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ABSTRACT 

Batch experiments were conducted to examine aqueous Se(VI) removal by zero-valent iron 

(ZVI) under anoxic conditions in the presence and absence of NO3
− and SO4

2−. Initial 

concentrations for Se(VI), SO4 and NO3−N of 5 mg L−1, 1800 mg L−1 and 13 mg L−1, respectively, 

were employed to mimic mine wasters. In the control experiment, 90% Se(VI) removal occurred 

within 1.5 h without SO4
2− and NO3

− (B1). This removal threshold was reached after 3 h with NO3
− 

added (B3) and after 33 h with SO4
2− added (B2). Removal reached 90% after 42 h with both SO4

2− 

and NO3
− added (B4). Modeled Se(VI) removal rates consistently followed first-order kinetics and 

revealed that the presence of SO4
2− and, to a lesser extent, NO3

− inhibited Se(VI) removal. 

Increases in pH and Fe coupled with decreasing Eh are consistent with ZVI corrosion under anoxic 

conditions. Transmission electron microscopy, Raman spectroscopy, and X-ray diffraction 

revealed magnetite [Fe3O4] and lepidocrocite [γ-FeOOH] formed at ZVI surfaces during the 

experiments. X-ray absorption near edge structure spectroscopy indicated that Se(VI) was 

predominantly reduced to Se(0) (70−80%), but Se(IV) (10−13%) and Se(-II) (2−13%) were also 

detected at reacted ZVI surfaces. Overall, the results show that although SO4
2− and NO3

− present 

in mine wastes can reduce reaction rates, Se(VI) removal by ZVI under anoxic conditions is 

associated with extensive reduction to insoluble Se(0).  
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INTRODUCTION  

Selenium contamination of water resources by anthropogenic activities is a global 

environmental issue (Lemly, 2004). In particular, mining, metallurgy, and agriculture and 

petrochemical activities can increase concentrations of this potentially toxic element in ground and 

surface waters (Lemly, 2004; Palmer et al., 2010; Wellen et al., 2015). Mine wastes commonly 

contain sulfide minerals including pyrite [FeS2], chalcopyrite [CuFeS2] and sphalerite [ZnS] 

(Hendry et al., 2015; Riley et al., 2007; Yudovich and Ketris, 2006). Selenium substitutes for sulfur 

in these and other sulfide minerals (Diehl et al., 2012; Hendry et al., 2015; Kolker, 2012; Lussier 

et al., 2003), which can release sulfate and Se to surface and ground waters during oxidative 

dissolution (Essilfie-Dughan et al., 2017; Lindsay et al., 2015). This issue is particularly 

problematic in drainage from waste rock deposits at coal-mining operations (Hendry et al., 2015; 

Lussier et al., 2003). Elevated nitrate concentrations, which are derived from blasting agents, can 

also occur in drainage from waste rock at coal and other mining operations (Bailey et al., 2013; 

Hendry et al., 2018; Mahmood et al., 2017). Consequently, co-occurrence of Se with both SO4
2− 

and NO3
− is common in mining-impacted waters (Hendry et al., 2018; Essilfie-Dughan et al., 2017; 

Lindsay et al., 2015; Mahmood et al., 2017). Cost-effective techniques for Se removal are, 

therefore, needed to mitigate long-term environmental impacts of mining operations (Ziemkiewicz 

et al., 2011). 

Selenium solubility and mobility is strongly dependent upon oxidation state and 

environmental factors including pH and redox setting (Yoon et al., 2011). Environmental mobility 

of Se generally increases with oxidation; Se(VI) oxyanions exhibit greater mobility than Se(IV) 

oxyanions, which exhibit greater tendency for sorption onto minerals and organics (Masscheleyn 

et al., 1990; Scheinost and Charlet, 2008; Tokunaga et al., 1997). Additionally, Se(0) and Se(−II) 
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are sparingly soluble and tend to form solids (Scheinost and Charlet, 2008; Masscheleyn et al., 

1990; Tokunaga et al., 1997; Yoon et al., 2011). Therefore, Se removal can be achieved using 

various reactive materials that promote sorption reactions, reduction reactions, or both (Sasaki et 

al., 2008; Yigit and Tozum, 2012; Yoon et al., 2011). Previous studies have examined Se 

immobilization by various minerals, including iron (oxyhydr)oxides and manganese oxide 

(Balistrieri and Chao, 1990; Kang et al., 2002; Manceau and Charlet, 1994; Su and Suarez, 2000; 

Zhang and Sparks, 1990), and other reactive materials such as mixtures of zero valent iron and 

organic carbon (Sasaki et al., 2008; Gibson et al., 2012), pumice and volcanic slags (Yigit and 

Tozum, 2012) under a range of environmental conditions. However, zero-valent iron (ZVI) has 

proven particularly effective for passive treatment of Se(VI)-bearing waters (Gibson et al., 2012; 

Olegario et al., 2010; Tang et al., 2014; Yoon et al., 2011; Zhang et al., 2005). 

Selenium removal by ZVI is achieved under both oxic and anoxic conditions via adsorption, 

reduction or a combination of these processes (Das et al., 2017; Gibson et al., 2012; Liang et al., 

2015; Olegario et al., 2010; Shrimpton et al., 2015; Tang et al., 2014; Yoon et al., 2011; Zhang et 

al., 2005). More specifically, Se(VI) is reduced to Se(IV), which then adsorbs onto surface 

precipitates, including Fe (oxyhydr)oxides, at the reacted ZVI surface (Das et al., 2017; Gibson et 

al., 2012; Yoon et al., 2011). Following sorption, Se(IV) can be reduced to sparingly soluble Se(0) 

or Se(−II) phases (Gibson et al., 2012; Liang et al., 2013; Yoon et al., 2011; Yoon et al., 2016) 

Consequently, ZVI from different sources (Connelly-GPM, Peerless Metal, Quebec Metal Powder, 

Johnson Matthey, Alfa Aesar), and types (nano-Fe0 particles, iron grains, granular ZVI) (Das et 

al., 2017; Gibson et al., 2012; Liang et al., 2013; Olegario et al., 2010; Shi et al., 2015; Shrimpton 

et al., 2015; Tang et al., 2014; Yoon et al., 2011; Yoon et al., 2016; Zhang et al., 2005) have shown 

promise when compared to other reactive materials including pillared bentonite (Dong et al., 2016; 
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Li et al., 2015), organic matter (Gibson et al., 2012), transition metals (Tang et al., 2014), and iron 

(hydr)oxides (Balistrieri and Chao, 1990; Das et al., 2013; Hayes et al., 1987; Manceau and 

Charlet, 1994; Su and Suarez, 2000;).  

Few studies (Gibson et al., 2012; Olegario et al., 2010; Tang et al., 2014; Yoon et al., 2011) 

have examined Se(VI) removal kinetics and mechanisms by ZVI under anoxic conditions. 

Moreover, none have employed Se(VI) concentrations typical of mine waters (Hendry et al., 2015; 

Lussier et al., 2003; Wellen et al., 2015) and evaluated the impacts of NO3
- and SO4

2- on Se 

removal. Recently, Das et al. (2017) evaluated Se(VI) removal rates and mechanisms by three 

commercially-available ZVI materials. These experiments were conducted under oxic conditions 

in the presence and absence of NO3
− and SO4

2− with an initial Se concentration of 1 mg L−1 (Das 

et al., 2017). Results demonstrated that, although effective Se(VI) removal can be achieved, the 

presence of SO4
2− and NO3

− was associated to decreased reaction rates and inhibited reduction 

(Das et al., 2017). However, ZVI is a strong reductant and it remains unclear what impact the 

development of anoxic conditions will have on Se(VI) removal (Gibson et al., 2012; Yoon et al., 

2011).  

This study examines the impact of SO4
2− and NO3

− on Se(VI) removal rates and mechanisms 

by ZVI under anoxic conditions. Laboratory batch experiments assess Se(VI) removal rates in the 

presence and absence of SO4
2− and NO3

− using a commercially-available ZVI source selected 

based upon Das et al. (2017). Associated solid-phase analyses examine Se speciation and ZVI 

corrosion products to further constrain reaction mechanisms. Overall, this study offers new 

insights into factors influencing ZVI treatment of Se contaminated mine waters. Results are also 

relevant to Se removal from water impacted by other anthropogenic activities.   
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MATERIALS AND METHODS 

Batch experiments were performed to evaluate Se(VI) removal rates and mechanisms under 

anoxic conditions. These experiments utilized dissolved Se(VI) concentrations characteristic of 

waters contaminated by mining and metallurgical operations (Hendry et al., 2015; Lemly, 2004; 

Su and Puls, 2004; Suzuki et al., 2012; Wellen et al., 2015), and considered the impacts of SO4
2− 

and NO3
− on Se removal.  

Input solutions. Four batch experiments were conducted using input solutions containing 

5 mg L−1 Se(VI) in the presence or absence of 1800 mg L−1 SO4
2− and 15 mg L−1 NO3

− (as N). 

Input solutions used for these batches were as follows: (B1) Se(VI); (B2) Se(VI) + SO4
2−; (B3) 

Se(VI) + NO3
−; and (B4) Se(VI) + SO4

2− + NO3
−. These solutions were prepared in an anoxic 

chamber (≤ 5% H2(g), balance N2(g)) by dissolving (ACS grade and anhydrous) (g L−1) Na2SeO4 

(0.012), Na2SO4 (3.24), and NaNO3 (0.0753) in Type-1 ultra-pure (18.2 MΩ·cm) water that was 

first purged with high-purity N2(g) for 24 h. 

Zero-Valent Iron. Ground-cast Fe aggregate (8/50) from Peerless Metal Powders and 

Abbrasives Co. (Detroit, USA) was selected based on previous research (Das et al., 2017). 

According to the manufacturer, this ZVI material contained approximately 90% (w/w) Fe and 4% 

(w/w) C with traces of Mn, Si, and Cr. The surface area of this ZVI is low (2.3 m2 g−1) and the 

particle size ranges from 0.368 to 2.36 mm (Das et al., 2017). Das et al (2017) reported that the 

ZVI is mainly composed of Fe(0) with some iron oxides such as magnetite (Fe3O4) and wüstite 

(FeO). 

Approximately 100 g of ZVI was sieved to isolate particle sizes ranging from 0.0625 to 0.25 

mm (mesh 230-60, fine and very fine sand). This ZVI was then moved into the glovebox and 

allowed to degas for 24 h. All ZVI was acid washed and dried immediately in the glovebox 
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following the method in Shrimpton et al. (2015) with minor modifications to remove oxide 

coatings on the ZVI surfaces. Acid washing consisted of soaking the ZVI in 50 mL of 1 M 

hydrochloric acid (HCl) for 1.5 h (until bubbling ceased), with stirring every 15 min to ensure total 

reaction, followed by two more soakings for 1.5 and 5 h, respectively. Final rinsing was done with 

50 mL of 1 M hydroxylamine hydrochloride (NH2OH.HCl) followed by four rinses with ultra-

pure water until the supernatant was clear. Acid-washed ZVI was then dried in the glovebox for 

24 h.  

Two g samples ZVI were separated into 1-L beakers and stirred with 1 L of solution on a 

magnetic stir plate at 300 rpm during all experiments. The calibrated pH (VWR symphony) (using 

4, 7, and 10 buffer solutions) and redox electrodes (Accumet) (checked using ORP electrode 

solutions) were immersed in the slurry and recordings taken at all sampling intervals (0.13 to 2 h 

for B1, 3 to 48 h for B2, 0.3 to 7 h for B3, and 6 to 192 h for B4). Temperature and O2 

concentrations were also measured at the same intervals in the glovebox. At each sampling 

interval, 11 mL of sample were removed using a syringe and filtered through 0.2-µm PES filters 

into two 1-mL vials for ion chromatography (IC) and spectrophotometric analyses and one 15-mL 

vial for inductively coupled plasma–optical emission spectroscopy (ICP-OES) analysis. Anion 

concentrations (i.e., NO3
-, NO2

-, and SO4
2-) were analyzed on non-acidified samples immediately 

after sample collection by IC (ICS2100, Dionex Corporation, USA). Other samples were 

immediately acidified with 2% trace-metal grade nitric acid (HNO3) (Fisher Scientific) and 

allowed to react for 24 h prior to analysis for total Se concentrations by ICP-OES 

(SPECTROBLUE SOP, SPECTRO Analytical Instruments GmbH, Germany). Total ammonium 

(NH4
+) analyses were conducted on samples from the B3 and B4 batches via spectrophotometric 

analyses (DR2800, Hach Chemical Co., USA) (Nessler method). After completion of the 
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experiments, the supernatant was poured off and the solids dried for 24 h before being sealed in 

glass vials for further analysis. 

Solids analyses 

Gently ground samples (<90 µm) of the un-reacted (sieved to <90 µm and washed) and reacted 

ZVI materials from all four batches (i.e., B1, B2, B3, B4) were analyzed via X-ray diffraction 

(XRD), Raman spectroscopy (RS), transmission electron microscopy (TEM), and Brunauer-

Emmett-Teller (BET) surface area analyses for ZVI particle morphology and mineralogy. In 

addition, the ZVI samples collected at the termination of each batch experiment were analyzed via 

X-ray absorption near edge structure (XANES) spectroscopy for Se speciation on the ZVI surfaces. 

XRD and Raman Spectroscopy. XRD and Raman spectroscopic analyses were conducted on 

five ground samples (sieved and washed as well as reacted samples from each of the four batches). 

X-ray diffraction analyses were performed on an X-ray diffractometer equipped with a Co X-ray 

tube (Empyrean, PANalytical B.V., Netherlands) using the method presented in Das et al. (2017). 

Briefly, unoriented ground samples were placed on a spinning reflection/transmission stage and 

scans collected from 10 to 80° (step size of 0.0167°) with a scan speed of 1° min−1. Mineral phases 

of ZVI samples were identified by HighScore Plus (PANalytical B.V., Netherlands) and the ICDD 

database (International Centre for Diffraction Data, USA). 

Raman spectroscopy used a Raman microscope (inVia Reflex, Renishaw plc, UK) following 

the method in Das et al. (2017) but with minor modifications. In brief, after internal calibration (Si 

standard; Raman shift 520 cm-1), ~2 mg of a solid sample were mounted on a glass slide and 

viewed under the microscope (20X N PLAN). Once a suitable area was selected (achieved after 

several quick scans), samples were analyzed using a 785 nm laser (1200 lines mm−1 grating) with 
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1% laser power (0.1% in Das et al., 2017) and 10 s detector exposure time. A total of 32 spectral 

accumulations were collected for each sample to increase the signal to noise ratio.   

TEM. Transmission electron microscopy (TEM) imaging was performed for one pre-treated 

and four reacted ZVI samples to identify the morphology of the ZVI before and after aging. In 

brief, a solution of suspended particles of each sample was created by addition of 70% ethanol. 

Once homogenized, approximately 3 µL of the suspension was dropped onto a 300 mesh 

formvar/carbon copper grid (Agar Scientific) and allowed to dry (1 h). Subsequently, the grids 

containing ZVI samples were viewed and imaged using a Hitachi HT7700 with an accelerating 

voltage of 80 kV. 

Surface area. Reactive surface areas were analyzed for two ZVI samples (pristine-untreated 

and pretreated) via multi point BET-nitrogen isotherms (NOVA 2200e, Quantachrome 

Instruments, USA). After 24 h of degassing at 70 °C, 11-point BET surface areas were analyzed 

(atmospheric pressure) with a p/p0 range of 0.05 to 0.35.  

XAS. Selenium K-edge X-ray absorption spectroscopy (XAS) was performed on reacted ZVI 

samples (B1–B4) and reference compounds including NaSeO4(s), Se(IV) adsorbed onto 

ferrihydrite, Se(s),  and FeSe(s). Both samples and reference compounds were gently ground using 

a mortar and pestle, and reference compounds were subsequently diluted in BN(s) to achieve a final 

Se content of 1% (w/w). The solids were then packed into 0.5-mm thick polytetrafluoroethylene 

holders and sealed between two layers of polyimide tape. All sample preparations were conducted 

in an anoxic chamber.  

Prepared samples were transported to the Hard X-ray Micro-Analysis (HXMA) beamline 

(06ID-1) at the Canadian Light Source (Saskatoon, Canada). The HXMA beamline uses a 2 T 

superconducting wiggler and Re-coated mirrors for upstream and downstream beam collimating 
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and focussing, respectively. Monochromatization of the incident white beam used two Si(111) 

crystals. Higher harmonics were omitted by detuning the second crystal to 50% of beam intensity. 

Energy step size was 0.25 eV over the X-ray absorption near edge structure (XANES) region and 

0.05 Å-1 in k-space up to 9.2 k in the extended X-ray absorption fine structure (EXAFS) region.  

Fluorescence spectra were collected for ZVI samples under ambient conditions using a 32-

element solid state Ge detector (Canberra Industries Inc., USA). Aluminum foil, Soller slits, and 

an As filter were positioned between the samples and detector to optimize signal-to-noise ratio. 

Reference spectra were obtained in transmission mode using the first and second ionization 

chambers, which were positioned immediately upstream and downstream of the reference 

materials, respectively. Energy calibration utilized transmission spectra for Se(s) foil, which 

positioned between downstream of the reference compounds between the second and third 

ionization chambers. Triplicate spectra were obtained for all samples, whereas duplicate spectra 

were collected for reference materials. 

The ATHENA module of the XAS software package Demeter (v.0.9.24) (Ravel and Newville, 

2005) was used data reduction and analysis. Energy calibration utilized the zero crossing of the 

second derivative of the reference Se(s) foil assumed to be 12658 eV. Replicate scans were then 

averaged before background removal and edge-step normalization. Linear combination fitting 

(LCF) was performed over the 50 eV region from 12640 to 12690 eV. Goodness of the fit was 

assessed using R-factors, where lower values are generally indicative of better fits.  

Kinetic modeling. Selenium removal by ZVI for all four batches was modeled using a first-

order reaction rate:  

  [A]t = [A]0 e
-kt + r (1) 
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where [A]t is the Se concentration (mg L−1) during the reaction with ZVI at time t (h), [A]0 is the 

Se concentration at the beginning of the ZVI reaction (mg L−1), k is the rate constant (h−1) of 

aqueous Se removal by ZVI, t is time (h), and r is the residual aqueous Se concentration (mg L−1) 

at the end of the experiment. The R2 values demonstrate the goodness of fit to experimental results, 

values approaching unity generally signifying better fits. 

RESULTS AND DISCUSSION 

Selenium removal rates. Selenium(VI) removal occurred rapidly in the absence of SO4
2− 

and NO3
− (B1) with 90% of the dissolved Se(VI) removed from solution within 1.5 h (Fig. 1). In 

contrast, 90% Se(VI) removal was achieved after approximately 3 h with NO3
− (B3), 33 h with 

SO4
2− added (B2), and 40 h in the presence of both SO4

2− and NO3
− (B4). Despite differences in 

rates among batches, Se(VI) removal followed first-order kinetics with R2 values ranging from 

0.96 to 0.99. The rate constant for Se(VI) removal without SO4
2− and NO3

− (B1) was 3.22 h−1. The 

rate constant decreased to 0.99 h−1 with NO3
− added (B3). Rate constants for Se(VI) removal with 

SO4
2− added were 0.04 h−1 (B2) and 0.05 h−1 with SO4

2− and NO3
− (B4). The rate constants, which 

decreased by 65 to 80 times, demonstrate that SO4
2− concentrations typical of mine wasters 

strongly inhibits Se(VI) removal under anoxic conditions. Reaction rates decreased by 

approximately three times in the presence of NO3
−, suggesting this anion had a lesser impact on 

Se(VI) removal. This discrepancy in the impact of SO4
2− and NO3

− on Se(VI) removal may be 

associated to the large concentration difference between these anions; however, these 

concentrations are consistent with concentrations reported for mine waters (Hendry et al., 2015; 

Lussier et al., 2003; Wellen et al., 2015). 

Das et al. (2017) conducted Se(VI) removal experiments using the same ZVI material (not 

washed or sieved) and equivalent SO4
2− and NO3

− concentrations, but under oxic conditions with 
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lower initial Se(VI) concentrations (1 mg L-1) (Fig. S1). In the absence of both SO4
2− and NO3

− 

(B1), the anoxic Se(VI) removal rate (3.22 h−1) was approximately 2.5 times greater than the 

corresponding oxic rate (1.30 h−1) (Table 1, S1). Similarly, the rate constant for Se(VI) removal in 

the presence of NO3
− (B3)  under anoxic conditions (0.99 h−1) was nearly double that for oxic 

conditions (0.53 h-1). In contrast, the Se(VI) removal rate constant in the presence of SO4
2− was 

similar under both oxic or anoxic conditions, at 0.07 or 0.03 h−1 for oxic and 0.04 or 0.05 h−1 for 

anoxic batches B2 (SO4
2−) and B4 (NO3

− + SO4
2−), respectively (Table 1, S1). These results 

suggest that NO3
- decreases the rate of Se(VI) removal but the effect of SO4

2− is greater. Removal 

rates of Se(VI) by NO3
− or SO4

2− is described in the literature and termed passivation or poisoning 

of the ZVI surfaces (Reinsch et al., 2010; Zhang et al., 2005). The ultimate effect of passivation is 

to decrease the efficiency of Se(VI) removal by ZVI. It is proposed that NO3
- can act as oxidants 

and thus oxidize the ZVI surface, which results in the formation of an Fe (hydr)oxide layer 

(Reinsch et al., 2010). Due to the formation of this protective oxide layer on the ZVI surface, the 

rate of Se(VI) reduction slows compared to pristine conditions. On the other hand, retardation of 

Se(VI) removal by ZVI can be attributed to by the similarities in the chemical properties of Se(VI) 

and SO4
2− (Zhang et al., 2005). Owing to their similarities, SO4

2− is possibly competing with 

Se(VI) for the surface sites on the ZVI surfaces (due to much higher concentrations of  SO4
2− with 

respect to Se(VI)) and thus lowering the adsorption of Se(VI) and consequently, lowering the rate 

of removal process (Zhang et al., 2005). Although Se(VI) removal rates are presented in the 

literature for a range of ZVI materials and varied porewater conditions, they can be described using 

simple first-order or pseudo first-order kinetics (Das et al., 2017; Liang et al., 2015; Olegario et 

al., 2010; Shrimpton et al., 2015; Yoon et al., 2011; Zhang et al., 2005). This observation is 

consistent with the current study.  



ACCEPTED MANUSCRIPT 

https://doi.org/10.1007/s12665-019-8538-z   13 

pH, Eh and dissolved Fe. Initial pH ranged from 6.1 to 6.4 for all systems (B1, B2 and B4) 

except for the NO3
--rich system (B3) which was measured at 8.4. Despite this discrepancy, the pH 

of all batches rapidly increased to ~8.4-9.0 after the addition of the ZVI and increased consistently 

for all four batches during aging. The final pH was 8.38, 9.13, 9.55, and 9.91 after the B1, B2, B3, 

and B4 batches were aged for 2, 48, 7, and 192 h, respectively (Fig. S2). The sorption envelope 

for both Se(IV) and Se(VI) decreases rapidly as pH increases from ~7 to ~9 (Rovira et al., 2008). 

This probably indicates that sorption is, perhaps, less important over time as ZVI corrosion 

proceeds and pH increases. This could have implications for B3 if the majority of Se removal 

occurred before the pH had increased to >8. 

The increases in pH with time were inversely correlated with decreasing Eh values (Fig. S3) 

that occurred rapidly after the addition of ZVI to a value of -189, -443, -423, and -460 mV at the 

end of the experiments for B1, B2, B3, and B4 respectively. The progressive increase in pH and 

decrease in Eh can be explained by the following reaction:  

Fe(s) + 2H2O(l) → Fe2+ + H2(g) + 2OH− (2) 

where Fe(0) corrosion (in the presence of water) results in the formation of H2 and OH- (Gibson 

et al., 2012; Liu et al., 2017; Shrimpton et al., 2015). The formation of OH- and H2 will result in 

an increase in the pH and decrease in the Eh in the systems tested. The reaction described in 

equation (1) also results in the production of aqueous Fe2+. The total dissolved Fe content ranged 

from 0.02 (B1) to 3.8 mg L-1 (B4) during the experiments (Fig. S4).  

Nitrate and sulfate concentrations. Decreasing NO3-N concentrations were observed in 

both the B3 (NO3
-) and B4 (NO3

-+SO4
2-) batches during the experiments. The NO3-N 

concentrations decreased slightly from 13.1 to 11.5 mg L−1 during the 7 h reaction time for the B3 

batch (Fig. 2a). The lack of any decrease of NO3-N is attributed to the short reaction time. In 



ACCEPTED MANUSCRIPT 

https://doi.org/10.1007/s12665-019-8538-z   14 

contrast, oxic batch test results conducted over a longer time period (32 h) exhibited a decrease in 

NO3-N from 15.3 to 11.7 mg L−1. These data for the oxic B3 batch (Das et al., 2017) followed a 

near linear trend. The B4 batch (NO3
-+ SO4

2-) showed a loss of NO3-N from 11.4 to 8.74 mg L−1 

over 192 h of reaction time, which followed a linear trend after about 96 h of induction time (Fig. 

2b). These results suggest NO3-N reduction is not a spontaneous process under anoxic conditions; 

in contrast, oxic data presented in Das et al. (2017) exhibit a more acute loss of NO3-N (14.1 to 

6.40 mg L−1) over 194 h of reaction time. Unlike the anoxic dataset, the oxic batch showed no 

delay in the induction time and followed a linear decrease with time (Fig. 2b).  

Note that a linear increase in NH4
+-N concentrations was observed for the B4 batch under 

anoxic conditions with a simultaneous linear decrease in NO3-N over time (Fig. 2b). In contrast, 

an increase and a subsequent decrease in NH4
+-N concentrations was observed for oxic batch 

experiments (Das et al., 2017). The decrease in NH4
+-N concentrations is attributed to the 

adsorption of NH4
+ onto the ZVI surfaces under oxic conditions. However, this trend is not 

observed under anoxic conditions. The concentrations of nitrite (NO2
--N) remained low throughout 

the experiments (B3 and B4), ranging from 0.0 to 0.4 and 0.0 to 0.6 mg L−1, respectively, and thus 

does not appreciably contribute to N mass balance in the aqueous phase. Overall, this suggests that 

NO3
- reduction might not be a favorable pathway under the anoxic conditions tested.  

The results of this study are consistent with previous studies, suggesting that this subtle loss 

of NO3
- in anoxic batches and subsequent production of NH4

+ occurs during NO3
- reduction by 

ZVI (Cheng et al., 1997; Choe et al., 2004; Su and Puls, 2004; Suzuki et al., 2012); via: 

4 Fe0 + NO3
- + 7 H2O → 4 Fe2+ + NH4

+ + 10 OH- (3) 

In contrast to NO3
-, the SO4

2- concentrations for both B2 and B4 show no trend with time 

(Fig. S5) and remain consistent, with initial concentrations (~1800 mg L-1) maintained throughout 
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the experiments. This indicates that SO4
2- does not undergo any reduction or adsorption during 

Se(VI) removal by ZVI. 

Solid-phase Se speciation. The LCF results of Se K-edge XANES spectra suggest that ZVI 

effectively reduced Se(VI) to elemental selenium for all batches (B1-B4) (Fig. 3; Table 2) 

irrespective of geochemical conditions tested. Specifically, LCF analyses of solids samples from 

batches B1, B2, B3, and B4 yielded ~71, ~74, ~80, and ~76% of Se(0) on the reacted solids, 

respectively (Fig. S6; Table 2). The LCF analyses also indicate that 10-13% of the Se in the solid 

phase samples is present as Se(IV) and a few percent as Se(-II) (highest for B1, 12.6%) (Table 2). 

Around 7-9% of Se remains as Se(VI) on the ZVI surfaces along with other Se species at the end 

of the experiments. These findings show that although both NO3
- and SO4

2- limit the rate of Se(VI) 

removal, the concentration of these anions does not play an important role in controlling the 

primary reduction products. However, the formation of Se(-II) appears to be more limited in the 

NO3
--rich batch (1.8%) (B3) compared to SO4

2-- (4.7%) (B2) and NO3
- + SO4

2--rich batches (4.8%) 

(B1) (Table 2).  

In contrast to the current results, Se speciation includes both Se(IV) and Se(0) following 

removal by ZVI under oxic conditions (Table 2) (Das et al., 2017). Further, the oxic test results do 

not indicate the presence of any Se(-II) during the reduction process whereas up to 13% of the Se 

on the ZVI was present as Se(-II) for the anoxic experiments (Table 2) when both NO3
- and SO4

2- 

were absent.  

Results of these S K-edge XANES analyses are consistent with previous results, which 

reported the presence of Se(IV), Se(0), and Se(-II) following Se(VI) removal by ZVI (Das et al., 

2017; Liang et al., 2013; Olegario et al., 2010; Yoon et al., 2011). Overall, XANES analyses 

suggest that anoxic conditions provide more favorable pathway(s) to remove aqueous Se(VI) via 
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reduction to more reduced species such as Se(0) and Se(-II) compared to oxic conditions (Das et 

al., 2017).  

ZVI surface characteristics. Transmission electron microscopic (TEM) images of sieved 

and washed ZVI (non-reacted) show the individual grain morphology is rounded to sub-rounded 

in nature with a thin rim-like structure (a darker rim compared to a lighter core) surrounding a 

single grain (Fig. S6a). Similar individual grain morphology was observed by Liu et al. (2017) 

after their anoxic batch experiments. These authors suggest the core is composed of Fe(0) and the 

thin rim of an Fe oxide coating. The reacted (B1-B4) ZVI grain morphology shows that the shape 

of the individual particle and rim-like structure did not change noticeably after aging in all four 

batches tested, irrespective of reaction times (Fig. S7b-e). Liu et al. (2017) also observed that ZVI 

shape remains similar after 72 h of aging and suggest the ZVI shape stays close to its pristine 

nature due to lower oxidation and corrosion rate of ZVI under anoxic versus oxic conditions.   

 Brunauer–Emmett–Teller (BET) surface area analyses show the untreated ZVI has a low 

surface area (2.3 m2 g−1) that is consistent with measurements of 1.63 and 2.3 m2 g−1 for PM 

reported in other studies (Das et al., 2017; Zhang et al., 2005). The surface area we determined for 

a sieved and acid washed sample (9.7 m2 g−1) was greater than for an unwashed sample and is 

attributed to washing off low surface area oxide coatings (e.g., lepidocrocite and magnetite).  

X-ray diffraction (XRD) scans indicate the ZVI sample (sieved and washed) consisted of 

Fe(0), minor magnetite [Fe3O4], and traces of lepidocrocite [γ-FeOOH] (Fig. 4). The XRD results 

also show the mineralogy of the ZVI surfaces did not change after aging in all four batches (Fe(0) 

remained the dominant Fe phase along with minor amounts of magnetite and lepidocrocite) (Fig. 

4B1-B4). These data corroborate the TEM analyses that show the ZVI does not undergo significant 

alterations by the end of the testing periods. 
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Raman spectral analyses revealed magnetite (~670 cm−1), lepidocrocite (232 and 372 cm−1), 

and traces of goethite (~300 cm−1) at ZVI surfaces from the reacted samples (Fig. 5). In addition 

to magnetite and lepidocrocite, carbon was also observed (~1315 and ~1585 cm-1) in a non-reacted 

sample from this current study. These phases are consistent with previous Raman analyses reported 

by Das et al. (2017) for non-reacted ZVI surfaces (Fig. 5). Raman analyses on reacted samples 

also indicate the ZVI mineralogy remained similar in all four batches (bands of both magnetite and 

lepidocrocite are visible along with carbon) (Fig. 5B1-B4) and corroborate both TEM and XRD 

analyses.  

Overall, solids analyses show that the ZVI does not undergo measurable transformation or 

oxidation during anoxic aging. In terms of secondary mineralogy, results obtained from XRD and 

Raman analyses are consistent with the literature. Dominant secondary mineral phases magnetite, 

lepidocrocite, and goethite have been reported during aging of ZVI under both oxic and anoxic 

conditions (Das et al., 2017; Gunawardana et al., 2012; Liu et al., 2017; Olegario et al., 2010; Yoon 

et al., 2011). Although trace amounts of other iron minerals including ferrihydrite, hematite, 

schwertmannite, mikasaite, and vivianite are reported in the literature (Gunawardana et al., 2012; 

Petr et al., 2012; Reinsch et al., 2010), these were not identified in the current study; this is 

attributed to dissimilar geochemical conditions (oxic vs. anoxic). Das et al. (2017) observed 

wustite [FeO] in an unreacted ZVI (PM) sample. Our inability to observe this mineral in the current 

study is attributed to its probable removal during pre-treatment (sieving and acid washing).  

CONCLUSIONS  

This study assessed the reduction and subsequent removal of Se(VI) by ZVI under anoxic 

conditions in the presence and absence of  SO4
2- and NO3

-. Solid samples were collected for Se 

speciation and secondary mineralogy after completion of each experiment. Results show that 
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Se(VI) removal is a fast process, with about 90% of Se(VI) removed within ~1.5 h in the absence 

of SO4
2- and NO3

-. The presence of SO4
2- and NO3

- in the test waters reduces the rates of Se(VI) 

removal by factors of ~80 and 3.25, respectively. The decrease in the rates of Se(VI) removal 

under NO3
- dominated system was attributed to oxidation and passivation of the ZVI surface that 

hindered the reduction process. On the contrary, SO4
2- can compete for the surface sites with 

Se(VI), and thus reduce adsorption of Se(VI) and in the process slowdown the reduction rate. 

Despite differences in reaction rates among batches, Se(VI) removal as consistently fit using a 

first-order kinetic model. Additionally, Se(VI) removal rates in all anoxic batch experiments 

conducted here are faster compared to the similar tests under oxic conditions reported by Das et 

al. (2017). However, Se(VI) removal rates were similar in the presence of SO4
2- under both oxic 

and anoxic conditions. During Se(VI) removal process, the ZVI is partially oxidized to magnetite 

[Fe3O4] and, to a lesser extent, lepidocrocite [γ-FeOOH].  Overall, this study illustrates that ZVI 

can reduce more soluble Se(VI) to less soluble Se(IV) and insoluble Se(0) and Se(II) species under 

anoxic conditions.  
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Supplementary Information 

Comparison of measured aqueous Se(VI) concentrations (C/C0) with time for B1, B2, B3, and 

B4 batches under anoxic and oxic (Das et al., 2017) conditions. pH, Eh, Fe(T), and sulfate 

concentrations of respective batches along with TEM images of un-reacted and reacted ZVI 

surfaces. Detailed linear combination fitting of Se K-edge XANES spectra, absorption energy 

values for the Se K-edge of E0 (first inflection point), and the most intense peak (white line) for 

Se reference standards (seven figures and two tables).  
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Figure captions 

Figure 1. Measured (symbols) and modeled (lines) aqueous Se(VI) concentrations (C/C0) with 

time for B1, B2, B3, and B4 batch tests.  

Figure 2: Nitrate (as N) and ammonium (as N) concentrations with time for the (a) B3 (NO3
-) and 

(b) B4 (NO3
- + SO4

2-) batches. Solid brown circles and solid blue squares represent nitrate from 

anoxic and oxic experiments, respectively, and the hollow brown circles and hollow blue squares 

represent ammonium for anoxic and oxic experiments, respectively. The oxic batch experimental 

data are from Das et al. (2017).  

Figure 3: XANES (Se K-edge) spectra of reacted ZVI for batches B1, B2, B3, and B4 along with 

the reference compounds selenate (+VI), selenite (+IV), elemental selenium (Se 0), and selenide 

(Se-II). The K-edge reference energies (Table S2) for the respective oxidation states are presented 

as vertical dashed lines.  

Figure 4. X-ray diffraction scans of non-reacted and reacted ZVI. The abbreviations Lp and Mt 

indicate lepidocrocite and magnetite, respectively. 

Figure 5. Raman spectroscopic analyses of non-reacted and reacted ZVI. The abbreviations C, Gt, 

Lp, and Mt indicate carbon, goethite, lepidocrocite, and magnetite, respectively. 
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Tables 

Table 1. Rate of Se(VI) removal and parameters used for kinetic modeling for B1 (5 mg L−1 Se), 

B2 (5 mg L−1 Se + 1800 mg L−1 SO4
2−), B3 (5 mg L−1 Se + 12 mg L−1 NO3−N), and B4 (5 mg L−1 

Se + 1800 mg L−1 SO4
2− + 12 mg L−1 NO3−N) batches under anoxic test conditions. [A]0 represents 

initial Se(VI) concentrations, r is the residual Se(VI) concentration, and k is the rate constant of 

each reaction. The R2 of each test represents the goodness of fit.  

Batch ZVI [A]0 (mg L−1) r (mg L−1) k (h−1) R2 

B1 anoxic 0.86 (±0.05) 0.09 (±0.02) 3.22 (±0.38) 0.97 (±0.05) 

B2 anoxic 1.28 (±0.05) -0.25 (±0.05) 0.04 (±0.00) 0.99 (±0.03) 

B3 anoxic 0.88 (±0.01) 0.02 (±0.03) 0.99 (±0.14) 0.96 (±0.06) 

B4 anoxic 1.04 (±0.03) 0.00 (±0.00) 0.05 (±0.00) 0.99 (±0.02) 

      

 

Table 2. Linear combination fitting of Se K-edge XANES spectra for reacted ZVI from B1 

(1 mg L−1 Se), B2 (1 mg L−1 Se + 1800 mg L−1 SO4
2−), B3 (1 mg L−1 Se + 15 mg L−1 NO3-N), and 

B4 (1 mg L−1 Se + 1800 mg L−1 SO4
2− + 15 mg L−1 NO3−N). The oxic data are from Das et al. 

(2017) 

Batch ZVI Se(VI) Se(IV) Se(0) Se (-II) Total R-factor 

B1 anoxic 6.7 (±0.2) 10.7 (±0.2) 70.6 (±0.5) 12.6 (±0.6) 99.8 0.0005 

 oxic 4.8 (±0.8) 46.9 (±0.8) 52.3 (±2.1) - 104.1 0.005 

B2 anoxic 8.9 (±0.2) 12.1 (±0.2) 73.9 (±0.5) 4.7 (±0.7) 99.6 0.0006 

 oxic 14.1(±1.0) 66.7 (±0.9) 25.0 (±2.5) - 105.9 0.008 

B3 anoxic 6.8 (±0.2) 11.7 (±0.2) 80.1 (±0.6) 1.8 (±0.7) 100.4 0.0007 

 oxic 4.7 (±0.8) 49.7 (±0.8) 49.7 (±2.1) - 104.1 0.005 

B4 anoxic 6.5 (±0.2) 13.1 (±0.2) 75.7 (±0.5) 4.8 (±0.6) 100.0 0.0004 

 oxic 11.7 (±1.1) 52.9 (±1.1) 42.6 (±2.5) - 107.1 0.010 
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