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Abstract

In situ precipitation of magnetite and other minerals potentially sequesters dissolved arsenic (As)
in contaminated aquifers. This study examines As retention and transport in aquifer sediments
using a multistage column experiment in which magnetite and other minerals formed from added
nitrate and ferrous iron (Fe). Sediments were collected from the Dover Municipal Landfill
Superfund site. Prior to nitrate—Fe(11) addition, As was not effectively retained within the
sediments in the column. The combination of nitrate (10 mM) and Fe(ll) (4 mM), resulted in
mineral precipitation and rapidly decreased effluent As concentrations to <10 g L1,
Mineralogical analyses of sectioned replicate columns using sequential extractions, magnetic
susceptibility and X-ray absorption spectroscopy indicate that magnetite and ferrihydrite formed in
the column following nitrate—Fe(l1) addition. This magnetite persisted in the column even as
conditions became reducing, whereas ferrihydrite was transformed to more stable Fe oxides. This
magnetite incorporated As into its structure during precipitation and subsequently adsorbed As.
Adsorption to the minerals kept effluent As concentrations <10 zg L™ for more than 100 pore
volumes despite considerable Fe reduction. The results indicate that it should be feasible to
produce an in situ reactive filter by nitrate—Fe(1l) injection.
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INTRODUCTION

As a result of natural processes and/or anthropogenic activities, unsafe levels of dissolved
arsenic (As) in groundwaters are found in many parts of the world.1=3 Groundwater As
contamination is also currently found at around 50% of National Priorities List
(“Superfund”) sites in the U.S.4° Establishing effective strategies for groundwater As
remediation has proven difficult. Traditional pump-and-treat is limited due to slow As
desorption, aquifer heterogeneity and other factors.87 In situ remedial methods are aimed at
immobilizing dissolved As within the aquifer matrix and usually involve transformation of
iron (Fe) minerals to forms such as Fe(I11) oxides and Fe(ll) sulfides that retain As.*8-12
The existing in situ remedial methods, however, are often ineffective due to instability of
host mineral and/or changing flow paths. Many common Fe minerals are susceptible to
microbially mediated redox changes,?13-17 which hampers the long-term success of in situ
As immobilization. Iron-based chemical amendments such as zerovalent iron (ZV1) have
been used extensively within permeable barriers to intercept As from plumes.18 ZVI barrier
methods can be effective when managed properly, but are plagued by decreasing barrier
permeability and short residence times.18:19

Magnetite (Fe304,) is a mixed-valence Fe oxide, which, unlike many common Fe minerals, is
stable in a relatively wide range of conditions including both oxic and suboxic (Fe(lll)-
reducing) conditions where As is often solubilized,14:20:21 although magnetite formed under
different in situ conditions may have different crystalline properties and different stability
toward microbial Fe(I11) reduction.?2:23 Magnetite can sequester dissolved As through
surface adsorption,®24-27 and can coprecipitate As via incorporation into its crystal
structure.16.28.29 | this study, we explore the potential of magnetite produced in situ within
natural sediments to remediate groundwater As in columns under dynamic flow conditions
typical of aquifer systems. Recently, a batch microcosm study using oxidized aquifer
sediments from the Vineland Chemical Company Superfund site demonstrated that
simultaneous addition of nitrate and Fe(l1) produces an Fe oxide assemblage containing
nanoparticulate magnetite that effectively immobilizes dissolved As(V).2? In situ mineral
formation can be distinct from batch studies in part because aquifer systems are open, and
have much higher solid-to-solution ratios than in batch microcosms. Nitrate and Fe(ll) may
not react together in the same way in open systems because nitrate travels more rapidly than
Fe(lI1), which can be adsorbed on sediments. Aquifer hydrology also can be altered
considerably by in situ precipitation, potentially leading to preferential flow, and affecting
the capability of precipitated minerals to immobilize As and/or other ions. Additionally, As
in contaminated aquifers is usually at least partly As(l11), which reacts with magnetite and
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other minerals differently from As(V). These differences between batch studies and aquifer
systems make it difficult to determine whether magnetite can successfully precipitate
following nitrate—Fe(11) addition within real aquifers, and if it precipitates, whether this
magnetite can effectively remediate groundwater As contamination.

Accordingly, the specific objectives of this column study were (i) to examine Fe mineral
formation by nitrate—Fe(l1) addition under continuous advective flow and realistic sediment-
to-solution ratios, and (ii) to evaluate whether neoformed Fe minerals can retain As under
long-term reducing conditions in an As(l11)-rich environment. The temporal evolution of
solution composition and mineralogical transformations were determined during the
experiment. The results indicate that formation of magnetite and other Fe oxides by nitrate—
Fe(lIl) addition can effectively immobilize dissolved As and capture additional advected As
under prolonged reducing conditions. Thus, nitrate—Fe(ll) injection can potentially be used
to produce a reactive As filter and be established as an in situ remedial method.

MATERIALS AND METHODS

Site and Sediment Information

The Dover Municipal Landfill Superfund site (Dover, New Hampshire) was classified as a
Superfund site in 1983, with the primary constituents of concern being volatile organic
compounds (VOCs) and As.30 There is no known anthropogenic As source at the site, and
this landfill site is similar to other landfill sites where elevated groundwater As
concentrations were caused by the reducing conditions beneath the landfill mobilizing As
from unconsolidated local sediments.1420 Vapor extraction and pump-and-treat are the
remedial strategies for VOCs and As, respectively, at this site.30 Groundwater VOC
concentrations have decreased because of successful vapor extraction, along with natural
attenuation and degradation processes associated with flushing. Groundwater As
concentrations, however, have not decreased appreciably since remediation efforts began,
and remain at around 150 zg L~1. Dover sediments used in this study were collected when
extraction wells (part of the pump-and-treat system) EW1 and EW8b were installed in
aquifer at the southwest and southeast toe of the landfill, respectively, by sonic vibration
drilling. Immediately following collection, the sediments were sealed and refrigerated in
steel cans with epoxy liners, and returned to laboratory for experiments. Detailed
descriptions of the Dover Superfund site, and collection, handling and characterization of its
sediments have been recently published elsewhere.5

Column Set-Up, Flow Condition, and Sampling

To conduct column experiment, Dover sediments were mixed 50%/50% w/w by dry weight
with autoclaved silica sand (Acros Organics, 40-100 mesh) to improve flow properties. The
sediments and sand were homogenized in an anaerobic glovebox filled with a 95%/5%
N>(g)/Hz(g) mixture, and then wet-packed into three identical 20 cm long polycarbonate
columns with a 4 cm inner diameter and 0.5 cm walls. Before use, the column parts were
washed with 70% ethanol and then autoclaved Milli-Q water. Glass wool was packed into
each end of the columns to help distribute solution over the full cross sectional area. The
three replicate columns are referred to hereafter as Dover columns. A fourth column with the
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exact same dimension was packed with autoclaved, pure silica sand, and is referred to
hereafter as sand column. Using bromide breakthrough curves, effective porosity of three
Dover columns and the sand column was estimated to be 0.28-0.30, similar to the Dover
Superfund site (between 0.20 and 0.33). These four columns were run simultaneously and
oriented vertically with upward flow as shown in Supporting Information (SI, Figure S1).

Four experimental stages, Stages | to IV, with varying influent compositions were designed
and conducted to represent the stages of site remediation (details are in Table 1 and S| Table
S1). Artificial groundwater (A-GW)816 was used, which mimics typical groundwater
composition and consists of Milli-Q water amended with 0.02 mM NH4CI, 1 mM KCI, 0.4
mM MgSOy, 0.4 mM CaCl,, and 10 mM PIPES buffer. The A-GW were added with
additional amendments and adjusted to pH 7 in Stages | to IV (Table 1 and S| Table S1).
Stage | used A-GW with 1 mM lactate and 100 zg L= As(111), to equilibrate the sediments
and mimic As transport under landfill conditions. Lactate was used as a model organic
carbon source and previously proved to be effective on stimulating microbial activity and
reducing conditions within Dover sediments.® Stage 11 used A-GW with 1 mM lactate, 100
19 L= As(l11), 1 mg L1 bromide, 4 mM FeSO,4, and 10 mM NaNOs, to produce Fe
minerals and test if they could immobilize As. The choices of the chemicals, FeSO,4 and
NaNOs, and their concentrations were based on findings from previous batch microcosms
which were intended to induce Fe(11/111) mineral formation.2? Stage 111 used A-GW with 10
mM lactate, to further enhance microbial reduction and test if the neoformed Fe minerals are
stable under reducing conditions that produce aqueous As. Stage IV used the same
composition with Stage I, to return to reducing landfill condition with transported As and
test if the neoformed Fe minerals could immobilize additional As. The influents were purged
with Ny (g) throughout Stages | to IV and injected into the columns by a peristaltic pump
(ISMATEC). The injection rate was set at 2 pore volumes (PVs) day~2, equal to a flow
velocity of 0.4 m day™L. The total duration of the column experiment was 4 months.

Column effluents were collected and monitored for trace metals, anions, pH, and Eh. A
fraction collector (LKB Bromma) was used to collect effluent samples. Trace metal samples
were acidified to 1% HCI and analyzed by inductively coupled plasma mass spectrometry
(ICP-MS). Anion samples were unacidified and analyzed by ion chromatography (IC).
Reported data were from unfiltered effluent samples. This did not bias the results since
curves of effluent concentration over PVs were smooth (suspended particles or colloids
would produce concentration spikes) and were consistent with results from filtered samples
(to 0.2 um) that were collected occasionally. pH and Eh samples were measured using a
calibrated electrode immediately following collection. Because sulfide smell was noticed in
effluent from the sand column at Stage IV of the experiment, a few effluent samples from
the columns were preserved with Zn-acetate3! and analyzed for dissolved sulfide
immediately following collection.

Columns were sacrificed to retrieve solid samples for mineralogical characterization by
sequential extraction, magnetic susceptibility, and X-ray absorption spectroscopy (XAS).
The three replicate Dover columns were conducted such that they could be sacrificed at the
end of Stages I, 111, and 1V of the experiment, respectively. The (one) sand column was
sacrificed at the end of Stage IV. Each column was divided into 5 x 4 cm sections using a
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tube cutter and the solids were retrieved from the column sections immediately. Aliquots of
the solids were immediately freeze-dried, and used in sequential extraction and digestion
and in magnetic susceptibility measurement. Aliquots of the solids were also immediately
coated in glycerol to prevent exposure to oxygen and stored at =20 °C for XAS analysis.

Analytical Procedures for Solid Samples

Sequential extractions were performed on 150 mg of ground freeze-dried solids and targeted
seven different fractions (details are in SI Table S2). The procedure of sequential extractions
was designed and validated in recent microcosm study,? to differentiate magnetite from
other Fe minerals, and to distinguish between As coprecipitated and adsorbed to magnetite.
Elemental concentrations in the solid residue after the last extraction step were determined
using microwave-assisted digestion with HNO3 and HF.32 Magnetic susceptibility was
measured on freeze-dried solids with a Bartington MS2B instrument. Arsenic X-ray
absorption near edge structure (XANES) spectra were collected on glycerol-coated solid
samples from Dover columns at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 11-2, configured with a Si(220) monochromator and a phi angle of 0 degrees.
Sample spectra were collected with a 100-element Ge detector in fluorescence mode, in
combination with a 6 ux Ge filter. The spectra were then processed in SIXpack.33
Normalized As XANES spectra were compared with reference spectra of Na-arsenate, Na-
arsenite and orpiment (As,Sg3). Least-squares linear combination fitting was used to quantify
the fraction of each reference in the sample. Iron extended X-ray absorption fine structure
(EXAFS) spectra were also collected on the same beamline as described in SI Figure S2.

Analytical Procedures for Solution Samples

RESULTS

Dissolved trace metal concentrations in column effluents and extraction/digestion samples
were determined by ICP-MS (Thermo Fisher Scientific Element XR) using previously
published procedures.6:29 Dissolved bromide, nitrate and nitrite concentrations in column
effluents were determined using a Dionex 1CS-2000 IC system (Sunnyvale) with an lonPac
AS15 analytical column and an AG15 guard column using a self-regenerating KOH eluent.
Dissolved sulfide concentrations were analyzed using the methylene blue method.34

Dover Columns

Effluent Composition—Stage | of the experiment was designed to mimic landfill
condition with 38 PVs of influents containing 1 mM lactate and 100 zg L™ As(111), during
which both As immobilization and release were observed in Dover columns (Figure 1A).
Effluent As concentration changed rapidly, and coincided with changes in effluent Fe
(Figure 1B). Eh value of the effluent was around +100 mV in the beginning of Stage | and
then decreased to —90 mV (SI Figure S3). Additionally, when lactate-free influent was used,
effluent As and Fe concentrations were consistently low, and Eh did not decrease over time
(SI Figure S4). Stage Il was designed to produce Fe minerals with 38 PVs of nitrate—Fe(ll)-
containing influents, during which effluent As concentration quickly decreased to and stayed
below 10 1g L1 (Figure 1A). Effluent nitrate and Fe concentrations were high due to the
use of nitrate—Fe(ll) amendment, but lower than amended levels (Figure 1B and 1C).
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Effluent nitrite was monitored by IC analysis but was never detected. The pH dropped half a
pH unit during nitrate—Fe(l1) injection (Figure 1D), while Eh stayed at around —90 mV (Sl
Figure S3). Once nitrate—Fe(I1) amendment was discontinued, effluent nitrate and Fe
concentrations decreased rapidly and pH returned to pH around 7. Stage 111 was designed to
stimulate reduction with 45 PVs of influents containing 10 mM lactate, during which
effluent As concentration remained below 10 zg L™1 (Figure 1A). Iron(111) reduction was
apparent, with effluent Fe concentration staying between 0.2 and 0.4 mM (Figure 1B). Eh of
the effluent stayed at around —60 mV during this stage (SI Figure S3). Stage IV was
designed to return to “landfill condition” with 120 PVs of the same influent as Stage I,
during which effluent As concentration remained below 10 £g L™ for about 80 PVs and
then slowly increased to 46 g L1 at the end of the stage (Figure 1A). Effluent Fe
concentration was between 0.05 and 0.1 mM, indicating continued Fe(I11) reduction (Figure
1B). Eh value during Stage IV stayed similar to Stage I, that is, at around =60 mV (Sl
Figure S3). Additional data show that effluent Ca concentration was variable over Stages I to
IV probably due to cation exchange (SI Figure S3), effluent P (indicating phosphate)
concentration was low to nondetect (data not shown), and effluent sulfide was nondetect.
Replicate Dover columns, when available, behaved similarly.

Sediment Iron Mineralogy—Initial (unamended) Dover sediments used in this study had
magnetic susceptibility of 40 (unitless, CGS units) before the column experiment began
(Figure 2). Sequential extractions suggest that unamended Dover sediments did not contain
recalcitrant Fe oxides, and contained primarily nonreactive Fe-bearing minerals (76 mol %
of Fe in solid residues after sequential extractions) and lesser quantities of carbonates,
(oxyhydr)oxides and sulfides. This Fe mineral composition is consistent with that
determined by Fe EXAFS analysis (S| Figure S2).% After Stage Il with nitrate—Fe(l1)
injection, black-colored, magnetic particles was observed within Dover sediments near the
influent end of the column (column inlet) (SI Figure S1). The amended sediments had a
magnetic susceptibility of 2000 at the column inlet and decreased with distance in the
column (Figure 2). Sequential extractions suggest significant quantities of recalcitrant Fe
oxides and amorphous Fe(l11) oxyhydroxides at the column inlet, which also decreased with
distance in the column. After Stage 111 with enhanced Fe(l11) reduction, magnetic
susceptibility of the sediments and the quantity of recalcitrant Fe oxides remained similar to
those before this stage (Figure 2). The quantity of amorphous Fe(l11) (oxyhydr)oxides, on
the other hand, decreased throughout the column. After Stage IV with continued Fe(l11)
reduction, magnetic susceptibility of the sediments and the quantity of recalcitrant Fe oxides
still remained stable (Figure 2). The quantity of crystalline Fe(I11) (oxyhydr)oxides
decreased close to column outlet, Fe carbonates decreased close to column inlet, and Fe
sulfides increased close to column inlet. Nonreactive residual Fe remained stable in Dover
columns throughout the experiment.

Sediment Arsenic Speciation—Unamended Dover sediments contained 3.3 mg kg™ of
As, 61 £ 2% of which was As(l11) (Figure 3). This As was almost completely extracted with
hydroxylamine-hydrochloride and dithionite-citrate, suggesting that it was associated with
amorphous and crystalline Fe(l11) (oxyhydr)oxides. After Stages | and 1l with As(I11)
injection, the total concentration of As and the fraction of As(l11) increased in the sediments,
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especially near the column inlet where As concentration increased to 7.0 mg kg1, 78 + 2%
of which was As(l11) (Figure 3). Sequential extractions suggest that the majority of this
sediment As was associated with amorphous Fe(l11) (oxyhydr)oxides (extracted with
hydroxyl-amine-hydrochloride). After Stage |11 with extensive reduction, sediment As
concentration remained similar to that before this stage, whereas the fraction of As(I11)
slightly increased (Figure 3). A large portion of the sediment As that was originally
associated with amorphous Fe(l11) (oxyhydr)oxides became associated with recalcitrant Fe
oxides (extracted with ammonium oxalate) through a combination of coprecipitation and
surface adsorption. Adsorption isotherms of As(l11) were also conducted with Dover
sediments retrieved after Stage I11. Compared to the unamended sediments, As(l11)
adsorption capacity on the amended sediments significantly increased near the column inlet,
and also seemed to slightly increase near the column outlet (SI Figure S5). After Stage IV
with prolonged period of As(l1l) injection, sediment As concentration increased throughout
the column (12.1 mg kg~ near the column inlet), and the majority of that As was As(l11) (89
+ 3% near the column inlet) (Figure 3). The amount of As coprecipitated within recalcitrant
Fe oxides slightly increased, and the As on the surface of recalcitrant Fe oxides became the
majority of the sediment As at the end of Stage IV. Crystalline Fe(l11) (oxyhydr)oxides also
were significant sinks of As at the end of Stage 1V, and As associated with these phases were
more prevalent near the column outlet. Despite of prolonged microbial reduction, no As-
bearing sulfidic minerals were detected in Dover columns by As XANES or sequential
extractions; and no significant As was associated with carbonates or residues after
extractions (Figure 3).

Sand Column

During Stage I, sand column quickly equilibrated with 100 zg L™1 As containing influent
and effluent As concentration was around 100 g L1 (Figure 1A). Effluent pH stayed at
around 7 (Figure 1D) and Eh stayed at around +130 mV (SI Figure S3). During Stage II,
effluent As concentration quickly lowered to below 10 g L™1. Effluent nitrate and Fe
concentrations were lower than amended levels but higher than those in Dover columns
(Figure 1B and C), indicating less Fe precipitation in sand column. Similar to Dover
columns, effluent pH in sand column dropped to pH around 6.5 (Figure 1D) and effluent
nitrite was nondetected. Effluent Eh was around =90 mV in the beginning of Stage Il and
then decreased to =140 mV at the end (SI Figure S3). During Stage 111, effluent As and Fe
concentrations were both low, pH returned to pH around 7, and Eh increased to +50 mV.
During Stage 1V, effluent As concentration increased to more than 10 g L™ after 10 PVs of
100 g L™ As containing influent and then stabilized at about 70 g L1 (Figure 1A).
Concurrently, strong sulfide smell was noticed in the effluent and measured sulfide
concentration was consistently about 1.2 mg L™1 (given that sulfide could escape as H,S(g)
or be partially oxidized during collection, actual sulfide concentration was likely higher). Eh
value of the effluent was around +15 mV in the beginning of Stage IV, sharply decreased to
-50 mV after around 45 PVs of influent injection, and stayed at around =50 mV until the
end (SI Figure S3). Effluent Fe concentration remained low in Stage IV (Figure 1B).
Amended sand was retrieved from this column at the end of Stage IV for mineralogical
analyses. Magnetic susceptibility increased from —0.5 in pure silica sand to more than 1200
at the column inlet (Figure 4A). Sequential extractions suggest that the amended sand
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contained recalcitrant Fe oxides and small quantity of Fe sulfides (Figure 4B), and that most
of the As immobilized within the sand was associated with recalcitrant Fe oxides mainly as
surface As and some structural As (Figure 4C).

DISCUSSION

Mechanisms of Magnetite Formation by Nitrate—Iron(ll) Addition

Co-injection of nitrate and Fe(Il) during Stage Il of the column experiment produced black
magnetic particles (SI Figure S1). Magnetic susceptibility, which is overwhelmingly
sensitive to magnetite compared to other Fe(l11) minerals, significantly increased in
amended solids from both Dover columns (Figure 2) and sand column (Figure 4A) in Stage
I1, and then appeared to be stabilized in Stages Il and 1V. Sequential extractions also
suggest that the amount of recalcitrant Fe oxides, which include magnetite, increased in
Stage Il and then stabilized in Stages Il and IV (Figure 2 and Figure 4B). These
observations consistently indicate that magnetite, and potentially other Fe minerals,
precipitate from added nitrate and Fe(l1) in these columns. Sequential extractions suggest
that about 1700 mg kg~ of the Fe retained at the column inlet at the end of Stage IV was
probably present as magnetite in sand column, with more produced in Dover columns, about
4100 mg kg1 or 20% of total Fe. Linear combination fitting of EXAFS spectra did not
reveal significant mineralogical changes (SI Figure S2). We attribute this difference to the
insensitivity of the EXAFS fitting to minor phases, and the combined errors in quantification
(at least £7% for magnetite for EXAFS fitting, probably similar in magnitude for
extractions?9:3%), and possibly to problems with sample preservation prior to analysis.
Structural differences between the precipitated magnetite in these columns and that used as a
reference may also have biased EXAFS fitting.

As indicated by magnetic susceptibility and sequential extractions, most of the magnetite
precipitated during nitrate—Fe(Il) addition (Stage I1). This magnetite can precipitate from (i)
the partial oxidation of Fe(ll) by nitrate; (ii) the partial oxidation of Fe(ll) by nitrite; and/or
(iii) the reductive recrystallization of amorphous ferrihydrite and presumably some other
Fe(111) minerals.

The partial oxidation of dissolved Fe(ll) by nitrate (Reaction 1) can be an abiotic (chemical)
or a microbial process:36:37

15Fe®" +2NO3 +14H20 — 5Fe304(s)+Na(g)+28H ()

Without catalysts (e.g., Cu2*), abiotic Fe(ll) oxidation by nitrate is slow at circumneutral
conditions.38:3% About half of the amended level of dissolved Fe(ll) was eluted in the sand
column, whereas significantly more of the Fe(ll) was retained in Dover columns (Figure
1B). The faster Fe precipitation within Dover sediments reflects that the reaction(s)
following nitrate—Fe(11) addition in Dover columns was microbially mediated. Microbes
such as nitrate—dependent Fe(Il) oxidizers can accelerate Fe(ll) oxidation by nitrate and
subsequent mineral precipitation. Such microbes have been encountered in numerous natural
systems,*0-43 with several being specifically reported to be important for the formation of
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biogenic magnetite.**-47 Indigenous nitrate—dependent Fe(l1) oxidizers are likely present in
natural Dover sediments.

Denitrifying microbes are also likely present in natural Dover sediments, which can use an
electron donor such as organic matter and produce nitrite as an intermediate:3°

INO+5 +{CH20} “M% 9NOZ +C05(g)+H20  (2)

Subsequently, magnetite can precipitate from the partial oxidation of Fe(lIl) by nitrite:

9Fe?* +2NO; +8H20 — 3Fe304(s)+Na(g)+16H"  (3)

In contrast to nitrate, nitrite is an effective oxidant of Fe(l1),3° making Reaction 3 a
relatively rapid abiotic process. Nitrite was never detected in effluents from the columns in
this study. The lack of nitrite is consistent with Reaction 3 being rapid and complete, or
denitrification (Reaction 2) being inactive. The difference between Dover columns and sand
column suggests that microbial processes are probably responsible for much of the
magnetite formation. ldentifying the specific microbial species within Dover sediments is a
focus of ongoing research.

Other Fe minerals were also identified in amended Dover sediments, including a significant
quantity of easily extracted amorphous Fe(l11) oxyhydroxides (Figure 2). This amorphous Fe
oxyhydroxide has been identified as ferrihydrite based on EXAFS results in these columns
and in recent microcosm study.2® Ferrihydrite could be produced through a variety of
pathways and then reductively transformed to some other Fe minerals.36:48 In Stage Il with
high concentration of dissolved Fe(Il) (because of nitrate—Fe(l1) addition, Figure 1B), Fe(ll)-
induced (re)crystallization of ferrihydrite is another mechanism that produces
magnetite:36:37

FE** 4+2Fe(OH),(s) — FeOu(s)+2HT+2H20 (4

Reactions 1, 3, and 4 all lead to the production of acidity, and are consistent with the slight
decreases in pH observed during nitrate—Fe(l1) addition (Figure 1D), even though 10 mM
PIPES was used to buffer the system. Our ongoing research examines which metabolic
pathway (Reaction 1, 3, or 4) plays the most significant role in producing magnetite
following nitrate—Fe(11) addition. Regardless of how magnetite was produced, it was
resistant to prolonged microbial reduction stimulated by addition of lactate (Figure 2). The
thermodynamic stability of magnetite under reducing conditions in aquifers compared to
other common Fe minerals makes it a better host for long-term As immaobilization.
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Arsenic Associated with Neoformed Iron Minerals

Before nitrate—Fe(11) amendment was used on Dover columns, effluent As concentration
fluctuated rapidly (Figure 1A), which probably resulted from microbial reduction that was
stimulated by exogenous organic carbon — lactate. Presumably due to changes in Fe
mineralogy, nitrate—Fe(1l) addition to Dover columns significantly enhanced As retention.
Most of the dissolved As(I11) injected into Dover columns was immobilized (Figure 1A).
Sequential extractions suggested that some of the As was coprecipitated within recalcitrant
oxides, including magnetite, during mineral formation stage, and this structural As persisted
throughout subsequent reductive stages (Figure 3). Nitrate—Fe(Il) addition produced
ferrihydrite in parallel to magnetite in Dover columns (Figure 2) and in recent microcosm
study.2® Ferrihydrite has a high adsorption capacity and fast adsorption kinetics for As
oxyanions;’-38 extractions implied that significant quantities of As were also adsorbed on
this ferrihydrite following nitrate—Fe(11) addition (Figure 3). Extensive transformation of
ferrinydrite then occurred when lactate was added to stimulate microbial reduction, however,
dissolved effluent As concentrations remained low even as As was a(Figure 1A). We
attribute the continued retention of As under reducing conditions to the stability and sorption
capacity of magnetite.2% Fresh magnetite could retain As released as ferrihydrite was
reduced. In fact, extractions suggest that as additional dissolved As was injected into the
columns in Stage 1V, it adsorbed primarily to magnetite (Figure 3).

Although effluent As concentrations from the sand column were consistently lower than
influent levels during Stage 1V, the sand column had a much faster As breakthrough than
Dover columns (Figure 1A). This faster As breakthrough might be related to less neoformed
magnetite in the sand column than that in Dover columns (Figure 2 VS Figure 4). However,
given the quantity and sorption capacity of magnetite that precipitated in the sand column
(1700 mg kg~! Fe as magnetite at the column inlet, suggested by sequential extraction), this
breakthrough occurred in advance of sorption site saturation.10:27 We attribute the faster-
than-expected breakthrough of As to the formation of thioarsenic solution complexes.13:49.50
Efforts to keep the sand column sterile were ineffective over the 4-month experiment, and
obvious sulfate reduction was observed: dissolved sulfide was detected in the effluent, and
Fe sulfide minerals were identified in the sand (Figure 4B). In principal, As(l11) can
precipitate following sulfate reduction, within As sulfide minerals such as As,S3 or some Fe
sulfide minerals. However, when sulfide activities are higher than about 0.5 1M, As(l11) can
instead complex with dissolved sulfide.>152 Consequently in the sand column, the formation
of As-bearing sulfide minerals were limited (Figure 4C), and thioarsenic solution complexes
were effectively advected and eluted.

Given that sulfate-reducing bacteria (SRBs) are ubiquitous in natural environments,>0:53.54
sulfate reduction probably also occurred in Dover columns. Dover columns, however,
contained excess reactive Fe(l1) in forms like ferrihydrite, which reacts with dissolved
sulfide:13:49.53

HS™+2Fe(OH) 4(s)+5H ¢ 2Fe’* 45" (s)+6H20 (5
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Reaction 5 is a fast, abiotic process which can effectively “buffer” dissolved sulfide
concentrations at levels low enough to prevent thioarsenic complex formation. Even though
Reaction 5 would dissolve ferrihydrite and release the ferrihydrite-adsorbed As, Dover
columns contained enough other sorbents to retain As(l1), including magnetite.

During Stages Il and IV, one of the most apparent mineralogical changes is amorphous
Fe(I11) minerals including ferrihydrite being transformed to some more stable minerals
including goethite (Figure 2). This change from ferrihydrite to goethite has the potential to
significantly affect As retention. This change produces minerals that are more resistant to
microbial reduction,813:36:55 pyt typically lowers the surface area and thus decreases
adsorption capacity.19:2” Additionally, when reducing condition is prolonged and ferrihydrite
is depleted, reductive dissolution/transformation of goethite would eventually become
favorable.91555 Consistent with these predictions, effluent As concentrations gradually
increased for Dover columns at the end of Stage IV (Figure 1A).

IMPLICATIONS

The main goal of this study was to determine the efficacy of a novel magnetite forming As
remedial method in dynamic flow-through columns that simulate in situ conditions at
Superfund sites. This study demonstrated that coinjection of nitrate and Fe(ll) enabled the
formation of an Fe mineral assemblage that included significant amounts of magnetite and
immobilized As even under prolonged Fe reduction. Magnetite can incorporate As into its
structure during formation, in which case desorption (and As(V) reduction) are less likely. In
natural aquifers with circumneutral pH and a microbial community, the neoformed biogenic
magnetite can be nanoparticulate magnetite with large surface area2® and effectively
immobilize additional As by surface adsorption. Injection of nitrate was suggested as a
possible treatment route for As burdened Asian groundwater aquifers,12 by stimulating the
formation of hydrous ferric oxides, which might not be stable within aquifers over the long-
term. Co-injection of nitrate and Fe(ll) to increase the formation of magnetite can potentially
be an improvement on this route.

The nitrate—Fe(l1) strategy would use direct injection rather than trenching. Although the Fe
mineral assemblage would precipitate more near the injection point, it formed slowly
enough to disperse through much of the column (Figure 2), and did not restrict the flow.
Even where concentrated, the precipitation would not occupy more than 1% of the available
pore space (based on porosity and the quantities and densities of magnetite and ferrihydrite).
This implies that nitrate—Fe(l1) injection(s) would less likely cause pore clogging issues or
make the contaminated groundwater flow bypassing the amended zone, which are often
associated with the physical presence of ZV1 barrier and its voluminous corrosion
products.18:56 For field implementation, amendment injections can also be designed to
further disperse mineral precipitation and remediate larger volumes. Such nitrate—Fe(I1)
strategy, therefore, can potentially produce a stable, dispersed reactive filter within the
aquifer and immobilize dissolved As from contaminated groundwater when it migrates
through the amended zone.
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Of course, continued efforts are warranted for the nitrate—Fe(l1) strategy to be used at the
field-scale. The composition of the nitrate—Fe(Il) amendment itself probably needs to be
refined according to varying field conditions, to increase the amount of neoformed
magnetite, to limit the formation of thioarsenic complexes, and thus to further improve As
retention. To better understand and utilize the reaction mechanisms behind this strategy,
investigations on the synergistic effects between abiotic and microbial processes would be
required. Laboratory experiments with real groundwater or a pilot field experiment, which
contains phosphate, natural organic compounds and other ions that often impact the fate of
As and potentially impact Fe mineralogical transformation,17->"-59 would be valuable.
Reactive transport modeling can also be useful, to quantify the biogeochemical dynamics
following nitrate—Fe(l1) injection in laboratory columns, to scale laboratory results to field
systems, and to design and optimize field operation of the strategy.5 Nevertheless, the
findings in this column study with reduced sediments and As(l11), together with the findings
in recent microcosm study with somewhat oxidized sediments and As(V),2° suggest that
coinjection of nitrate and Fe(ll), which produces a Fe mineral assemblage containing
magnetite, can potentially be a long-term As immobilization method under a relatively wide
range of conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effluent (A) As, (B) Fe and (C) nitrate concentrations, and (D) pH, as a function of pore

volumes. Green, blue and red symbols represent replicate Dover columns which were

sacrificed at different time, whereas grey symbols represent sand column. Vertical bars with
diagonal lines represent the switches between experimental stages (Table 1) with nitrate—
Fe(ll) injection shown with shading. Horizontal black lines represent influent conditions.
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Figure2.
(Upper panel) Magnetic susceptibility measurements for the solid samples from Dover
columns, which were sacrificed at the end of Stages I, 1l and IV, respectively. The thick

black dash line represents unamended Dover sediments. (Lower panel) Results from
sequential extractions and digestions on the solid samples for Fe.
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Figure 3.
(Upper panel) Normalized As XANES spectra (thick grey lines) and linear combination fits

(black lines) for the solid samples from Dover columns. Reference spectra are plotted for
comparison. The spectra are vertically offset for clarity. Results of fitting are in SI Table S3.
(Lower panel) Results from sequential extractions and digestions on the solid samples for
As.
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(A) Magnetic susceptibility measurements for the solid samples from sand column, which
was sacrificed at the end of Stage IV. The thick black dash line represents pure sand. Results

from sequential extractions and digestions on the solid samples for (B) Fe and (C) As.
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Table 1
The design of the four-stage column experiment?
Experimental Stage Purpose Amendments #PVs
I: pre-equilibration Mimic “landfill conditions” 1 mM lactate and 100 g L™ As(l11) ~3gb
11: mineral formation Induce the formation of Fe minerals 1 mM lactate, 100 zg L™ As(111), 1 mg L1 bromide, ~38
10 mM nitrate and 4 mM Fe(ll)
Intermission: clean residual nitrate—Fe(l1) 1 mM lactate ~4
amendment
111: enhanced reduction  Further stimulate reduction 10 mM lactate ~45
1V: reactive filter Return to “landfill conditions” 1 mM lactate and 100 g L™ As(111) ~120
aThree replicate Dover columns were sacrificed at the end of Stages Il, 111 and IV, respectively. Sand column was sacrificed at the end of Stage V.

More details, such as how the influents were prepared, are in SI Table S1.
b . . . -
We attempted to switch the experimental stage from Stage | to Il at about PVs = 30, but switched back to Stage | after about 0.2 PV of injection (2

h) because precipitation was noticed in the Fe(l1) influent. We therefore continued with Stage | for another 8 PVs (i.e., about 38 PVs in total) before
successfully switching to Stage II.
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