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Abstract

Magnetite strongly retains As, and is relatively stable under Fe(III)-reducing conditions common 

in aquifers that release As. Here, laboratory microcosm experiments were conducted to investigate 

a potential As remediation method involving magnetite formation, using groundwater and 

sediments from the Vineland Superfund site. The microcosms were amended with various 

combinations of nitrate, Fe(II)(aq)(as ferrous sulfate) and lactate, and were incubated for more than 

5 weeks. In the microcosms enriched with 10 mM nitrate and 5 mM Fe(II)(aq), black magnetic 

particles were produced, and As removal from solution was observed even under sustained Fe(III) 

reduction stimulated by the addition of 10 mM lactate. The enhanced As retention was mainly 

attributed to co-precipitation within magnetite and adsorption on a mixture of magnetite and 

ferrihydrite. Sequential chemical extraction, X-ray absorption spectroscopy and magnetic 

susceptibility measurements showed that these minerals formed at pH 6 – 7 following nitrate-

Fe(II) addition, and As-bearing magnetite was stable under reducing conditions. Scanning electron 

microscopy and X-ray diffraction indicated that nano-particulate magnetite was produced as 

coatings on fine sediments, and no aging effect was detected on morphology over the course of 

incubation. These results suggest that a magnetite based strategy may be a long-term remedial 

option for As-contaminated aquifers.
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1. INTRODUCTION

Arsenic is the 2nd most common contaminant of concern at the U.S. Superfund sites, with 

nearly 50% of sites having groundwater As related problems (ATSDR, 2013). Mitigating 

groundwater As contamination is urgently required, however, has proven difficult. 

Encapsulation technology, common in soil remediation, is typically impractical for diffuse 

contaminants. Pump-and-treat (P&T), which can control groundwater migration, is 

commonly used for groundwater remediation (EPA, 2003). This method is hampered for As 

because of slow and inefficient desorption from aquifer sediments (Wovkulich et al., 2012; 

Wovkulich et al., 2014). One attractive option for remediating groundwater As is in situ 

immobilization, which stimulates mineral formation within the aquifer to adsorb and/or 

precipitate As.

Iron minerals are commonly used as As sorbents (Benner et al., 2002; Dixit and Hering, 

2003; Kneebone et al., 2002; Pedersen et al., 2006). The limited stability of Fe minerals 

under reducing conditions, however, represents a major challenge to the development of As 

in situ immobilization in aquifers. Reducing conditions common in aquifers can lead to 

reductive dissolution of many common Fe(III) (oxyhydr)oxide minerals, remobilizing the 

associated As (Benner et al., 2002). Arsenic can also adsorb on or co-precipitate within 

Fe(II) sulfide minerals (O’Day et al., 2004; Saalfield and Bostick, 2009). Sulfide-based As 

immobilization strategies can be effective under some conditions (Keimowitz et al., 2007; 

O’Day et al., 2004; Onstott et al., 2011), but these methods often are limited by sulfide 

mineral oxidation, and can be solubilized as thiolated As complexes in sulfidic solutions 

(Wilkin et al., 2003).

Magnetite, Fe3O4, is a mixed-valence Fe oxide containing both tetrahedral and octahedral 

Fe(III) (Coker et al., 2006; Schwertmann and Cornell, 2008). Unlike many Fe minerals, 

magnetite is stable in a wide range of conditions including Fe(III)-reducing environments 
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where As is typically mobilized and bioavailable (An Fe Eh-pH diagram is provided in the 

supplementary material (SM) Figure S1, also showing in situ redox conditions at selected 

Superfund sites) (deLemos et al., 2006; He et al., 2010; Keimowitz et al., 2005; Lipfert et 

al., 2006; Wovkulich et al., 2014), although biogenic and abiogenic magnetite may have 

different stability towards microbial Fe(III) reduction (Muehe et al., 2013b; Piepenbrock et 

al., 2011). Magnetite can scavenge both As(V) and As(III) from solutions through surface 

adsorption (Chowdhury et al., 2011; Gimenez et al., 2007; Pedersen et al., 2006; Wang et 

al., 2008; Yean et al., 2005). It is also capable of co-precipitating tetrahedral As(V) as well 

as a number of cations (e.g., Al3+, Ti4+, Cr3+, Co2+, Ni2+, Cu2+, Zn2+ and Cd2+) into its 

crystal structure (Coker et al., 2006; Cooper et al., 2000; Jang et al., 2003; Muehe et al., 

2013a; Saalfield and Bostick, 2009; Schwertmann and Cornell, 2008). So far, the potential 

of in situ immobilization of contaminants on magnetite has seldom been applied to 

groundwater remediation efforts. This is in part because magnetite is typically synthesized 

through reductive pathways of Fe(III) oxyhydroxides at pH >7.5 (SM Table S1), while 

aquifer pHs at As-contaminated sites are commonly circumneutral to acidic, i.e., conditions 

under which magnetite production through this pathway is inhibited (Ayala-Luis et al., 

2008; Hansel et al., 2005; Jang et al., 2003; Jolivet et al., 2002; Schwertmann and Cornell, 

2008; Tronc et al., 1992). Magnetite formation can also be stimulated by Fe(II)-oxidizing 

bacteria (Chaudhuri et al., 2001; Dippon et al., 2012), and dissolved As can be sequestered 

through such microbial oxidation (Hohmann et al., 2011; Hohmann et al., 2010; Senn and 

Hemond, 2002). Given the stability of magnetite under a relatively broad range of aquifer 

redox conditions, if reliably produced, it could not only achieve but maintain low 

groundwater As concentrations because magnetite is thermodynamically stable under 

aquifer conditions.

The objectives of the present study are to stimulate magnetite formation in amended 

microcosms containing natural aquifer sediments and groundwater, and to evaluate the 

effect on immobilizing As. The evolution of solution composition and sediment 

mineralogical transformations in microcosms were concurrently traced using several 

techniques. In all, our data suggest that magnetite formation can be achieved by the 

microbial oxidation of Fe(II) by nitrate, even under mildly acidic pH conditions, and that the 

combination of magnetite and other Fe oxides effectively sequesters dissolved As even 

under sustained Fe(III) reduction.

2. MATERIALS AND METHODS

2.1. Site Information and Sample Collection

This study uses aquifer sediments and groundwater from the Vineland Chemical Company 

Superfund site (Cumberland County, New Jersey). Descriptions of the Vineland site have 

been previously reported (Wovkulich et al., 2012; Wovkulich et al., 2014). Arsenic 

contamination here resulted from improper storage of As-containing herbicides and salts 

between 1949 and 1994. Before mitigation efforts, the Vineland aquifer sediments were 

contaminated with typical As concentrations of 20 to 250 mg kg−1, and site groundwater As 

concentrations exceeded WHO drinking water standard (10 μg L−1 As) by up to three orders 

of magnitude. A large P&T system, as well as several other strategies, is involved in the 
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current mitigation activities at Vineland. The sediments used in this study were derived from 

a pit freshly dug down below the water table with a backhoe in an area that is weakly acidic 

(pH ~ 6), composed of orange-colored sandy grains. Immediately after retrieval, the 

sediments were homogenized and sealed in new metal cans. The groundwater used in this 

study was from a P&T well (RW 02) adjacent to the sediment collection location. The well 

was sufficiently flushed before collecting and sealing groundwater in plastic cubitainers (no 

filtering or poisoning of the groundwater). Aquifer sediments and groundwater were kept in 

the dark at 4 °C once collected and brought back to laboratory for experiments. The major 

element composition of this groundwater was stable, and although Fe precipitated from it, 

As concentration was similar to aquifer levels (Wovkulich et al., 2014).

2.2. Microcosm Setup: First Set of Microcosms

A series of microcosms (Table 1) were performed by mixing 26.5 g homogenized wet 

sediments (24.5 g in dry weight) with 490 mL groundwater, in 500 mL high-density 

polyethylene bottles. After mixing, sediments and groundwater were pre-equilibrated for 24 

hours in sealed bottles. The microcosms were then treated on Day 0 in duplicate as 

following: (i) control (amendment-free), (ii) nitrate-only treatment (10 mM NaNO3) and (iii) 

nitrate-Fe(II) treatment (10 mM NaNO3 & 5 mM FeSO4). Nitrate was chosen as the oxidant 

rather than oxygen because it is soluble and reacts slowly with ferrous Fe. The slow 

oxidation should limit mineral precipitation in field trials, thus preventing clogging in 

injection wells. Ferrous sulfate was chosen as the source of ferrous Fe because it is stable 

and readily available. For nitrate-Fe(II) treatment, since ferrous Fe hydrolyzes, particularly 

when oxidized, producing H+, NaOH was added 24 hours after nitrate-Fe(II) addition to 

neutralize the ferrous Fe. To test the stability of the amended microcosms, 10 mM Na-

lactate was added as a model organic carbon source to stimulate microbial activity and 

reducing conditions. Lactate was applied in nitrate-only and nitrate-Fe(II) treatments on Day 

10.0 when solution compositions stabilized, which made them two-stage incubations with 

the beginning to Day 10.0 as nitrate-treated “oxidative” stage and Day 10.0 to the end as 

lactate-treated “reductive” stage. These microcosms were incubated simultaneously and 

semi-anaerobically in sealed bottles (oxygen was not excluded from headspace) at room 

temperature. The presence of some oxygen is relevant and necessary for the setup of 

microcosms with the Vineland sediments, since the sediments are somewhat oxic. The 

duration of this experiment was 38.0 days, during which the bottles were opened for 

subsampling approximately twice per week with < 2 minutes each time. During 

subsampling, microcosms were monitored for pH and Eh, and aliquots (i.e., sediment-

groundwater mixture) were removed and filtered to 0.2 μm. The solutions were acidified and 

analyzed by inductively coupled plasma mass spectrometry (ICP-MS). The sediments 

contained on filter membranes were immediately coated in glycerol to prevent exposure to 

oxygen and sealed in microcentrifuge tubes in the dark at −20 °C for X-ray absorption 

spectroscopy (XAS) analysis.

2.3. Analytical Techniques

Solution samples from the microcosms were analyzed by Axiom Single Collector ICP-MS 

(Thermo Elemental) or Element XR ICP-MS (Thermo Fisher Scientific) for dissolved 

elemental concentrations. Germanium (Ge) was added as an internal response standard and 
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used for monitoring instrument drift. For As, resolving power of the instrument was set at 

around 10,000 to resolve the 75As peak from Ar-Cl interference. Each sample was run three 

times and averaged. Quantification was based on comparison to a six-point standard curve 

for a multi-element standard. Accuracy was verified against known quality controls NIST 

1640A and NIST 1643.

Initial Vineland aquifer sediments, and amended sediments on Day 12.5 and Day 38.0 from 

above microcosms, were analyzed for As X-ray absorption near edge structure (XANES) 

and Fe extended X-ray absorption fine structure (EXAFS) spectra. The analysis was carried 

out at the Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 4-1. The 

beamline was configured with a Si(220) monochromator and a phi angle of 90 degrees. 

Soller slits were installed to minimize the effects of scattered primary radiation. The beam 

was detuned as needed to reject higher-order harmonic frequencies and prevent detector 

saturation. Sample fluorescence was measured in combination with 6 μx Mn filter for Fe and 

6 μx Ge filter for As data, respectively, with a 13-element Ge detector. Arsenic XANES and 

Fe EXAFS spectra were processed in SIXpack software (Webb, 2005) using standard 

procedures (Saalfield and Bostick, 2009; Sun et al.; Wovkulich et al., 2014). Na-arsenate, 

Na-arsenite and orpiment (As2S3) were chosen as As references. Ferrihydrite, goethite, 

hematite, magnetite, siderite, mackinawite and Fe(III)-rich illite, were chosen as Fe 

references, consistent with an earlier (micro-XANES) study on Vineland aquifer 

(Wovkulich et al., 2014). Least-squares linear combination fitting (LCF) was used to 

quantify the percentage of each reference, which was then converted to the final amount by 

multiplying by bulk elemental concentration when needed. Quantitation based on standard-

addition methods has shown that the detection limits of Fe EXAFS-LCF are adequate to 

quantify magnetite and ferrihydrite in such microcosms (Sun et al.).

2.4. Second Set of Microcosms and Analytical Techniques

To examine magnetite formation and its effect on As partitioning in more detail, a 2nd set of 

two nitrate-Fe(II) microcosms (Table 1) were performed identically to the 1st set (using 

stored groundwater and sediments, no new materials were collected from the Vineland site). 

One of the microcosms was incubated for 12.5 days and the other for 39.5 days. Again, 

lactate was applied in the microcosms on Day 10.0, microcosms were monitored for pH and 

Eh, and aliquots were subsampled and filtered to 0.2 μm. Each solution sample was analyzed 

for dissolved elemental concentrations by ICP-MS, and for dissolved organic carbon (DOC) 

by high-temperature catalytic oxidation method on a Shimadzu total organic carbon VCSN 

analyzer. Each sediment sample contained on filter membrane and coated with glycerol in a 

microcentrifuge tube, was measured for magnetic susceptibility with a Bartington MS2B 

instrument following collection. It was then dried after being washed by water, and dry mass 

of the sediments was obtained for susceptibility calculation. Aliquots were also subsampled 

and freeze dried on Day 4.5, Day 12.5 and Day 39.5. The freeze-dried sediments were 

ground to powder using an agate mortar-and-pestle set, and X-ray diffraction (XRD) 

patterns over 2-Theta range of 4° to 80° were collected using a PANalytical X’pert3 Powder 

diffractometer with Cu K-alpha radiation (λ = 1.5406 Å). Additionally, the remaining 

sediments after the last set of subsamples in each microcosm were freeze-dried, and 

magnetic particles were separated by a magnet. A subsample of the magnetic separates was 
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mounted over the scanning electron microscopy (SEM) sample stubs using flat sticky tabs 

and coated with carbon using Denton Vacuum Evaporator DV-502A. A Zeiss Supra 35 VP 

SEM with Genesis 2000 X-ray energy dispersive spectroscopy (EDS) was then employed 

for morphological and compositional analyses. The rest of the magnetic separates were 

diluted 50 wt% with boron nitride (BN), ground, and also analyzed by XRD.

Immediately after XRD analysis, the powders from the sediments and magnetic separate 

samples were subjected to sequential chemical extraction (Table 2) (Keon et al., 2001; 

Poulton and Canfield, 2005). Sediment samples were directly used, whereas the magnetic 

separates-BN mixtures were further diluted 80 wt% with pure quartz. Extractions were 

conducted with a dry mass size of 150 mg and an extractant volume of 10 mL, at room 

temperature in constantly agitated polyethylene centrifuge tubes. Extractants were prepared 

freshly, by dissolving chemicals in oxygen-free Milli-Q water (purged with N2(g)). 

Extractions were performed in sealed tubes following purging with N2(g). At the end of each 

extraction, suspensions were centrifuged. The supernatants were then filtered to 0.2 μm and 

analyzed by ICP-MS, and solids were treated with the next extractant. After extraction, 

elemental concentrations in residues were determined following microwave-assisted acid-

digestion (EPA, 1995). To verify the experimental extraction/digestion procedure, As(V)-

adsorbed magnetite and an As(V)-adsorbed ferrihydrite-goethite-magnetite mixtures were 

also prepared, diluted with BN and quartz, and simultaneously extracted/digested and 

analyzed. (More details on mineral synthesizing and sample processing are in SM Figure 

S2.)

3. RESULTS AND DISCUSSION

3.1. Iron Mineralogy and Arsenic Solubility in Different Microcosms

Based on XAS analyses (Figure 1 and 2), initial Vineland aquifer sediments used in this 

study contained mostly Fe(III) (97% ± 14% of total Fe) and As(V) (98% ± 1% of total As), 

and did not contain magnetite. Poorly-ordered ferrihydrite dominated the initial sediment Fe, 

which is an effective As adsorbent but susceptible to reductive transformations and often 

linked to the release of adsorbed As into solution under reducing conditions (Pedersen et al., 

2006; Raven et al., 1998). Sediment As remained as As(V) in the microcosms over the 

course of incubation. Sediment Fe mineralogy and solution composition (Figure 3), 

however, changed considerably and varied widely between microcosm treatment types.

3.1.1. Controls and Nitrate-only Microcosms—In the controls without treatment, 

dissolved As concentrations increased slightly and gradually to a maximum of 815 μg L−1 

(Figure 3A), due to sediment-solution equilibrium and probably driven by microbially 

mediated reactions with pre-existing organic carbon. Nitrate is known to strongly influence 

Fe and accordingly As, and also meditates As(III) oxidation to As(V) (Gibney and Nusslein, 

2007; Hohmann et al., 2011; Senn and Hemond, 2002). The addition of 10 mM nitrate to the 

microcosms, however, was ineffective at altering solution composition (Figure 3). 

Subsequent addition of exogenous organic carbon encouraged reductive transformation of 

Fe(III) oxyhydroxides, and led to accumulation of secondary Fe(II)-containing minerals, 

including magnetite, siderite and mackinawite (Figure 1). Correspondingly, a dramatic 
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increase in dissolved As concentration (peaked at about 2 mg L−1) was observed. The 

release of sediment As into solution resulted partially from the depletion of surface sites. 

Moreover, lactate addition caused a shift in pH from acidic to pH about 7.8 (Figure 3C), 

which is above the optimal pH for As(V) adsorption on Fe oxides (Chowdhury et al., 2011; 

Dixit and Hering, 2003). Bicarbonate production from lactate oxidation in Ca-containing 

solutions could also enhance As(V) desorption from ferrihydrite and presumably some other 

minerals (Saalfield and Bostick, 2010).

3.1.2. Nitrate-Iron(II) Microcosms—The simultaneous addition of 10 mM nitrate and 5 

mM Fe(II)(aq) to microcosms yielded drastically different results compared to the nitrate-

only treatment. The nitrate-Fe(II) microcosms remained slightly acidic over the course of 

incubation (Figure 3C). These microcosms effectively decreased dissolved As concentration 

to 6 μg L−1 within 1.0 day, and kept it relatively low during not only the nitrate-treated 

oxidative but also the lactate-treated reductive stage of the incubation, with As concentration 

being 36 μg L−1 at the end of the incubation (Figure 3A). Induced by the addition of 5 mM 

ferrous Fe, dissolved Fe concentration was high in the beginning (Figure 3B). Primarily 

attributed to the oxidation of ferrous Fe by nitrate (and some dissolved oxygen) and 

subsequent mineral precipitation, dissolved Fe concentration then dropped to values below 

0.5 mg L−1 at the end of the incubation. As indicated by Fe EXAFS (Figure 1), Fe 

mineralogy in these nitrate-Fe(II) microcosms changed considerably, with ferrihydrite and 

goethite being produced dominantly in combination with lesser quantity of magnetite. All 

three Fe mineral products can serve as scavengers of dissolved As (Dixit and Hering, 2003), 

however, have vastly different stability towards redox transformation. The quantity of Fe 

needed for effective removal was studied in a series of additional microcosms in which Fe 

concentrations were varied. At least 5 mM ferrous Fe addition was needed to effectively 

sequester As within the sediments and, more importantly, prevent the release of As into 

solution during the reductive stage (SM Figure S4).

3.1.3. Additional Nitrate-Iron(II) Microcosms – Magnetic Separates—Another 

two nitrate-Fe(II) microcosms, with the exact same amount of nitrate-Fe(II) addition, 

provided characterization using magnetic susceptibility, sequential chemical extraction, 

XRD and SEM-EDS. Prior to nitrate-Fe(II) addition, pH in these microcosms was half a pH 

unit higher than that in the 1st set. However, the pH difference was stable and the solution 

composition was otherwise reproducible (Figure 4A). Consistently, dissolved As 

concentration remained low, being 14 μg L−1 on Day 39.5. Magnetic susceptibility 

measurements increased from near zero to more than 3000 (unitless, CGS units) over the 

first 10 days and then stabilized (Figure 4B), consistent with Fe EXAFS results showing the 

formation of magnetite during the oxidation of Fe(II) by nitrate. This high magnetic 

susceptibility is indicative of magnetite because other Fe minerals have much lower 

susceptibilities, but susceptibility is difficult to convert to concentration due to sample 

heterogeneity and magnetic properties that vary with mineral size, morphology and 

composition (Maher, 1988; Porsch et al., 2010). Similar to the 1st set, amended sediments 

visibly contained black particles, which could be collected through magnetic separation once 

freeze dried. XRD confirmed the prevalence of magnetite and quartz in magnetic separates 

(Figure 5A and 5C) but was insensitive to trace phases, including magnetite, in unaltered 
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sediments (SM Figure S5). Iron sequential extractions can provide a means of (indirectly) 

determining Fe mineralogy in sediments and in magnetic separates (Figure 6) (Poulton and 

Canfield, 2005). Extractions on amended sediments indicated precipitation of a mineral 

assemblage of ferrihydrite, goethite and magnetite, which is similar to the 1st set but has a 

much higher fraction of magnetite probably owing to higher pH (Cooper et al., 2000; Jang et 

al., 2003). Extractions also indicated that about 45% (w/w) of the magnetic particles were Fe 

oxides (calculation is in SM Table S3), with the mineral composition generally being 

consistent with the composition derived from the characterization of amended sediments.

The magnetite, which was identified by Fe EXAFS, magnetic susceptibility, XRD, and 

extractions, can have a variety of morphologies that affect ion retention properties. XRD 

diffraction lines for magnetite exhibited line broadening typical of nanoparticles (Figure 5B 

and 5D). The full width at half maximum (FWHM) value of 0.39° and 0.42° of the largest 

magnetite diffraction line at 35.5° 2-Theta corresponds to a Scherrer domain size of 22 nm 

and 21 nm (Scherrer, 1918). Quartz, which is highly crystalline, had a FWHM of 0.07° on 

the diffractometer, which indicates that the magnetite width was not significantly affected by 

instrumental broadening. Thus the calculated Scherrer width is representative of the actual 

scattering domain size. This size agreed with high-magnification SEM images of these 

magnetic separates, which displayed about 30 nm cubic and botryoidal crystal habits and no 

sign of morphology change over the course of incubation (Figure 5C and 5E, additional 

SEM images are in SM Figure S6). SEM-EDS analysis also indicated the significant 

presence of Fe minerals which existed as coatings on the surface of quartz and other 

minerals.

3.2. Magnetite Formation Mechanism

The nitrate-Fe(II)-enriched microcosms produced considerable quantities of magnetite and 

other Fe oxides at neutral to acidic pH, i.e., conditions are not specifically favorable for 

magnetite formation (SM Table S1). There are two principal formation mechanisms for 

magnetite (Hansel et al., 2005; Schwertmann and Cornell, 2008): (1) Fe(II)(aq)-induced 

(re)crystallization of ferrihydrite or other Fe(III) minerals, and (2) Fe(II)(aq) and Fe(III)(aq) 

co-precipitation:

(1)

(2)

Under reducing conditions, the reductive transformation of Fe(III) minerals (Reaction 1) 

usually directs the generation of magnetite. In such systems, small quantities of Fe(II)(aq) 

that are released through Fe(III) reduction trigger magnetite nucleation (Benner et al., 2002). 

The magnetite produced after lactate addition in the nitrate-only microcosms, which 

stimulated Fe(III)-reducing bacteria and generated Fe(II)(aq), should be mainly governed by 

this reductive pathway. However, in the nitrate-Fe(II) microcosms, according to DOC 

measurements (Figure 4A), Fe EXAFS, magnetic susceptibility, and extraction, (1) the 

majority of magnetite formation preceded the large consumption of organic carbon (Figure 

4B and Figure 6), when microcosms were somewhat oxidized; and (2) other than magnetite, 

SUN et al. Page 8

Chemosphere. Author manuscript; available in PMC 2016 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



goethite was the dominant mineral product following consumption of organic carbon (Figure 

1 and Figure 6), when reductive transformation of ferrihydrite was active. We hypothesize 

that magnetite formation occurs through a microbial nitrate-involved oxidative pathway 

(Reaction 3) under the experimental conditions:

(3)

The overall pathway involves the partial oxidation of excessive Fe(II)(aq) by nitrate and then 

the Fe(II)(aq) and Fe(III)(aq) co-precipitation (Reaction 2). The Gibbs energy of Reaction 3 

illustrates the favorability of the oxidative pathway (ΔGrxn, SM Figure S7). At pH 6, ΔGrxn 

is −869.3 kJ mol−1 when ferrous Fe and nitrate were introduced (5 mM Fe(II)(aq) and 10 

mM nitrate) and is −612.9 kJ mol−1 even when relevant reaction constituents were largely 

consumed (5 μM Fe(II)(aq) and 9 mM nitrate). Direct chemical oxidation of Fe(II) by nitrate 

is very slow, and probably not significant in these microcosms. Reaction 3, therefore, is a 

microbial process. Because these microcosms contained excess nitrate, denitrification likely 

occurred in parallel to Reaction 3. Additional magnetite could be formed by reaction with 

nitrite, produced during this denitrification, and Fe(II)(aq) (Melton et al., 2014):

(4)

Dissolved oxygen levels were low in such microcosms, but residual oxygen might have been 

responsible for the oxidation of small quantities of Fe(II)(aq). However, the rate of oxidation 

appeared to be relatively slow (with 12 ~ 13 mg L−1 of dissolved Fe still present after 10 

days of reaction, Figure 3B), which is largely consistent with typical rates of nitrate-

dependent microbial oxidation (Straub et al., 1996). Many chemoautotrophs that can 

mediate the oxidation of ferrous Fe by nitrate are encountered in groundwater, freshwater, 

and marine environments (Hohmann et al., 2011; Jiao et al., 2005; Pantke et al., 2012; Senn 

and Hemond, 2002), and several appear to facilitate magnetite formation (Chaudhuri et al., 

2001; Dippon et al., 2012; Miot et al., 2014; Zhao et al., 2013). Similar bacteria are likely to 

be present in the Vineland aquifer and experiments to characterize these species in these and 

other sediments are an ongoing effort. Magnetite, regardless of how it is formed, is relatively 

stable over a wide range of pH and redox conditions, and thus is less susceptible to reductive 

dissolution, which affects the suitability of other common Fe minerals (SM Figure S1) as As 

scavengers.

3.3. Arsenic Retention by Precipitated Iron Mineral Assemblage

In the nitrate-Fe(II) microcosms, aqueous As was incorporated into the solid phase upon Fe 

mineral precipitation. Sequential extractions of sediments and magnetic separates were used 

to estimate which of these Fe minerals were the most important for enhanced As retention. 

The extraction data indicated that the magnetic separates, which were enriched in magnetite, 

were also highly enriched with As (Figure 7). These magnetic separates contained 1434 mg 

kg−1 As at the end of incubation, 12x the concentration found in the Vineland sediments 

prior to any treatment. (Relevant mass balance calculations are in SM Table S3).

At least a portion of the As in the nitrate-Fe(II) microcosms is also bound to ferrihydrite, 

which has a high adsorption capacity and fast adsorption kinetics for As(V) (Dixit and 
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Hering, 2003; Raven et al., 1998). However, despite the fact that ferrihydrite is susceptible 

to reductive dissolution, As was not released from the nitrate-Fe(II) amended sediments 

even under the reductive stage of the incubation. This is in stark contrast to dramatic As 

release observed in the nitrate-only microcosms and in numerous reductive model systems 

that contain As-bearing ferrihydrite (Pedersen et al., 2006). The Fe(II)-catalyzed 

transformation of ferrihydrite to more stable phases could affect As partitioning. In these 

nitrate-Fe(II) microcosms, a part of the Fe(II)(aq) adsorbed on ferrihydrite and catalyzed 

mineral transformation to less reactive crystalline goethite (Figure 1 and Figure 6). Arsenic 

adsorption on goethite could have contributed to the stability of As retention, but this 

conversion also lowered surface area and thereby the amount of As adsorption (Gimenez et 

al., 2007).

We used a combination of sequential extractions and spectroscopy to show that a 

combination of adsorption to and co-precipitation within magnetite helped maintain low 

dissolved As concentrations during reduction. Of these, As incorporation into the crystal 

lattice of magnetite would be advantageous for remediation because magnetite (1) is 

thermodynamically stable under a wide range of pH and redox conditions (SM Figure 1) and 

(2) is kinetically stable, with As release only being possible in conjunction with slow 

mineral dissolution. Sequential extractions indicated that a quarter of the As in the nitrate-

Fe(II) microcosms was bound within magnetite structure, and that a similar fraction of As 

was adsorbed to the magnetite surface (Figure 7). Coker et al. (2006) identified two distinct 

broad peaks at 11883 and 11895 eV in As XANES spectra of structural As(V) in magnetite. 

The As XANES spectra of nitrate-Fe(II) amended sediments is distinct from spectra of the 

other samples (Figure 2), although the diagnostic broad peaks are not obvious due to 

combined spectral contributions from several phases of solid As, presumably including 

As(V) within magnetite structure, and As(V) on the surfaces of ferrihydrite, goethite and 

magnetite. During the reductive stage, the fraction of As adsorbed to magnetite increased 

considerably, far beyond the levels of As associated with crystalline oxides such as goethite 

(Figure 7). The preference for magnetite is in part due to its nano-particulate size and 

associated with that high surface area (Figure 5). Even if Fe(III) reduction had further 

proceeded and completed reductive dissolution/transformation of both ferrihydrite and 

goethite, the amount of magnetite that prevailed in the nitrate-Fe(II) microcosms would have 

provided sufficient surface sites for all the associated As (Dixit and Hering, 2003; Gimenez 

et al., 2007).

4. IMPLICATIONS TO FUTURE REMEDIATION EFFORTS

This study represents an initial attempt to produce relatively stable As sequesters by 

simultaneous addition of ferrous Fe and nitrate, which can be achieved under neutral to 

mildly acidic pH conditions common in subsurface systems and appears to effectively 

immobilize As. Magnetite is one of the minerals produced by nitrate-Fe(II) addition. Since 

(1) magnetite could incorporate As into its structure during formation and could continue to 

sequester As through adsorption after formation, and (2) magnetite is less susceptible to 

redox changes under typical aquifer conditions, magnetite might serve as an advantageous 

host-mineral for As immobilization. This strategy was investigated using groundwater and 

sediments from the Vineland Superfund site, which contains mostly As(V), but could be 
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effective at many other sites with weakly reducing conditions. Arsenic(III) also adsorbs on 

magnetite, and if oxidized to As(V), could also be incorporated into magnetite (Amstaetter 

et al., 2009; Chowdhury et al., 2011; Dixit and Hering, 2003; Wang et al., 2008). The 

current nitrate-Fe(II) amendment also produced ferrihydrite which is vulnerable to reductive 

dissolution. To be a feasible remediation strategy for groundwater As contamination, the 

composition of the amendments probably need to be further refined such that less 

ferrihydrite is produced. One approach could be to decrease the rate of Fe(III)(aq) production 

so that there would be enough Fe(II)(aq) to be co-precipitated into magnetite (Jolivet et al., 

1992). To achieve this, the optimal pH, Fe(II) and nitrate concentrations should be 

determined, and dissolved oxygen should be more strictly excluded. Since ferrihydrite might 

play a role in the efficiency of As removal, investigations are also required on whether less 

ferrihydrite production would affect the overall effectiveness of the strategy. Specialized 

bacterial strains could also be used to control particle size, or to enhance specific metabolic 

pathways following nitrate-Fe(II) addition. The presence of other solutes also could impact 

As retention on minerals, by competing for surface sites, or influencing mineral morphology 

and properties (Larese-Casanova et al., 2010; Porsch et al., 2010; Schwertmann and Cornell, 

2008). Continued efforts are required, through both laboratory experiments and in situ trials, 

to establish and improve this remedial strategy. Reactive transport modeling of experimental 

data will also be useful to better understand the biogeochemical processes that affect 

treatment, and to evaluate the long-term potential of remedial action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Magnetite is advantageous as the host-mineral for As immobilization.

• We conduct microcosms with sediment and groundwater from an As-

contaminated site.

• We trace the evolution of water composition and sediment mineralogy 

concurrently.

• Addition of ferrous Fe and nitrate produces mineral assemblage including 

magnetite.

• The study represents an initial attempt to produce relatively stable As 

sequesters.
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Figure 1. 
Iron mineralogy in the sediments prior to any treatment (initial sediments) and in the 

sediments amended with different treatments, determined by Fe EXAFS-LCF (spectra and 

fits are in SM Figure S3 and Table S2). Concentrations are provided on a dry mass basis. 

Sediment samples from duplicate microcosms were combined before analysis.
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Figure 2. 
Normalized As XANES spectra. The spectra are vertically offset for clarity. Sediment 

samples from duplicate microcosms were combined before analysis, dashed lines – Day 

12.5, solid lines – Day 38.0. Reference spectra are included for comparison. Arsenic 

XANES of magnetite structural As(V) was obtained from Saalfield and Bostick (2009), 

showing broad peaks (b.p.) at 11883 eV and 11895 eV.
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Figure 3. 
Dissolved (A) As and (B) Fe concentrations, and (C) pH and (D) Eh, from the 1st set of 

microcosms as a function of time. The starting points (time = −0.05 ~ −0.04 day) are from 

the pre-equilibrated microcosms right before the addition of amendments (defined as time 

zero). The dashed lines, beginning at 10 days, indicate the portion of the microcosm 

experiment where lactate was present to stimulate reducing environment. Errors represent 

standard deviations between duplicate microcosms, some of which are smaller than the size 

of symbols used. For clarity, in subplot (B), dissolved Fe concentrations from nitrate-Fe(II) 

treatment were plotted on the primary y-axis, whereas those from the control and nitrate-

only treatment were plotted on the secondary y-axis.
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Figure 4. 
(A) Dissolved As concentration, DOC centration, and pH from the 2nd set of nitrate-Fe(II) 

microcosms. The dashed lines indicate the time at which lactate was amended to stimulate a 

reducing environment. Errors were computed from duplicate microcosms, where available. 

(B) Magnetic susceptibility values for sediment, with two lines standing for two 

microcosms.
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Figure 5. 
XRD patterns of magnetic separates from the 2nd set of nitrate-Fe(II) microcosms with Cu 

K-alpha radiation (λ = 1.5406 Å), both full range and range focused on the magnetite 35.5° 

diffraction peak, and SEM images. (A)(B)(C) Showing magnetic separates from Day 12.5. 

(D)(E)(F) Showing magnetic separates from Day 39.5. Quartz – Qz, magnetite – Mgt, and 

boron nitrite – BN.
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Figure 6. 
Recoveries of Fe in the various extraction/digestion steps from (i) sediments prior to 

treatment (ii) amended sediments and magnetic separates from the 2nd set of nitrate-Fe(II) 

microcosms. The procedure was validated on As(V)-adsorbed magnetite and an As(V)-

adsorbed Fe mineral mixture. Magnetite – Mgt, ferrihydrite – Fh, goethite – Gt, and 

hematite – Hm.
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Figure 7. 
Recoveries of As in the various extraction/digestion steps from (i) sediments prior to 

treatment (ii) amended sediments and magnetic separates from the 2nd set of nitrate-Fe(II) 

microcosms. The procedure was validated on As(V)-adsorbed magnetite and an As(V)-

adsorbed Fe mineral mixture. Magnetite – Mgt, ferrihydrite – Fh, goethite – Gt, and 

hematite – Hm.

SUN et al. Page 22

Chemosphere. Author manuscript; available in PMC 2016 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

SUN et al. Page 23

Table 1

Summary of microcosm experimental conditions, and analyses performed on each.

Set Microcosm
Type

Amendment on
Day 0

Lactate on
Day 10.0?

Number of
microcosms,

duration
Analyses

1st

Control Amendment-free no

Two microcosms
each type, both

38.0 days

pH, Eh, dissolved elemental
concentrations, As XANES, and

Fe EXAFS

Nitrate-only
Treatment Sodium nitrate yes

Nitrate-Fe(II)
Treatment

Sodium nitrate &
ferrous sulfate yes

2nd Nitrate-Fe(II)
Treatment

Sodium nitrate &
ferrous sulfate yes

Two microcosms,
one for 12.5 days,
the other for 39.5

days

pH, Eh, dissolved elemental
concentrations, dissolved organic
carbon, magnetic susceptibility,
magnetic separation, sequential
chemical extraction/digestion,

XRD, and SEM-EDS

Chemosphere. Author manuscript; available in PMC 2016 March 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

SUN et al. Page 24

Table 2

Steps of sequential chemical extractions. The extraction scheme mainly followed Poulton and Canfield (2005) 

and Keon et al. (2001). The target Fe phases were listed specifically for this study (not universally), based on 

sediment Fe mineralogy determined; the target As phases were listed accordingly, and were all As(V), based 

on sediment As speciation determined.

Step Extractant and time Target Fe phase Target As phase

1 1 mol L−1 magnesium chloride, pH 7, 2 h,
one repetition

Exchangeable Fe Loosely bound As

2 a
1 mol L−1 hydroxylamine-hydrochloride

in 25% v/v acetic acid, 48 h, one repetition
Amorphous Fe oxides

(ferrihydrite) Ferrihydrite associated As

3 a
50 g L−1 sodium dithionite, pH 4.8 with acetic

acid/sodium citrate, 2 h, one repetition
Crystalline Fe oxides

(goethite and hematite)
Goethite and hematite

associated As

4 1 mol L−1 sodium phosphate, pH 5, 16 h & 24 h,
one repetition for each time period

-- Magnetite adsorbed As

5 a
0.2 mol L−1 ammonium oxalate/0.17 mol L−1

oxalic acid, 6.5 h, one repetition
Recalcitrant Fe oxides

(magnetite)
Magnetite co-precipitated

As

a
Note : the step was followed by a wash step with 1 mol L−1 magnesium chloride.
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