration measured in the effluent of our
columns.

156



6. Conclusions

In complex environments such as landfills with diverse microbial communities, complex
composition and biogeochemical interactions sulfate plays a key role in fate of arsenic.
Sulfate concentration dictates dominant redox reactions and pathways in our
columnswhich will regulate arsenicsequestration/mobilization under reducing condition.
The significance of sulfate role is on how it controls the availability of lactate for other
species as the only source of electron for microbial reduction. Our electron consumption
model predict a different speciation distribution pattern for MS and HS mainly due to
different input sulfate concentration.The electron consumption trend in MS column
represent a system with strong reducing power which provide a rich electron source to
drive complete reduction reactions for Fe, As, and Sulfate. Sulfide concentration favors
formation of FeS and realgar in MS column. In HS column, however, higher sulfate
concentration scavenge almost all the reducing power to reduce Fe(III) close to inlet and
partially reduce sulfate. Major sulfide phase detected in HS column is elemental
sulfur.Formation of sulfide phases in both reactors are direct product of abiotic reactions

between microbially reduced species.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The results presented in this study are useful in developing optimum processing
conditions for arsenic stabilization to meet the arsenic waste disposal regulation and

reduce the treatment cost.

The research effort undertaken in this project focused on the long-term behavior of
arsenic bearing solid residuals (ABSRs) after municipal landfill disposal by conducting a
series of continuous up-flow columns with conditions similar to those found in mature
landfills.A primary focus was the generation of and role played by secondary minerals,
derived from transformations of the amorphous ferric hydroxide (AFH)in the presence

ofsulfate under simulated landfill conditions.

Simulated landfill column experiments showed that biomineralization would naturally
occur in typical mature municipal solid waste (MSW) landfills. Organic matter that is
present in non-hazardous MSW landfills serves as a carbon source and electron donor to

the diverse microbial community to reduce ABSRs.

The results of thesimulated landfill column experiments render strong evidence that the

TCLP does not accurately reflect the long-termAs leaching that would occur under

158



landfill conditions and therefore is not a realistic test to evaluate arsenic release from
ABSREs. Effluent arsenic concentration in all the columns was appreciably higher than the
arsenic toxicity characteristic (TC) regulatory level of 5 mgL™ for extended time periods
tested. The maximum leaching concentration in the columns in this study ranged from 15

to 35 mgL'lAs.

The mobilization of arsenic from the simulated landfill experiments follows a general
trend that is reproduced over the whole range of conditions explored in this work;
anasymmetric bell-shaped curve of arsenic effluent concentration vs. timeconsisting of
thefollowing stages:an initial lag phase (phase I) in which the effluent arsenic
concentration is relatively lowthat coincides with microbial acclimatization, or/and the
re-adsorption of released arsenic onto newly exposed AFH and re-precipitated iron
surfaces,as Fe’* undergoes reductive dissolution. Phase I is followed by a gradual but
continuous increase of the effluent concentration (phase II) to reach a maximum, which is
attributed to the depletion of sorption sites and formation of secondary mineral with less
available active sites, resulting from continued iron reductive dissolution before tailing

off (phase III) more slowly through the balance of the trial.

Despiteother differences in arsenic leaching behavior between columns with different
sulfate concentrations (0.064, 2.08, and 20.8 mM), and variation of total arsenic
leachingover the duration of the run (30-100%), arsenic was released incongruently from
iron in all columns.Incongruentdissolution means that the ratio of the concentration of

iron to arsenic leached from the column is not congruent with that initially introduced in
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the system in the co-precipitated ABSR. In all columns the iron to arsenic molar ratio of
the ABSR was 22-27:1, whereas the column effluent ratios were never greater than
0.01.Non-stiochiometric dissolution occurs at the point when arsenic retention is no

longer tied to iron retention which is the end of arsenic lag phase in these columns.

The mobilization of arsenic from arsenic-bearing solid residuals (ABSRs) in non-
hazardous landfills is known to be a consequence of ABSR reductive dissolution
andsubsequent formation of secondary minerals. Iron and sulfur redox cycles have a
considerable influence on arsenic cycling and its displacement in the landfill microcosm.
The primary routes of iron and sulfate reduction in landfills are microbially mediated and
biomineralization is a common by-product. Biomineralization may lead to formation of
minerals such as siderite (FeCOs3), vivianite (Fesz(POs),), iron sulfide (FeS), goethite
(FeOOH), and realgar (AsS). Mineral transformation causessignificant decrease in the
specific surface area and As adsorption capacity of secondary minerals, except under
sulfidogenic environment where formation of arsenic sulfide may lead to greater arsenic

retention.

Siderite and vivianite adsorption/co-precipitation studies indicate that co-precipitation is
the favorable arsenic removal mechanism. Arsenic removal is greater viavivianite/siderite
co-precipitation compare to adsorption. However, the Fe(Il) minerals are not nearly as

effective at sorbing arsenic as ferric(hydr)oxides.
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The results of this study show thatthe concentration of sulfate fedinto the system affects
the biomineral formation, and that the relative amounts and sequence of precipitation of
biominerals affect the free arsenic concentration. This suggests that biomineral formation
and, consequently, arsenic stabilization, can be engineered by controlling the

concentration of inflow sulfate to the system.

The solid phases inside one of the low inlet sulfate columns (0.064 mM) and a medium
sulfate column (2.08 mM) were further studied using Micro-focused X-ray fluorescence
(XRF) mapping and X-ray Absorption Spectroscopy (XAS), including extended X-Ray
Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure
(XANES), to find out the nature of the Fe phases that are directly associated with As
species.Iron XAS data show the reduction of AFH-derived Fe(Ill) to Fe(Il) and

secondary Fe (bio)mineralization.

As and Fe XAS showed that, in the low sulfate column, 75-81% of As(V) was reduced to
As(III), and 53-68% of the Fe(Ill) sorbent was transformed, dominantly to siderite and
green rust. In the high sulfate column, Fe(Ill) solids were reduced principally to
amorphousFeS, whereas As(V) was reduced and integrated into a polymeric sulfide with
local atomic structure similar torealgar. Multi-energy micro-X-ray fluorescence (ME-
uXRF) imaging at Fe and As K-edges showed that As formed surface complexes with
ferrihydrite> siderite > green rust in the low sulfate column; while discrete realgar-like
phases formed in the high sulfate systems. Results indicate that landfill sulfur chemistry
exerts strong control over the potential mobilization of As from ferric sorbent residuals

by controlling secondary As and Fe sulfide co-precipitate formation.
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Much of the effort and significance of this project is about understanding the different
means and mechanisms by which sulfate concentration and biomineralization influence
arsenic fate under landfillconditions.Despite all the results of this study on formation of
biominerals and the role these secondary phases play in fate of arsenic under landfill
conditions,there is still a need for further investigation to compensate for the lack of
knowledge that still existson certain areas of long term effect of biogeochemical cycling
of sulfur and iron on environmental arsenic mobility under reducing conditions, which
are beyond the scope of this study.Here is the list of some of the areas that future research

needs to focus on:

1) Design a research set-up to close the sulfur mass balance

a) Systematic measurement of dissolved S’ in sulfidic environment as it plays a
major role in arsenic redox cycle.

b)Arsenic thioanions are believed to comprise a major part of dissolved arsenic
species under reducing condition which can persist in aqueous phase for weeks.
There is not yet a well-defined method of measuring its concentration in
solutions. Thioarsenic complex determination is currently only possible by XAS.
Therefore, the formation, stability and sorption behavior of thioarsenic species
should be considered in future research evaluating and predicting subsurface As

mobility.

2)XAS analysis of arsenic species association with iron/sulfur
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By combining X-ray absorption spectroscopy (XAS) and multiple energy micro
X-ray fluorescence (ME-uXRF) mapping (elemental and chemical), changes in
sorbent and sorbate  speciation, binding environments, and co-associations of
the biominerals with arsenic species could be determined that enable improved

prediction of As fate in mature landfills.

3) Column study on biotic vs. abiotic conditions
Operation of abiotic columns with medium sulfate (2.08 M) and high sulfate (20.8
mM) inflow, along with biotic columns, with different flow rate in both set is
required to better evaluate the fate of arsenic under dynamic flow, sulfidic

environments such as landfill.
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APPENDIX A

CHAPTER 2 SUPPLEMENTARY INFORMATION
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Figure 1.As(V) and As(III) adsorption (plots a and b) as well as co-precipitation (plots ¢ and d) isotherms.
Adsorption experiments were run at arsenic concentration: 0.2-100 mgl ~' and co-precipitation experiments
were run at arsenic concentration: 0.2-3500 mgL™
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APPENDIX B

CHAPTER 4 SUPPLEMENTARY INFORMATION

1. XAS data collection and processing

The speciation and structural environment of Fe and As were determined using XAS at
Stanford Synchrotron Radiation Lightsource (SSRL) on beamline (BL) 4-1 under
dedicated conditions (3 GeV, 300 mA) using an unfocused beam with a dual crystal
Si(220) monochromator for energy selection and a vertical beam size of 2 mm. Beam
energy was calibrated on an iron foil (first edge inflection) at 7112 eV and arsenic foil
(main edge inflection) at 11,867 eV, and calibration was monitored by periodic analysis
of the foils. Fluorescence was monitored with a 13-element array solid-state Ge detector
with a He cryostat sample holder (~ 8-15 K). Incident and transmitted intensities were
measured with in-line 15 cm ionization chambers. Higher order harmonic frequencies
were rejected by detuning the monochromator 40% from the maximum incident intensity.
Isolation of backscattering contributions was accomplished by fitting a cubic spline
function to the absorption envelope. The isolated function was then transformed from
units of eV to A7 to produce the EXAFS function (y[k]), where k (A_l) is the
photoelectron wave vector, which was then weighted by k°. Linear fitting routines were
used to reconstruct the unknown sample spectra to determine the relative percentages of
mineral phases within the samples (see (O'Day et al., 2004)). Spectra were fit by trial-
and-error with 1 to 5 components from a reference library of ~30 spectra (O'Day et al.,

2004). Standards were verified using X-ray diffraction (XRD). Fits were optimized by
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allowing small energy shifts (< 1eV), fits with up to 4 components were justified by XRD
and pXANES. Accuracy of linear combination analysis was previously investigated by
O’Day et al. (O'Day et al., 2004), where it was shown that fits were within +5% of the
actual mole percentages using the edge region 7100 — 7150 eV. The detection limit for

minor constituents was ~5%.

1.1. Arsenic

Extended X-ray absorption fine structure (EXAFS) spectra were collected to k = 13.5A™",
with a 10eV step from -200 eV to the near edge, 0.5 eV step across the edge and 0.05 k
step in the EXASF region. Fluorescence and transmission spectra were background
subtracted and the atomic absorption was normalized to unity using the average post edge
oscillation. Scans were averaged using the SIXPACK software package (Webb, 20006),
normalized and background subtracted using PROCESS in EXAFSPAK, and fit by non-
linear least-squares methods on individual atomic shells in k-space using OPT in
EXAFSPAK (O'Day et al.,, 2004;George andPickering, 2000;0'Day et al., 2004).
Theoretical phase-shift and amplitude functions were calculated with the program FEFF
(Rehr, 1993;Rehr, 1992). Based on empirical fits to known arsenic and iron reference
compounds, estimated errors were R + 0.01A , N or 6% + 15% for the first coordination
shell, and R + 0.02 A, N or 6 + 25% for atoms beyond the first shell (see also (O'Day et
al., 2004)). Beam induced oxidation or reduction was not observed, this was monitored

by watching for changes in the relative amplitude of edge peaks.
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1.2. Iron

X-ray absorption near edge structure (XANES) spectra were collected from -200 to + 400
eV about the K-edge with 0.35 eV fine energy steps from the pre-edge to near post-edge
region. Reference samples were collected in fluorescence and transmission mode using
the same procedures as for the AFH sludge samples. Spectra were processed as above for
the As samples. The normalized first derivative of XANES spectra were compared to a
set of reference standards for linear combination spectral fitting using the EXAFSPAK

module DATFIT (George andPickering, 2000).

2. XRF data collection

ME maps were collected by automated stage and monochromator control, scanning one
row across the designated area at one pixel height for each energy position and repeating
this process at each successive row until mapping of the entire area at each energy was
completed (Mayhew et a.l, 2011). X-ray fluorescence imaging was carried out at Stanford
Synchrotron Radiation Lightsource at beamline 2-3. Fluorescence at each pixel was
measured at RT in a continuous scanning mode using a single-element Sili Vortex
detector with a multi-channel analyzer (MCA) system to bin and calibrate fluorescent
counts from each element. Incident X-ray energy was tuned with a double crystal Si
(111) monochromator with resolution of about 1 eV at the As edge. The accelerator ring
operated at 300 mA and 3.0 GeV. The ME micro-(1)XRFFe and As maps were processed

and fit using the micro-XRF analysis toolkit software package SMAK, a free software

167



program  (http://home.comcast.net/~sam_webb/smak.html). Fluorescence data was
normalized to the incoming incident x-ray (IOSTRM) to account for any fluctuations in
the incoming x-ray intensity. Maps at each energy (5 for Fe, 4 for As) were imported
into a single file processing in SMAK, where PCA and XANES processing is automated.
The unique components highlighted with PCA were probed with pXANES to confirm
species or mineralogy and analyze the largest variety of different chemical species in the

afforded beam time.

3. Details of column experiment

The iron-arsenic sludge was prepared to simulate the wastes generated from treatment
technologies for removing arsenic from water (e.g., enhanced flocculation and
precipitation with iron salts). Sodium arsenate heptahydrate (Na,HAsO4"7H,O, KR
Grade, Sigma- Aldrich) was dissolved in lab deionized water (18.2 MQ Milli-Q Water
System by Millipore) in a 4L Erlenmeyer flask. Ferric chloride hexahydrate
(FeCl3*6H,0, ACS reagent, Sigma-Aldrich) was added to the As solution. The final
volume was 1.00 L with 0.047 M as As and 0.935 M as Fe to give a Fe:As molar ratio of
20:1. This mixture was stirred on a reciprocating shaker table (Orbit, 100 rpm) for 1 hour.
After mixing, the pH of the solution was adjusted to pH 7 by adding 295 mL of 10 M
sodium hydroxide (NaOH, flakes, EMD Chemicals). The produced AFH sludge was
equilibrated for 2 d while the pH was maintained at 7.0 £ 0.2. The sludge was washed 5x

to a supernatant EC < ImS cm’', and concentrations of [AS(ag)] and [Feq,)] were 74.2 ug

168



L" and < detection limit, respectively. The sludge pH was checked during the washing
process and was constant (7.0 £ 0.2) without further adjustment. After a final decanting,
the remaining slurry was vacuum filtered through 0.45 pm (cellulose nitrate membrane
filter, Whatman) and stored at 4° C until use within two weeks. Previous work in our lab
using visual, SEM, and XRD analysis, has shown no evidence of phase changes under
these conditions for 3 weeks, although changes are known to occur over longer time
frames. The final sludge had a water-content of 79.4% wt/wt as measured by drying a
sample at 70°C for 2 days. Full details are in the PhD Dissertation by Fernando Alday
“Iron Bio-mineralization: Implications on the Fate of Arsenic in Landfills”, June 2010,

University of Arizona (Alday, 2010).

Total Fe and As in the synthesized sludge was determined by digestion of a 1.0 g of dry
sample using 70% by volume HNO; (J.T. Baker) in a CEM microwave digester, using
SW 821-method 8051. The dry sludge As and Fe content was 25.52 mg g and 513.1 mg
g, respectively. Iron concentrations throughout were determined with 1,10
phenanthroline method (APHA,1998) using a spectrophotometer at 510 nm wavelength
(Spectronic Genesys 5). Arsenic concentrations throughout were measured by inductively
coupled plasma mass spectrometry (ICPMS, Agilent 7500a). All flasks and filters were
weighed before and after sludge filtration to calculate sludge losses. The As and Fe
retained in the sludge were 91.94% and 97.01% of the initial masses used to prepare the

sludge.
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Aqueous chromatography columns (Spectrum Chromatography; 2.5 cm inner-diameterx
30 cm length) were packed with the prepared iron/arsenic sludge (73.3 g of wet sludge
with an equivalent of 15.1 g of dry sludge) mixed with glass beads (120 g; 0.8 mm
diameter). Anaerobic digester sludge obtained from Ina Road Wastewater Treatment
Plant, Tucson, Arizona (25 mL of slurry) was added as the microbial inoculum. The
columns were fed with a synthetic landfill leachate containing minerals and nutrients
necessary for growth of the microorganisms. This synthetic solution was adapted from
Field et al. (2003) by replacing all the chloride salts with sulfate salts to avoid chloride
peaks that can overlap other anion peaks in ion chromatography (IC) readings. The
influent was purged with nitrogen gas to maintain anoxic conditions, and then it was fed
continuously into the columns using a multi-syringe pump (BS-9000-6 programmable
multi-syringe pump, Braintree Scientific). Table SI 2 summarizes the column conditions.
Effluent samples, filtered through 0.22 pm cellulose acetate syringe filters, were analyzed
to quantify arsenic, iron, and lactate (and its derivative, acetate). Ion chromatography (IC,
Dionex, DX-500) was used to quantify lactate oxidation to acetate and the oxidation of
the latter to bicarbonate. An inverted serum flask filled with a 2% (w/v) NaOH solution
was used to collect methane gas that was analyzed using gas chromatography (Hewlett
Packard, Series 5790A) with FID. Alkalinity was determined by acid titration with 0.1 M

HCI solution. pH was measured with an Orion (Model 720) pH meter.

After completion of the column operation, the composition of the solids was analyzed.
The column was opened in an oxygen free glove box (Terra Universal 100) to preserve

redox-sensitive mineral species. The total content of the column was divided into four
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sections, numbered from bottom to top in the direction of flow. The material from each
layer was dried in the glove box at room temperature for 7 d. Once drying was
completed, a 0.5 mm mesh was used to separate the beads (0.8 mm diameter) from the

solids.

Table 1. Column Synthetic Landfill Leachate.

Organic Solution (mM)
Lactate 5.5
2-bromoethanesulphonate (BES)1.0 (LS only)
Inoculate 25 grams
Nutrient Solution (mgL'l)
KH,PO, 37
Ca(OH), 5
MgSO,-7H20 10
Mg 9
NH4HCO; 987
NaHCO; 951
Trace Nutrient Solution (ngL™)
H;BO; 50
FeSO,7H20 2800
ZnSO,7TH20 106
MnSO,-H20 415
(NH4)6Mo0,0,4:4H,0 50
AIK(SOy),"12H,0 175
NiSO,-6H,0 113
CoS0O,47H,0 360
NazseO3'5H20 100
CuS0, 5H,0 157
EDTA 1000
Resazurin 200

(modified from (Sierra-Alvarez et al., 2005) to use of sulfate versus chloride salts)
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Table 2. Column Design Specifications.

Dimensions 25 mm x 300 mm
Pore volume 61.36cm’
Pore volumes per day 2.00

Flow 122.72 m day™
Darcy’s velocity 0.25 m day ™'
Porewater velocity 0.5 mday"
Residence time 12.00 hours

Table 3. Matrix for Fe XRF from mapped energy (eV) and the measured fluorescence for
each reference mineral. The matrix is used at each pixel to assign a mineral phase.

Species Formula Energy (eV)
Iron 7114 7121 7126 7130 7137
Mackinawite | FeS 0.13 0.80 0.95 1.01 1.08
Siderite FeCO; 0.05 0.53 1.52 1.18 1.28
Green Rust Fe',Fe'",(OH);,CO; 0.05 0.48 1.44 1.50 1.00
Ferrihydrite Fe,HOg*4H,0 0.09 0.14 0.68 1.21 1.20
Arsenic 11869 11872 11875 11880
Sulfide AsySy 1.97 1.29 1.05 1.06
Arsenite As(IID) 0.89 2.87 1.77 1.45
Arsenate As(V) 0.19 0.73 3.08 1.29

Shaded boxes represent the diagnostic peak maximum for As speciation.
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Table 4. Arsenic and Iron K-edge EXAFS fit results®

Arsenic
Sample Atom N R o AE, i«
As-L A) (A% (eV)
0 2.43 1.77 0.006" -1.81 35
LS. 0 1.39 1.69 0.006°
MS 1.0° 3.10° 0.009"
Fe 1 3.46 0.006"
Fe 0.7 3.31 0.006"
S 2.0° 2.25 0.0025 -7.06 2.76
HS.I As 1.0° 2.58 0.0037
As 2.5 3.49 0.0054
As 0.75° 3.62 0.0057
0 1.9 1.76 0.003" | -394 1.16
HS.IIT S 11 226 0.003°
As 0.6 2.6 0.001
As 1.4/ 3.49 0.003
HS-IV 0 3 1.78 0.0028 0.94 0.94
Fe 1° 3.49 0.0056
As-S 2.0° 2.24 0.0038 -10.9 0.42
As-As 1.0° 2.57 0.0052
Realgar As-As 2.5 3.47 0.0065
(AssS4) As-As | 0.75° 3.63 0.0071
As-S 2.5 3.67 0.0078
Iron Atom® N R o’ AE, e
Fe-L A) (A% (eV)
S 2.84 227 0.0048" | -0.406 | 1.38
Fe 2.75 2.71 0.0073°
Sample Fe 2.11 3.62 0.0107
. Fe 249 521 | 0.0040%
HS-T .
0 1.78 2.02 0.0040
Fe 1.42 3.26 0.0040°
Crystallographic values
Mackinawite Fe-S 4 2.255
Fe-Fe 4 2.598
(FeS)* Fe-Fe 4 3.674
Fe-Fe 4 5.200
Green Rust’ Fe-O 6 2.090
[Fe" .Fe,"'(OH),, Fe-Fe 6 3.2508

Ane nH,0]
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*Atom is the backscatter pair As-L contributing to the As EXAFS; N is the number of
backscattering atoms at distance (R); 62, the Debye-Waller term, is the absorber-
backscatterer mean-square relative displacement; AEy is the threshold energy difference;
X2 is a reduced least-squares goodness-of-fit parameter(= F-factor/(# of points - # of
variables). Scale factor (Soz) = 1. PParameter fixed in least-squares fit using value from
fits to reference compounds, CN and o? cannot be covaried; © Spectrum fit with the sum
of multiple scattering paths from As-O-O-As triangular path in arsenate tetrahedra, with
N set to the degeneracy here assigned to 1. The Debye-Waller term o” is fixed at 3/2 of
the o” for the As-O tetrahedra, “/”” parameter linked in fit to the parameter above based on
structural constraints. “The inclusion of 6 scattering paths was justified by the recognition
that the data were from a binary mixture and relevant paths from FeS and GR were
included. The long backscattering Fe-Fe at 5.21 A was included because it improved the
fit parameter y* from 1.50 to 1.39. °The mackinawite structure is from [86] P4/n m m,
a=3.6735, ¢=5.0328 cell volume 67.916; atom site x, y, z, Fe 0x,0y,0z; S Ox 0.5y
0.2602z. 'Green rust crystallographic structure from [46], An refers to the intercalated
anion (e.g. Cng', SO42', etc.-), £ 3.25 A is the edge sharing iron octahedra distance.
Shaded portions highlight the sulfide component in the fits.
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Figure 1. Schematic example of normalized Fe XANES intensity and selection of map
energies.
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Figure 2. Pixel by pixel comparison from Fig. 3d (LS) of arsenic species in XRF image,
showing intensity counts for AsIIl and AsV.
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Figure 3. Light microscope micrographs of a) LS under backlit- transmitted light, and
b) HS under reflected light with the mapped area by XRF indicated with the dashed box.
The images show the reacted AFH solids in the space between glass beads with relatively
more solids in the LS v HS column.
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APPENDIX C

TIME DEPENDENT ARSENIC RELEASE FROM ARSENIC
BEARING SOLID RESIDUALS UNDER SIMULATED LANDFILL
CONDITIONS WITH DIFFERENT SULFATE CONCENTRATIONS

1. Introduction

Despite the worldwide concern and extensive studies on chemical speciation of arsenic in
sediments and aquifers, there is still a gap of knowledge on the long term effect of
biogeochemical cycling of sulfur and iron on environmental arsenic mobility under
reducing conditions. In complex environments with diverse microbial communities, such
as landfills, sulfate and its redox transformation play a key role in arsenic speciation and
fate of arsenic bearing solid residuals (ABSRs). Sulfate reducing bacteria (SRB) use
either hydrogen or low molecular weight carbon compounds as electron donors for
dissimilatory sulfate reduction to hydrogen sulfide (Maier et al., 2000). Microbially
generated sulfide promotes aqueous As(III) and As(V) (oxy)thioanions complex
formation. These complexes are persistent in solution in the range of pH from 5 to 10 and
comprise a considerable portion of dissolved arsenic (Couture et al., 2011). Currently, the
only method to determine presence of thioarsenic complex is by X-ray Absorption
Spectroscopy (XAS) and, therefore, there is a gap of analytical data on arsenic thioanions

complex in sulfidic environments.
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Fate and speciation of arsenic and the extent of its mobilization into the landfill leachate
is closely tied to the sulfate concentration in the aqueous phase, as well as to the rate of
sulfate and iron reduction. In the zone of active sulfate reduction (sulfidogenesis), where
the sulfate concentration is high, Fe(II) reduction to Fe(II).q) depletes the solid phase of
iron and enhances arsenic mobilization (Kocar et al., 2010). Microbial sulfidogenesis can
strongly affect Fe geochemistry through a variety of processes. In the presence of
iron(hydr)oxides, sulfidization promotes iron phase transformation through reductive
dissolution. In Fe-rich, arsenic contaminated environments, any sulfidogenesis-induced
Fe transformation can also cause changes in As behavior by promoting its partitioning
into the aqueous phase. Reduction of As(V) to As(II) is rapid at the onset of
sulfidogenesis, causing As(III) to be the dominant As oxidation state. Dissolved sulfide
can displace sorbed As(IIl) via ligand exchange (Reaction 1) or during reductive
dissolution of Fe (hydr)oxides(Reaction2)(Kocar et al., 2010; Poulton et al., 2004; dos

Afonso and Stumm 1992):

Ligand exchange:

=Fe"OAs(OH),+HS —=Fe™S+ H3As05(1)

Reductive dissolution:

=Fe""OAs(OH),+HS +H,0«> Fe(Il)4+H20+H3As03+S"(2)

Sulfidogenesis can also sequester dissolved Fe by driving the precipitation of Fe sulfide

minerals such as FeS or Fe,S (pyrite). Rate of formation and precipitation of ferrous
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sulfide is faster than As sulfide precipitation and is known to be the first to precipitate
and to remove dissolved sulfide from Fe-rich, reducing environments (O'Day et al.,
2004). However, in the presence of excess sulfide, arsenic mobilization could still result
in precipitation of amorphous arsenic sulfide However, detection of arsenic sulfide
phases in reduced environments is difficult because they are often fine-grained and
poorly crystalline (O'Day et al., 2004). Also, sulfide may react with ABSRs to produce
oxidized S species such as elemental sulfur and polysulfides, as well as reduced
Fe(Il)(ag)-Couture et al. (2011), used thermodynamic databases for (oxy)thioarsenic
complexes presented by Wilkin et al. (2003) and Helz and Tossell. (2008) to develop Eh-
pH diagrams for the As-O-H-S systems. Their modeling results suggest that under
sulfidic-reducing environments, dissolved arsenic(oxy)thioanions complexes are
thermodynamically stable over a large pH range, from 5 to 10, thereby reducing the

stability of As sulfide mineral phases and enhancing As partitioning into the solution.

Biomineralization pathways under landfill conditions are controlled by flow-regulated,
microbially reduced iron, arsenic, and sulfate, which determine mineral precipitation
kinetics and selectivity (Hansel et al., 2003). Realizing the complexity of such
environments and time dependent mineral phase transformation, which controls As
mobilization rate, and considering the lack of research on time-dependent arsenic fate
under landfill conditions, with diverse microbial communities, we have designed and
operated a series of column experiments to illustrate the effect of both time and sulfate

concentration on fate of arsenic.
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This work evaluates the effect of liquid sulfate concentration on the evolution of arsenic
mobilization over time, including formation of secondary biominerals, under simulated
landfill conditions. Three flow-through columns loaded with a ferrihydrite-based ABSR
were used to simulate landfill conditions in the laboratory. The columns were run
simultaneously and in replicates for each sulfate concentration, and sequentially
terminated at various times to observe the progression of ferrihydrite conversion and As
mobilization following reductive dissolution. Changes in aqueous chemistry and solid
phase distribution were considered over time to assess how arsenic leaching from arsenic-
bearing wastes is influenced by time and by iron and sulfur biomineral formation in

landfills.

2. Material and Methods

2.1. Ferrihydrite Sludge Preparation

Arsenic-bearing iron sludge was prepared to simulate the waste generated from the
treatment of brines from arsenic removal ion exchange/membrane processes. Sodium
arsenate heptahydrate (Na,HAsO4.7H,O, KR Grade, Sigma-Aldrich) was dissolved in
purified water (Milli-Q Water System by Millipore) to prepare a 1 L solution with a
concentration of 0.04 M as As. Ferric chloride hexahydrate(FeCl;.6H,0, ACS reagent,
Sigma-Aldrich) was added to the As solution to produce a supersaturated, 0.93 M as Fe
solution with Fe:As molar ratio 21:1. This mixture was stirred on a reciprocating shaker
table (Orbit, reciprocating speed 100 rpm) for 1 h before adjusting the pH to pH 7.0+0.2

with 10.0 M sodium hydroxide (prepared from NaOH, flakes, EMD Chemicals). The
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produced amorphous ferric hydroxide (AFH) sludge was equilibrated for 2 days while the
pH was maintained at 7.01£0.2. After equilibration and settling, a supernatant sample was
filtered through a 0.45 um cellulose acetate syringe filter (Whatman) for determination of
concentration of dissolved As and Fe which yielded supernatant As concentration of
about 78 ppb. Dissolved iron concentration was BDL. Subsequently, the residual salt
content (sodium chloride) of the AFH was reduced by decanting off the supernatant and
filling the 4 L flask to the top with Milli-Q water, mixing gently, and allowing the solid
to resettle for 3-4 hours. This procedure was repeated until the conductivity of the
supernatant was below 1.0 mScm™. During the process the pH remained constant
(7.0£0.2) without needing further adjustment. The final slurry was vacuum filtered
through a 0.45 um filter (cellulose nitrate, Whatman). The AFH water content was
calculated by weight loss at 70°C after 2 days. The AFH water-content was 75% wt/wt.
The sludge was stored in a capped-glass container for no more than three weeks at
4°C.Previous work in our lab (Alday 2010) using visual, SEM, and XRD analysis, has
shown no evidence of phase changes under these conditions for 3 weeks, although

changes are known to occur over longer time frames.

Total Fe and As in the AFH were determined by digestion of 1 g (dry wt.) samples, using
15 mL of 70% by volume HNO;(J.T. Baker) in a CEM microwave digester (method SW
821-8051). Iron was determined by the 1,10-phenanthroline method (APHA. 1998) using
a spectrophotometer at 510 nm wavelength (Spectronic Genesys 5). Total and speciated

arsenic concentrations were measured by Ion Coupled Plasma Mass Spectrometer (ICP-
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MS, Agilent 7500a). The As and Fe per gram of dry AFH were 28.5 mg As and 456 mg

Fe for all six columns (Table 1).

Table 1. Iron/Arsenic sludge characteristics.

Supernatant Supernatant
H As Fe [mgd?s / [m,c,:lfe / Fe:As % Water
p Concentration Concentration slgu d );] slgu d );] Ratio Content
(ppb) (ppb) & &
7.12 78.1 BDL 28.5 456.9 21.4 75.5

2.2. ColumnCharacteristics

Chromatography-type Columns (Spectrum Chromatography; 2.5 cm ID x 30 cm length)
were packed with about 80 g (wet wt.) of the prepared iron/arsenic sludge, mixed with
120 g of glass beads (0.8 mm diameter) used as inert support. Anaerobic digester sludge
(25 mL of slurry) obtained from Ina Road Wastewater Treatment Plant, Tucson, Arizona,
was added as the microbial source for the experiment. The column was fed with a
synthetic landfill leachate adapted from Field et al. (2003) by replacing all chloride with
sulfate salts to avoid chloride peaks overlapping other anion peaks in ion chromatography
(IC). The column’s influent sulfate concentrations were 2.08 mM for the low sulfate (LS)
and 20.8 mM for the medium sulfate (MS) columns. The influent feed was made with de-
gassed water and purged with nitrogen gas after mixing. Influent was fed continuously

into the columns using a multi-syringe pump (BS-9000-6 programmable multi-syringe
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pump, Braintree Scientific)at an average rate of 2 pore volumes d! 0.12 Ld'l). Ion
chromatography (IC, Dionex, DX-500) was used to quantify sulfate. Effluent sulfide was
measured using colorimetric method adopted from Trueper et al. (1964), and pH was

measured with an Orion (Model 720) pH meter.

2.3. Solid Phase Characterization

Low sulfate columns were terminated after operation times of 93, 226, and 476days and
medium sulfate columns were terminated after 93, 219, and 300 days. Effluent pH was
measured every other week and it fluctuated between 7.5 and 8.5.After termination, the
columns were opened in an oxygen free glove box (Terra Universal 100). The contents of
each column (initially containing a mix of AFH, glass beads and anaerobic digester
sludge) were divided into four approximately equal volume sections. Each section was
dried in the glove box at room temperature for 7 days after which a 0.5 mm mesh was
used to separate the glass beads from the solids. Solid phases were analyzed by Powder
X-ray Diffraction (XRD). Powder XRD was by a Scintag XDS 2000 PTS
Diffractometerwith Cu-Kqradiation (A = 1.54060 A) operated at a voltage of 40 kV and a
current of 40 mA. Diffraction patterns were recorded by continuous scans from 10° to 70°
at 2 degrees/minute. The mineral phases were identified using the instrument software

and the International Centre for Diffraction Data (ICDD) database.
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3. Results and Discussion

3.1. Arsenic and Iron Leaching Trends

The mobilization of arsenic from the simulated landfill experiments follows a general
trend that is reproduced over the whole range of conditions explored in this work (Figure
1). An initial lag phase (I) of microbial acclimatization, in which the effluent arsenic
concentration is relatively low. Phase I is followed by a gradual but continuous increase
of the effluent Asconcentration to reach a maximum (phase II). Afterwards, As
concentration decreases continuously and goes back to relatively low levels (phase III).
Phase I lasts about 3 months for both low (2.08 mM) and high (20.8 mM) sulfate sets.
Effluent arsenic concentration is continuously < 0.1 mM for the lag phase (phase I)

(Figures 1 and 2).

Maximum arsenic concentration in phase II of LS and MS columns are ~ 0.27 mM and ~
0.3, respectively, indicating that in reducing environments with a higher sulfate
concentration range (above 2 mM), arsenic release is independent of sulfate concentration
(Figures 1 and 2), unlike what is observed in lower sulfate concentration range of 0.064-

2.08 mM (Root et al., 2013).

Overall, the effluent arsenic concentration, for all 3 phases and for both sulfate
concentrations, follows the same trend and are in close agreement with one another in
terms of effluent concentration (Table 2). Almost 50% of the total loaded arsenic leached
from both systems by the end of operation compare to columns with in-flow sulfate

concentration of 0.064 mM in previous works which retained less than 20% of initial
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arsenic. Arsenic results obtained in all the columns confirm As(III) as the dominant

species in the effluent.
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Figure 1. Effluent arsenic concentration profile at phase I, II, and III in LS set. Total

arsenic leached at each phase is 1.45%, 3.48%, and 45.78% after 93, 226, and 476 days,
respectively.
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Figure 2. Effluent arsenic concentration profile at phase I, II, and III in MS set. Total
arsenic leached at each phase is 4.07%, 21.64%, and 49.81% after 93, 219, and 300 days,

respectively.

In the LS columns, the concentration of Fe in the effluent was below detection for almost
the first 30 days of operation then remained at about 10 uM for the next 2 months and
increased to an average concentration of ~ 100 uM towards the end of operation. On the
other hand, in MS column set, iron starts leaching at concentration about 50 uM for the
first month, then increases to average concentration of ~ 300 uM and tapers off to below
50 uM after about 200 days to the end of run. Although the Fe leaching behavior was
different between the two column sets, it did not follow any clear trend and the effluent

iron concentration oscillated between 100 uM and 300 uM for low and medium sulfate
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columns set, respectively. The solids also showed the same change of coloration in both
sets from dark orange to black and remained dark for the rest of the column's operation.
Although Fe reducing activity was continuous throughout the operation, the fraction of
initial iron load that leached out was <1 %, except for the phase III of MS set where 2 %
of the loaded iron leached out after 300 days of operation (Table 2). The Fe*
concentration during all the experiment was lower than that of Fe?*. Iron reduction

started from the very beginning of the run without any lag.

Table2.Total fraction of iron and arsenic leached out of LS and MS columns for
all the 3 phases over time.

Phase I Phase 11 Phase 111
% As %Fe Time % As %Fe Time % As %Fe Time
leached | leached | (Days) leached leached | (Days) | leached | leached | (Days)
;“est 1.45 0.25 93 3.69 0.05 26 | 4578 | 089 | 476
I;{: 4.07 0.91 93 21.65 0.92 219 49.81 1.86 300

The fate of As is tied to both S and Fe reduction, which is typically microbially mediated
by the oxidation of organic carbon (e.g. lactate). Sulfate reduction can contribute
significantly to secondary biomineral formation under landfill and natural environment
conditions by motivating precipitation of sulfide minerals such as iron sulfides (FeSy),
and where arsenic is present, arsenic sulfides (e.g., realgar (AsS), and arsenopyrite
(FeAsS)) (Bostick et al., 2003; O’Day et al., 2004; Kirk et al., 2010; and Burton et al.,

2013). For allcolumns the organic carbon source was 5.5 mM lactate fed continuously.

187



The medium sulfate (MS) column’s feed included 20.8 mM sulfate, while 3 low sulfate

columns were fed a sulfateconcentration of 2.08 mM.

Influent and effluent sulfate was measured in both LS and MS columns to monitor sulfate
reduction trend in the columns. In the LS set, lactate gets consumed to below detection
level for the first 100 days of run after which its effluent concentration raised to about
35% of its input concentration, ~ 2 mM, for the next 100 days before it tapers off to
below detection limit. Throughout the course of experiment, effluent sulfate

concentration remained below 0.5 mM.

In MS column set, lactate consumption rate follows the same trend as in LS set, whereas
only 50% of input sulfate gets removed, resulting in average effluent sulfate
concentration of 15 mM throughout the run. This result shows that the input sulfate
concentration in MS set exceeds the capacity of conversion (sulfate reduction) by the

SRB existing in the columns.

The change in lactate consumption rate could be due to shift in dominant redox
mechanism in the columns from biotic reduction (Fe reducers) to abiotic reduction of iron
through electron transfer from dissolved sulfide. This conclusion is drawn based on the
effluent lactate and sulfide results (Figure 3). Biotic sulfate reduction, which starts after
the first 3 months of microbial acclimatization (phase 1), produces a continued source of
electron (dissolved sulfide) for iron reduction (Couture et al., 2011), which limits the

activity of iron reducers and therefore increase the concentration of effluent lactate from
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the columns until the depletion of easily accessed amorphous iron surface resulting from
continued iron reductive dissolution and precipitation of secondary minerals (phase II)
ceases abiotic iron reduction. From this point, around 250 d, concentration of dissolved
sulfide increases in the effluent measurements (Figure 3) and effluent lactate

concentration reduces to below 1 mM.

Microbial sulfate reduction coupled to lactate oxidation follows the stochiometry (Kocar

et al., 2010; Burton et al., 2011):

S04 +2C3H505=H,S+2HCO5 +2C,H;0,°(3)

Therefore, it is expected the in-flow lactate to be consumed not only by SRB to reduce
input sulfate, but also to be used by Fe and As reducing bacteria present in LS columns to
support iron and arsenic reduction, with acetate being the alternative electron donor in the
absence of lactate. Acetate is generated by the reduction of lactate with iron, arsenic, and
sulfate. On the other hand, the effluent sulfate from MS columns indicates that the
capacity for sulfidogenesis is limited by the supply of lactate, with a surplus of available
sulfate. Therefore, a portion of the sulfate is probably reduced through microbial
reduction of acetate knowing that effluent acetate concentration was low for the most
part. It is also assumed that lactate was mainly consumed towards the in-flow end of

columns, thereby limiting subsequent downstream sulfate reduction.
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Microbial reduction of sulfate results in sulfide production, which is mainly retained in
the reactor in the form of sulfide biominerals or gets oxidized by chemical reaction with
Fe(IIT)s)on the surface of ABSRs to release Fe(I)(,q). Only less than 20% of the sulfate
input exited the column in low sulfate set over the whole operating period. Almost 100%
of the sulfate retained in the column was reduced to sulfide (Figure 3). In the medium
sulfate column, it seems that there is only enough electrons available, through lactate and
acetate reduction, to reduce < 25% of input sulfate (~5 mM). It is unlikely that abiotic
oxidation of dissolved sulfide contribute to the effluent sulfate as the common product of
abiotic sulfide oxidation is elemental sulfur (Kocar et al., 2010; Poulton et al., 2004;
Couture et al., 2011). For the first 200 days of operation, 100% of the reduced sulfur
remained in the column, after which an average sulfide concentration of 0.05 mM was
released through the rest of the operating period. Since sulfide is a strong reductant of
Fe(Ill) in sulfate reducing environments, it may react with As-bearing iron oxides,
originally packed in the columns, to produce oxidized S and dissolved Fe(Il), and results
in low to undetectable sulfide concentration in effluent discharge from the reactors.
Dissolved sulfide concentration can increase only after the supply of accessible reactive
iron is exhausted via reductive dissolution processes and subsequent iron biomineral
formation( Figure 3). Burton et al. (2011), developed a geochemical model in which they
found that for As sulfide minerals to precipitate, pore-water sulfide must remain at
moderately low levels, between ~0.4 mM to 1 mM, whereas the effluent sulfide
concentration in our both LS and MS columns is noticeably lower than threshold

concentration for sulfide mineral formation indicated in their model (Figure 3).
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Figure 3. Effluent sulfide concentration profile from phase III of LS column (a),and MS
column (b). After ~ 200 days of operation, with effluent sulfide concentration of < 2 uM
in both columns, out flowing sulfide from MS column increases to concentration 6x
higher than the value measured in LS column effluent.

3.2.Incongruent Fe/As release Effect

In this work, the ratio of the concentration of iron to arsenic leached from the column is
not congruent with that initially introduced in the system in the co-precipitated ABSR.
Arsenic leaching occurred predominantly in its reduced arsenite form in both sets, and

was during much of a column’s operational period incongruently released from iron,

except during the lag phase (Figure 4 and 5).

Fe/As non-stiochiometric release was evident in all experiments because a large fraction
of arsenic was released (~ 50% of total loaded arsenic)in contrast to a small fraction of
iron (<2% of total loaded iron).This meant the Fe/As molar ratio in the effluent was
always much less than initial Fe/As loading ratio of 22:1. During the first few months of

column operation, Fe/As ratio is about 5x than during the rest of the experiment before
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arsenic concentration tappers off (1.25 vs. 0.25). This could be a result of arsenic re-
adsorption onto freshly exposed ferrihydrite surface following iron reductive dissolution
during phase I. At first, ferrihydrite reductive transformation increases arsenic retention
back onto the iron solid surface, while prolonged reduction enhances arsenic desorption
(Tufano et al., 2008). Incongruent arsenic release from iron becomes noticeable after 100
ad 150 days in both LS and MS columns, respectively. Looking at the incongruent release
progress through the 3 phases, it could be concluded that entering the maximum As

concentration phase, phase II, coincide with the iron retention phase (Figure 4 and 5).
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Figure 4. Evolution of incongruent Fe/As release is evident through three arsenic
leaching regimes. As non-stiochiometric release from Fe starts in the transition from
phase II to phase III.
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Figure 5. Evolution of incongruent Fe/As release is evident through three arsenic
leaching regimes. Non-stiochiometric As release from Fe starts in the transition from
phase II to phase III.

3.3. BiomineralTransformation/Characterization

Iron phase transformation into ferrous biominerals starts from the bottom section of all
columns where the reducing power and therefore microbial activity is at its highest.
These newly formed minerals gradually migrate in the direction of flow as time goes by,
which results in mass depletion close to the column's inlet, leaving behind mainly
amorphous iron phases. Transitioning from phase I through phase III, especially in MS
set, biominerals formation and migration from the bottom of the column is evident. In
section 1 of phase I column, after 3 months of operation, ferrous biominerals start
forming close to the inlet, where there is the highest microbial activity in the column.
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After a few months by staging through phase II and III, biomineral formation migrates up
in the column, leaving behind only the amorphous phase, depleted from crystalline
biominerals (Table 3). Ferrous biominerals, siderite and vivianite, are main crystalline
phases detected with XRD in both column sets. The fact that there was no sulfide phase
reported from XRD data collection does not mean that sulfide mineral did not form in the
reactors but it could be in amorphous phase or small grain size and therefore not
detectable with XRD. Reduction and release of arsenic in sulfidic environments could
result in formation of arsenic sulfide. On the other hand, iron (hydr)oxides reductive
dissolution consumes sulfide to reduce Fe(IIl) to Fe(Il) and could prevent dissolved
sulfide concentration from achieving levels sufficient for As sulfide precipitation (O'Day

et al., 2004).

Table 3. Biomineral transformation over time under the influence of different sulfate
concentration, detected by powder-XRD.

Column's MS MS MS LS LS LS
Section Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
Siderite, cy Cy . ..
v Goethite | Vivianite, | Siderite Siderite, Siderite, | Siderite, Vivia
. Goethite Goethite nite
Goethite
Siderite, cy Siderite, Ly ..
0| Goethite | Vivianite, | Siderite é‘(‘}:ﬁﬁfe Vivianite, Slderﬁé\'ma
Goethite Goethite
. Siderite,Vivia Siderite, Cy
II Goethite Amorphous | Amorphous nite Goethite Siderite
Siderite Siderite,
I L Amorphous | Amorphous Vivianite Vivianite, Amorphous
Vivianite .
Goethite
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After each column was stopped, the column was divided into four sections from bottom
to top, which was the direction of the flow, to characterize the remaining solids. During
the first month of column operation, change in color was noticeable in all sections,
suggesting solid phase transformations on the surface of the original amorphous iron.The
solids transform from orange(ferrihydrite) to brown at first, and then continue to darken
to black over the course of the experiment. Although these changes in coloration
suggested the formation of magnetite, and ferrous sulfide, these mineral were not found
in the XRD analyses conducted at the termination of each column. After 3 months of
operation, almost all the solid phase in the column turned black. Although XRD is more a
qualitative technique than quantitative, both siderite and vivianite show strong peaks
confirming an important presence in the total solids content. Some traces of goethite were
also detected in phase I and II of both column sets, but with low peak intensities except
for phase 1 of MS set where goethite was detected as the only transformed iron phase.
Even though a quantification study was not realized, the amounts of the mineral phases in
the solid samples trended with the direction of the flow; vivianite showed a decrease of
the peak intensities in the direction of the flow, which suggests a decrease of its quantity
from bottom (layer I) to top (layer IV) of the column; whereas siderite showed the
opposite trend, which suggests an increase of its quantity from bottom (layer I) to top
(layer IV) of the column. Downstream migration of the pore-water Fe(Il) front was
evident over time, especially in MS set. There is evidence for movement of Fe within the
columns over time that causestransport of dissolved Fe(Il)and precipitation of secondary

Fe mineral phases down gradient. During phase II and Illof operation, secondary iron
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minerals are removed from the inflow end of the columns and redistribute mainly along

the top two sections, leaving amorphous iron phase behind close to inlet (Table2).

Iron phase transformation from the original amorphous ferric hydroxide phase to either
mixed ferric and ferrous or ferrous-only phases causes a significant decrease in the
specific surface area and As adsorption capacity of the Fe minerals.The decrease in
sorption sites from the initial AFH to the final ferrous minerals, siderite and vivianite, is
significant. Distinct arsenic minerals such as realgar (AsS) and orpiment (As;S3) are not
detected within column solids despite sulfidization of iron phases inside each column.
Dissolved sulfide produced from microbial sulfate reduction drives reductive dissolution
and transformation of amorphous iron hydroxide to secondary iron minerals in the
column which causes arsenic mobilization and partitioning into the aqueous phase.
Consumption of sulfide as a chemical reductant of Fe(Ill) probably maintains dissolved
sulfide concentration in pore-water below the level required for Fe/As sulfide
precipitation. Advective flow in the column transports released arsenic downstream,
preventing As sulfide precipitation. However, amorphous As sulfide can form and

precipitate at higher sulfide concentration which is not detectable by XRD technique.

4. Conclusions

In this work, time dependent arsenic leaching regime in three distinct phases are
illustrated through series of column experiments. Non-stiochimetric arsenic release from
iron is clearly observed to happen within the transition from effluent arsenic lag phase to
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phase of rapid arsenic increase in the effluent. Sulfate concentration does not seem to
have a significant impact on incongruent dissolution trend as in both set of columns, with
different sulfate concentration, incongruent dissolution starts at about the same time.
Also, over all arsenic leaching pattern in both sets of columns and within all three phases
are similar. Non-stiochiometric arsenic release from iron becomes noticeable after 100 ad
150 days in both LS and MS columns, respectively. Looking at the incongruent
dissolution progress through the 3 phases, it could be concluded that entering the
maximum As concentration phase, phase II, coincide with the iron retention phase. Also,
it seems that siderite and vivianite are the main phase transformed products in both
sulfate concentration sets. The fact that Fe/As sulfide phase were not detected with XRD
does not mean that those phases are not present in our systemsas sulfide minerals could
precipitate in amorphouse form or in low abundance, relative to ferrous minerals, and

hence not detectable with XRD.
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