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Sulfide-modified nanoscale zerovalent iron (S-nZVI) is attracting a lot of attention due to its

ease of production and high reactivity with organic pollutants. However, its structure is

still poorly understood and its potential application in heavy metal remediation has not

been explored. Herein, the structure of S-nZVI and its cadmium (Cd) removal performance

under different aqueous conditions were carefully investigated. Transmission electron

microscopy (TEM) with an energy-dispersive X-ray spectroscopy (EDS) analysis suggested

that sulfur was incorporated into the zerovalent iron core. Scanning electron microscopy

(SEM) with EDS analysis demonstrated that sulfur was also homogeneously distributed

within the nanoparticles. When the concentration of Na2S2O4 was increased during syn-

thesis, a flake-like structure (FeSx) increased significantly. S-nZVI had an optimal Cd

removal capacity of 85 mg/g, which was >100% higher than for pristine nZVI. Even at pH 5,

over 95% removal efficiency was observed, indicating sulfide compounds played a crucial

role in metal ion removal and particle chemical stability. Oxygen impaired the structure of

S-nZVI but enhanced Cd removal capacity to about 120 mg/g. Particle aging had no negative

effect on removal capacity of S-nZVI, and Cd-containing mixtures remained stable in a two

months experiment. S-nZVI can efficiently sequester dissolved metal ions from different

contaminated water matrices.

© 2015 Elsevier Ltd. All rights reserved.
ronmental Science & Management, University of California, Santa Barbara, 3420 Bren Hall,
8058937612.
y of Pollution Control and Resources Reuse, Tongji University, Shanghai 200092, China. Tel.:

A.A. Keller), zhangyalei@tongji.edu.cn (Y. Zhang).

rved.

mailto:keller@bren.ucsb.edu
mailto:zhangyalei@tongji.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2015.02.004&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
http://dx.doi.org/10.1016/j.watres.2015.02.004
http://dx.doi.org/10.1016/j.watres.2015.02.004
http://dx.doi.org/10.1016/j.watres.2015.02.004


wat e r r e s e a r c h 7 4 ( 2 0 1 5 ) 4 7e5 748
1. Introduction

Cadmium (Cd) is a potentially carcinogenic heavy metal,

which can accumulate in humans, and damage organs such

as lungs, kidneys, and liver (Comba et al., 2012). Cd pollu-

tion is a common problem around the world (Kaushik et al.,

2003; Monteiro-Neto et al., 2003). According to a report

released recently by Ministry of Environmental Protection of

the People's Republic of China, Cd is the most serious heavy

metal pollutant in China (China, 2014). Wastewater from

electroplating and some metallurgical factories can be an

important source of Cd pollution, at typical concentrations

of 40 mg/L (Zhang et al., 1993). nZVI has proven an efficient

material for Cd immobilization (Zhang et al., 2014; Su et al.,

2014a). Although compared to coagulation, precipitation,

ion exchange and membrane separation, nZVI has its own

advantages such as in-situ application, low solid waste

product (easy to be separated and disposed) (Li et al., 2014),

and stable removal performance regardless of the change of

volume of water treated (Zhang et al., 2013), considering

the cost (~$100/kg) (Crane and Scott, 2012) vis-�a-vis its

removal capacity (~40 mg/g) (Su et al., 2014a), nZVI-based

could be more cost-effective if metal removal capacity

could be improved. Furthermore, the presence of nitrate

or oxygen decreases nZVI's removal efficiency due to

oxidation (Adeleye et al., 2013; Su et al., 2014b). As a result,

the FeeCd complex formed is often unstable (Zhang et al.,

2014), which could be the main reason why nZVI is not

suitable for in-situ remediation for heavy metal pollution.

Hence, it is necessary to improve the removal capacity

while enhancing the thermodynamic stability of immobi-

lized Cd.

Given that FeS can effectively remove Cd2þ, Hg2þ, AsO3�
3 ,

and UO2þ
2 from water (through adsorption, co-precipitation,

and/or reduction) (Gallegos et al., 2013; Bi and Hayes, 2013;

Morgan et al., 2012; Liu et al., 2008), sulfidized nZVI (S-

nZVI) is likely to have high removal capacity for heavy

metals while maintain its magnetism. Furthermore, metal

sulfides are very stable as indicated by their low solubility

product constant (Table S1), which means immobilized

metals are not likely to be released into water again. Recent

studies indicate that S-nZVI has a higher surface area and

reactivity, but lower isoelectric point (IEP) than nZVI (Kim

et al., 2011, 2013a). These characteristics, together with a

simple synthesis process (titrating a mixture of sodium

borohydride and dithionite into ferric solution) (Kim et al.,

2011, 2013a), make S-nZVI an ideal material for heavy

metal removal from water bodies. Sulfidation may decrease

the toxicity of nZVI as seen in other nanoparticles (e.g. sil-

ver, (Reinsch et al., 2012)). Also, Kim et al. find nZVI coated

with CdS exhibits limited toxicity to Escherichia coli. (Kim

et al., 2013b). In addition, since pristine nZVI will undergo

sulfidation in sulfate-reducing conditions (Rickard, 1995;

Jeong et al., 2008), investigating the Cd removal mecha-

nism of S-nZVI can shed some light on the transformation of

nZVI when it is used for Cd removal under sulfate-reducing

conditions.

However, until now, the structure of S-nZVI is still not well-

understood. S-nZVI is generally conceived as an Fe0 core with
FeS shell (Kim et al., 2011), but when the mixture of sodium

borohydride and dithionite is added into ferric solution,

reduction (Eqs. (1) and (2)) (Li and Zhang, 2006), self-

decomposition of dithionite (Eqs. (3)e(5)) (Cermak and

Smutek, 1975), and precipitation (Eq. (6)) (Mejia Likosova

et al., 2013) can occur simultaneously. This means that a

mixed (rather than pure Fe0) core is likely to form. But to the

best of our knowledge, this phenomenon has not been

investigated. Aside from the core, the S-nZVI shell may be

composed of iron sulfide and iron oxide, making it different

from nZVI (which typically only has an iron oxide shell). In

addition, adding different amounts of dithionite could lead to

different degrees of sulfidation of nZVI, which may affect the

physicochemical characteristics (e.g. magnetic force) and

pollutant removal capacity of the particles formed.

For Cd removal, adsorption can occur via formation of

Cd2þ-substituted FeS by surface ion exchange (Eq. (7)), and

complexation of Cd2þ with reactive sites (≡FeSHþ) (Eq. (8)),

similar to Hg2þ immobilization (Jeong et al., 2007). Co-

precipitation (formation of Fe(1-x)CdxS complexes by FeSHþ

and Cd2þ in solution) may also occur (Eq. (9)). These two re-

actions (adsorption and co-precipitation) could be affected by

many factors such as initial dithionite concentration (thus S

content of particle), pH, dissolved oxygen, and aging. A pre-

vious study suggests that different dithionite concentrations

affect the reactivity of synthesized particles with TCE (Jeong

et al., 2008). pH may affect the solubility of S-nZVI, as

observed for nZVI (Zhang et al., 2013). Dissolved oxygen and

aging are likely to decrease the amount of nZVI (Adeleye et al.,

2013) and influence FeS transformation (Bi et al., 2013). How-

ever, the effect of all these factors on the performance of S-

nZVI is not well-understood.

4Fe3þ þ BH�
4 þ 3H2O/4Fe2þ þ H2BO

�
3 þ 2H2 þ 4Hþ (1)

2Fe2þ þ BH�
4 þ 3H2O/2Fe0 þH2BO

�
3 þ 2H2 þ 4Hþ (2)

2S2O
2�
4 þ 4Hþ/3SO2 þ Sþ 3H2O (3)

2S2O
2�
4 þH2O/S2O

2�
3 þ 2HSO2�

3 (4)

S2O
2�
4 þ S2O

2�
3 þ 2H2OþHþ/3HSO2�

3 þ H2S (5)

Fe2þ
�
Fe3þ þ S2�/FeS=Fe2S3 (6)

≡FeSþ xCd2þ/≡Feð1�xÞCdxSþ xFe2þ (7)

≡FeSHþ þ Cd2þ/≡FeS� Cd2þ þHþ (8)

FeSHþ þ xCd2þ/Feð1�xÞCdxSþ xFe2þ þHþ (9)

The objectives of this research were to evaluate the in-

fluence of addition of different dithionite amounts during

the synthesis of S-nZVI on the structure and performance of

S-nZVI, as well as to investigate how dissolved oxygen, pH,

and aging may influence Cd removal by S-nZVI. This study

also assessed the practical utilization of S-nZVI for heavy

metal pollution in-situ remediation in natural water

systems.

http://dx.doi.org/10.1016/j.watres.2015.02.004
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2. Material and methods

2.1. Chemical reagents

Analytical grade cadmium chloride (CdCl2), zinc chloride

(ZnCl2), nickel chloride (NiCl2), cobalt chloride (CoCl2), sodium

borohydride (NaBH4, 98%), dithionite (Na2S2O4), ferric chloride

anhydrous (FeCl3), sodium hydroxide (NaOH) and hydrochlo-

ric acid (HCl) were purchased from Fisher Scientific (Pitts-

burgh, PA). All chemicals were used without further

purification. Nanopure water (18.2 MU cm, Barnstead) was

used for all reagent and particle suspension preparation.

2.2. nZVI and S-nZVI synthesis methods

nZVI and S-nZVI were synthesized using the method

described by Kim et al. (2011). Briefly, 250 ml 7.6 g sodium

borohydride with different amounts of dithionite (0, 0.125,

0.25, 0.5, 0.75, and 1 g) were separately introduced into 250 ml

FeCl3 solution (4.9 g) via titration (titration rate ~1 L/h), to

achieve S/Fe molar ratios of 0 (or nZVI), 0.035, 0.07, 0.14, 0.21,

and 0.28. Preliminary results showed that particles were no

longer magnetic above an S/Fe ratio of 0.28, so we only

considered S/Fe ratios �0.28. After reduction, nanoparticles

were collected and washed with nanopure water three times.

A neodymiumeironeboron magnet was used to separate

solids and liquids. Fresh nZVI and S-nZVI were stored in 30%

ethanol at 4 �C to reduce oxidization.

2.3. Cd removal performance of S-nZVI particles with
different S/Fe ratios

To simulate oxygen limited conditions, 0.71 ml S-nZVI stock

suspension (S-nZVI concentration, ~35 g/L) were added to

50 ml solutions with different initial Cd concentration (10, 20,

40, or 80 mg/L) in 50 ml polypropylene tubes tightly capped.

The tubes had minimal headspace, to provide a low oxygen

conditionwith low resupply of oxygen. The tubeswere shaken

(90 rpm) on an end-over-end shaker (Dayton-6Z412A Parallel

Shaft roller mixer) at room temperature (22 �C). After 2 h

(preliminary tests indicated that Cd adsorption after 2 h was

very limited), the magnet was used to separate the S-nZVI

particles from the liquid and 1 ml supernatant was collected

for metal analyses. After acidifying the aliquot with 10%

ultrahigh-purity HNO3 (total sample volume ¼ 10 ml), Cd, Fe

and S concentrations were measured via inductively coupled

plasma atomic emission spectroscopy (ICP-AES, iCAP 6300,

Thermo Scientific).

2.4. Effect of oxygen on Cd removal by nZVI and S-nZVI

S-nZVI with an S/Fe ratio of 0.28 was used in these experi-

ments due to its high Cd removal capacity andmagnetism (for

solideliquid separation). Suspensions (250 ml) with S-nZVI

(500mg/L) mixed in with dissolved Cd (20, 30, 40, 50, 60, 70, 80,

90, or 100 mg/L) in a 500 ml flask were agitated by an electric

stirrer (250 rpm) at room temperature, continuously supplying

dissolved oxygen to the reaction system (a high oxic condi-

tion). During stirring, 5 ml samples (to ensure the samples
represent the wholemixture) were removed at different times

(15, 30, 45, 60, 90, 120, and 180 min) and 1 ml aliquots were

collected from a 1.5 ml tube after centrifugation (Thermo

Scientific, Legend Micro 21R) and analyzed for Cd, total S, and

total Fe via ICP-AES. At the end of the tests, to analyze the

main composition (Fe, Cd, S) of residual oxidized particles, five

10 ml mixtures (liquid and particles) were collected (in 15 ml

polypropylene tubes) and 1ml liquid was extracted at the 6ml

mark at different times (15, 30, 60, 90, 120 min) for ICP-AES

analysis after acidifying.

2.5. pH effect on Cd removal

Certain amount of S-nZVI stock suspension were added to six

50 ml Cd solutions (40 mg/L) at pH 4, 5, 6, 7, 8, and 9; using 0.05

and 0.1 M NaOH and HCl to adjust pH. After 2 h reaction, 1 ml

supernatant was collected for Cd, Fe, and S analyses via ICP-

AES.

2.6. Aging effect on Cd removal

A certain amount of three-week old (aged in nanopure water)

nZVI or S-nZVI suspension were introduced into 10, 20, 40, or

80 mg/L Cd solutions (50 ml final volume, in polypropylene

tubes) to achieve a concentration of 500 mg/L. Tubes were

shaken using the roller mixer at 90 rpm. After 2 h reaction,

aliquotswere collected from supernatant and analyzed for Cd,

Fe, and S.

2.7. Removal of different heavy metals by S-nZVI

A certain volume of S-nZVI stock solution was added into four

separate heavy metal solutions (Ni, Zn, Co, and Cd, each at

50 mg/L), to achieve an S-nZVI concentration of 500 mg/L. The

total volume of the mixture was about 50 ml, leaving minimal

headspace in the 50ml polypropylene tubes. After 2 h shaking,

1 ml of supernatant was collected and analyzed via ICP for

total Fe and heavy metal.

2.8. Cd removal performance in different water bodies

Five different surface waters were used in this experiment,

namely seawater (Pacific Ocean collected at Santa Barbara,

CA) (Adeleye and Keller, 2014), river water (Upper Middle

Creek in Malibu, CA), groundwater (collected from a moni-

toring well in Santa Barbara), wastewater (secondary effluent

of EI Estero Wastewater Treatment Plant, Santa Barbara)

(Adeleye and Keller, 2014), and nanopure water. The compo-

sition of these waters is in the supporting material (Table S2).

50 mL mixtures containing 500 mg/L nZVI or S-nZVI and

50mg/L Cd2þ ions were shaken on the rollermixer for 2 h. 1ml

aliquots were collected and analyzed for Cd and Fe.

2.9. Analyses

Transmission electronmicroscopy (TEM, FEI Titan 300 kV FEG)

attached with an Oxford energy-dispersive X-ray spectros-

copy (EDS) system and an FEI Co. XL30 FEG wet-mode envi-

ronmental scanning electron microscopy (ESEM) (Philips

Electron Optics, Eindoven, The Netherlands) with EDS were

http://dx.doi.org/10.1016/j.watres.2015.02.004
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employed to investigate the structure of the nanoparticles. A

Zetasizer Nano-ZS90 (Malvern, UK) was used to determine the

zeta (z) potential of particles. X-ray diffraction (XRD, Bruker D8

Advance) was utilized to analyze the crystal structure of the

material. X-ray photoelectron spectrometry (XPS, Kratos

Ultra) was used to analyze the surface composition of the

material. The BrunauereEmmetteTeller (BET) specific surface

area was measured through N2 adsorption method using a

TriStar 3000 system (Micromeritics Corp., USA). UVeVis

spectrometer (Biospec-1601, Shimadzu, Japan) was used to

obtain spectrum of the nanoparticle mixture from 190 to

1100 nm. ICP-AES was used to measure the concentration of

Cd, S, Ni, Co, Zn, and total Fe.
3. Results and discussion

3.1. Characteristics of FeS-nZVI

According to previous studies, pristine nZVI particles have an

almost spherical coreeshell structure and exhibit chain-like

particle aggregation (Li and Zhang, 2006; Zhang et al., 2013).

TEM images show that S-nZVI has a different morphology

compared to nZVI. S-nZVI has a flake-like shell, and unlike

nZVI, the core does not have an obvious compact shell

(Fig. 1a). Furthermore, the core of S-nZVI particles appears to

be composed of very small particles, with several pore canals

(Fig. 1b). Fig. S1 and Fig. S2 show that S-nZVI are almost

spherical (diameter ~200 nm) though flaky. The level of flaking

increases with increasing S/Fe ratio. A detailed investigation

by SEM with EDS shows that Fe and S are uniformly distrib-

uted within S-nZVI regardless of the different amounts of

flake-like structures (Fig. S3). EDS analysis shows that the S/Fe

ratio in the core area is 18/81 and 10/85 in the flaky shell area

(Fig. S4 and S5). This indicates that there is a significant

amount of S in the core.

The morphology and composition of S-nZVI is probably

due to the synthesis process, which can be divided into a

number of phases. During the initial synthesis phase, the pH

of the FeCl3 solution increases from <1 to ~4 due to the
Fig. 1 e TEM images of S-nZVI pa
addition of the mixture of NaBH4 and Na2S2O4 (solution pH

~10). Fe3þ can only be reduced to Fe2þ (Eq. (1)), but the

decomposition of Na2S2O4 is accelerated, which results in the

production of S0 (Eq. (3)) (Ulrich, 2004). In the following phase,

pH increases from ~4 to ~8, generating a large amount of Fe0

(Eqs. (2) and (10)) (Bi et al., 2013), and the high S content within

the core from EDS analysis indicates that the former S0 par-

ticles are incorporated into Fe0 nanoparticles. Later, as the

amount of Na2S2O4 introduced into solution increases, a large

amount of H2S will be generated (Eq. (5)) (Rickard, 1995), fol-

lowed by the formation of ferrous sulfide (FeS), ferric sulfide

(Fe2S3) (Eq. (6)).

In the next stage, with continuous introduction of NaBH4,

the pH increases from ~8 to ~10, leading to a strong reaction

between Na2S2O4 and OH� (Eq. (11)) (Ulrich, 2004) and further

facilitating the formation of outside flake-like structure.

Through analyzing S2p region of XPS, the surface composi-

tions of S-nZVI are much clear. In Fig. 2, the doublets due to

the spineorbit splitting of S2p1/2 and S2p3/2 (Herbert et al.,

1998) for greigite (Fe3þ2 Fe2þ,S4, possibly formed by Eq. (12)),

polysulfide (S2�
n , often found in reducing conditions with the

presence of sulfur compounds), SO2�
3 , and SO2�

4 are associated

with the binding energy at 160.8 eV (162.0 eV), 163.8 eV

(165.0 eV), 166.6 eV (167.8 eV), and 168.6 eV (170.0 eV),

respectively, in accordancewith the study by Neal et al. (2001);

In addition, due to the relatively low concentration of Na2S2O4,

an iron oxide shell can still be identified surrounding the core.

Hence, S-nZVI acquires a specific structure: an Fe0 and S0

mixed core surrounded by iron oxide and flake-like shell.

4Fe3þ þ 3BH�
4 þ 9H2O/4Fe0 þ 3H2BO

�
3 þ 6H2 þ 12Hþ (10)

3S2O
2�
4 þ 6OH�/5SO2�

3 þ S2� þ 3H2O (11)

2Fe3þ þ Fe2þ þ 4S2�/Fe3þ2 Fe2þS4 (12)

The IEP of nZVI and S-nZVI is around pH 7.5 and ~5

respectively (Figure S6). The IEP of S-nZVI does not change

much with the variation of S/Fe ratio, indicating that FeS

(IEP¼ pH 0.8e3.5) (Dekkers and Schoonen, 1994) on the surface

influences the surface charge (even at low S/Fe ratio). This
rticles with S/Fe ratio of 0.28.

http://dx.doi.org/10.1016/j.watres.2015.02.004
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result is in linewith Kim et al. (2013a). A low IEP implies that S-

nZVI will be negatively charged in most natural water sys-

tems, which may contribute to Cd2þ removal via electrostatic

interaction.

Figure S7 shows the XRD patterns of nZVI and S-nZVI,

which indicate the presence of Fe0 (2q ¼ 44.6�) in S-nZVI, just

like nZVI (Adeleye et al., 2013; Zhang et al., 2013). While a

small peak of iron oxide (2q ¼ 35.4�) is detected in S-nZVI, no

clear S0 or any iron sulfide peak is observed.
Fig. 3 e (a) Cd removal efficiency of S-nZVI with different S/

Fe ratio; (b) Cd removal capacity of S-nZVI with different S/

Fe ratio; (c) Fe concentration in final supernatant after Cd

adsorption with different types of S-nZVI (nanoparticle

concentration ¼ 500 mg/L).
3.2. Effect of different S/Fe ratios on Cd removal
performance

The S/Fe ratio strongly influences Cd removal performance of

S-nZVI. Fig. 3a shows that at the same initial Cd concentra-

tion, as the S/Fe ratio increases Cd removal efficiency de-

creases initially, and then increases. While Cd removal

capacity of nZVI is about 42.5mg/g, S-nZVI has aminimumCd

removal capacity of 15 mg/g (at S/Fe ratio ¼ 0.07), and a

maximum capacity of 85 mg/g (at S/Fe ratio ¼ 0.28) (Fig. 3b).

The difference in removal capacity of different ratios of S/Fe in

S-nZVI can be attributed to the different extent of sulfidation.

As seen in Fig. 3c, a high concentration of Fe in the superna-

tant suggests that S-nZVI with an S/Fe ratio of 0.035 has

similar characteristics to nZVI, which may be responsible for

the similar removal capacity. The difference among Fe con-

centrations in the supernatant indicates the different extent

of sulfidation, which may impart particles with different

surface functional groups.

As we reported previously, the Fe concentration in solution

could be an indicator of co-precipitation and adsorption for

metal removal by nZVI (Zhang et al., 2013). It is likely that the

relatively low S content of S-nZVI inhibits these two removal

pathways of nZVI, as indicated by the low concentration of Fe

ions in the supernatant. On the other hand, due to the low S

content, the total amount of surface sulfydryl group is limited.

Thus, the decrease of Cd removal efficiency is observed when

S/Fe ratio increases from 0 to 0.07. However, as S content in-

creases (S/Fe ratio increases from 0.14 to 0.28) continuously,

the surface sulfydryl group increases as well, leading to an

improvement in removal capacity.

In addition to the increased Cd removal, the sharp decline

of dissolved Fe(II) ions in the supernatant after adsorption
indicates that S-nZVI will pose lower toxicity risks compared

to nZVI, whose toxicity was partly due to Fe(II) ions in solution

(Keller et al., 2012; Chen et al., 2013). In a recent study (Kim

et al., 2013b), S-nZVI after Cd adsorption showed limited

http://dx.doi.org/10.1016/j.watres.2015.02.004
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toxicity to E. coli, unlike nZVI (Kim et al., 2010). Thus, S-nZVI

has higher Cd removal capacity, and perhaps, better biocom-

patibility than nZVI.

3.3. Enhanced Cd removal performance of S-nZVI under
aerobic condition

As shown in Fig. 4a, under highly oxic conditions there is a

slight increase in Cd concentration in the nZVI reaction sys-

tem, but this is not observed in the S-nZVI reaction system (S/

Fe¼ 0.28). In addition, Cd removal by S-nZVI is greater for high

oxygen than in limited oxygen (Fig. 4a). For instance, at an

initial Cd concentration of 80 mg/L, the final Cd concentration

detected is 20 mg/L in oxic conditions and 40 mg/L in nearly

anoxic conditions. As such, although oxygen has a negative

influence on Cd removal by nZVI (Zhang et al., 2014), it has a

positive effect on Cd removal by S-nZVI.

Fig. 4b indicates that in the presence of oxygen, Cd removal

efficiency is ~100% when the initial Cd concentration is below

70 mg/L. However, in a nearly anoxic system, a considerable

amount of Cd ions is detected when the initial Cd concen-

tration exceeds 40 mg/L. Cd removal capacity of S-nZVI in the

nearly anoxic system is 85mg/g, and 120mg/gwhen oxygen is

present.

The other important difference between the two condi-

tions is the trend of total Fe concentration in the supernatant.

Total Fe concentration in systems with limited oxygen is

constant at ~10 mg/L at all initial Cd concentrations tested.

However, when oxygen is present Fe concentration is either

~5 mg/L (at initial Cd concentration below 70 mg/L) or ~20 mg/

L (at initial Cd concentration above 70 mg/L). A sigmoidal

relationship is observed between ratios of Cd/Fe in oxidized

particles and initial Cd concentrations (Fig. 4c). At low levels of

Cd (�40 mg/L), the Cd/Fe ratio in oxide is stable at ~0.07. The

Cd/Fe ratio then increases rapidly to 0.13 for initial Cd be-

tween 40 and 70 mg/L, after which it again stabilizes.

When the initial Cd concentration is �40 mg/L, complete

removal can be achieved by S-nZVIwith orwithout oxygen. As

the initial Cd concentration increases, more Cd2þ ions are

incorporated in the Fe and S matrix, leading to an increase of

the Fe/Cd ratio. Meanwhile, a considerable amount of sulfur is

detected in the final oxide, and it correlates with iron content

in the oxide. As shown in Fig. 4d, S content is twice asmuch as

Fe content, as indicated by the slope of the line. High content

of S favors the metal removal.

The increase of Cd removal capacity could be explained by

XPS analysis (Fig. 5). In oxygen limited conditions (Fig. 5a), the

S2p region can be decomposed into peaks at 161.4 eV

(162.6 eV), 162.0 eV (163.2 eV), 168.6 eV (169.8 eV) (data in

parenthesis means the position of satellite peak of each one)
Fig. 4 e (a) Cd removal performance of nZVI and S-nZVI

(inserted image) under oxic conditions; (b) Final Cd and Fe

concentration in supernatant of nearly anoxic (inserted

image) or oxic systems; (c) Fe/Cd molar ratio in final

particles at different initial Cd concentrations under oxic

conditions; (d) relationship between maximum Fe and S

content in oxidized particles. (nanoparticle

concentration ¼ 500 mg/L).
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Fig. 5 e S2p XPS spectra of S-nZVI after Cd adsorption in

oxygen limited conditions (a) and in oxic conditions (b)

(initialCd¼60mg/L;nanoparticleconcentration¼500mg/L).

Fig. 6 e SEM and TEM images of S-nZVI particles (S/Fe, 0.28)

derived from Cd adsorption system with oxygen (initial

Cd ¼ 60 mg/L; nanoparticle concentration ¼ 500 mg/L).
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(Neal et al., 2001; Colvin et al., 1992), which represent S in

Fe7S8, CdS, and SO2�
4 , respectively; in oxic conditions (Fig. 5b),

the S2p spectrum indicates the existence of CdS and SO2�
4 . The

appearance of CdS is further confirmed by Cd3d XPS spectrum

(Fig. S8), in which the principal peaks locate at 405.4 eV and

412.2 eV (Hota et al., 2007). The difference of surface compo-

sitions between two different conditions explains the reason

why Cd removal capacity increases under oxic conditions.

Under oxic conditions, dissolved oxygen contributes to the

break of interior FeeS bonds in Fe7S8, converting them to

sulfydryl groups for Cd2þ adsorption, consequently leading to

the increase in Cd removal capacity.

Under oxic conditions, Fe0, Hþ, and O2 will stimulate the

formation of hydroxyl radicals (Eqs. (13) and (14)) (Yan et al.,

2013), indicated by the peaks for hydroxyl radical (~250 nm)

in the UVeVis spectrum of S-nZVI with Cd under oxic condi-

tions (Jayson et al., 1972) (Fig. S9). The hydroxyl radicals may

further favor the break of FeeS bonds in Fe7S8, as observed by

a peak of FeSHþ at around 320 nm (Tewari and Campbell,

1979). The derived FeSHþ can react with Cd2þ in solution (Eq.

(9)) to form Fe(1-x)CdxS, which precipitates out of water. In

addition, with O2 present, Fe7S8 can also generate hydroxyl

radicals (Eq. (15) and (16)) as reported by Li et al. (2012).

Meanwhile, the SeS dumbbell bond in Fe7S8 is broken and a

monosulfide component is formed (Murphy and Strongin,

2009). Due to the strong affinity between Cd2þ and mono-

sulfide, Cd2þ ions in solution are adsorbed onto the surface

rapidly (Eqs. (7) and (8)).

Fe0 þ 2Hþ þ O2/Fe2þ þH2O2 (13)

Fe2þ þH2O2/Fe3þ þ OH� þ OH� (14)
Fe2þ þ O2/Fe3þ þ �
O�

2

��
(15)

Fe2þ þ �
O�

2

�� þ 2Hþ/Fe3þ þH2O2 (16)

The influence of oxygen on Cd removal by S-nZVI was also

analyzed via SEM and TEM. In limited oxygen, the structure of

S-nZVI did not change significantly: the flake-like structure

was not destroyed (Fig. S10) and the majority of the core

remained (Fig. S11). However, with oxygen present, the

structure of S-nZVI changed remarkably. Flocculent deposits

with a needle-like framework (average length of 220 nm) were

observed (Fig. 6a and b).
3.4. pH effect on Cd removal performance

As in the case of pristine nZVI (Zhang et al., 2013), pH in-

fluences both dissolution and Cd removal of S-nZVI (S/Fe

ratio ¼ 0.28) (Fig. 7). However, while pH 5 causes complete

nZVI dissolution, pH 4 only leads to partial S-nZVI dissolu-

tion. The sharp increase in Cd removal efficiency and
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Fig. 7 e pH effect on Cd removal performance by S-nZVI

(initial Cd concentration ¼ 40 mg/L; nanoparticle

concentration ¼ 500 mg/L; error bar represents standard

deviation).
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decrease in Fe and S concentration as pH increases from 4 to

5 underscores the benefit of using S-nZVI for Cd removal

compared to n-ZVI. About 40% Cd removal efficiency is ob-

tained even at pH 4 probably due to the relative stability of S-

nZVI. From pH 5 to 7, high Cd removal efficiency (>95%) is

observed, which is much better than that of nZVI within the

same pH range (<40%) (Su et al., 2014a). The negatively

charged surface of S-nZVI at this pH range likely contributes

to increased Cd2þ removal. Below pH 8, Cd is present in so-

lution entirely as Cd2þ (Boparai et al., 2013), so hydrolysis of

Cd2þ or precipitation as Cd(OH)2 at pH � 8 (which is of

importance for Cd removal by nZVI) is unlikely to signifi-

cantly increase Cd removal by S-nZVI. Nevertheless, S-nZVI

completely removes 40 mg/L Cd from water with pH � 7

(Fig. 7). Overall, S-nZVI can efficiently immobilize Cd across a

much wider range of pH than nZVI.
Fig. 8 e Cd removal efficiency of aged nZVI and FeS-nZVI (3

weeks old nanoparticle concentration ¼ 500 mg/L).
3.5. Aging effect on Cd removal capacity of nZVI/S-nZVI

Previous studies concluded that aging had a negative influence

on structure and pollutant removal performance of nZVI (Liu

and Lowry, 2006) and FeS-nZVI (Kim et al., 2014). As seen from

Eqs. (17) and (18), Fe0 reactswithwater (LiuandLowry, 2006) and

S0 (within the particle core) (Chin et al., 2005) at low reaction

rates, which is responsible for the decline of the reducing ca-

pacity andmagnetic force of aged S-nZVI (Kimet al., 2014). TEM

images (Fig. S12) show that both the core and flake-like struc-

ture of S-nZVI are impaired to some extent by aging.

The removal capacity of freshly-prepared nZVI and S-nZVI

is 42.5 and 85 mg-Cd/g respectively (Fig. 3b); while that of 3-

week old nZVI and S-nZVI is 30 and 98 mg-Cd/g respectively

(Fig. 8). While aging has a clear negative effect on Cd removal

by nZVI, it appears to enhance Cd removal by S-nZVI. Over

time, aggregation (Adeleye et al., 2013; Reinsch et al., 2010) and

shell transformation (Zhang et al., 2013) of nZVI could lead to

the decrease in binding sites for Cd. Aggregation is not as rapid

in S-nZVI because the FeSx coating decreases magnetic at-

tractions between the particles. Although the structure of S-

nZVI is destroyed, the total amount of sulfhydryl (-SH) avail-

able to remove Cdmay increase due to the breaking of the SeS

dumbbell bond in iron polysulfide and the transformation of

S0 to S2�. Increased eSH groups as S-nZVI aged lead to more

binding sites, which also contribute to Cd removal.

Fe0 þ 2H2O/Fe2þ þH2 þ 2OH� (17)

S0 þ Fe0/FeS (18)

3.6. Removal performance of different metals by S-nZVI

Given the high affinity of S for metals (Table S1), S-nZVI is

expected to have high removal capacity for other metals such

as Ni, Co, Zn. With 500 mg/L nanoparticles, S-nZVI removes

98.8% of Ni, 73.8% of Co, 78.4% of Zn, and 84% of Cd when each

initial metal concentration is 50 mg/L (Table 1). nZVI on the

other hand removes much lower amount at the same initial

concentrations: 59.4% of Ni, 59.6% of Co, 35.3% of Zn, and

30.2% of Cd (Table 1). S-nZVI has much higher surface to

volume ratio (70.4 m2/g, data not shown) due to the abundant

flake-like structure, compared with nZVI (37.4 m2/g, data not

shown). This results in increased binding sites (mainly eSH)

for metal ion adsorption (Eq. (19)).

≡Fe�SHþMe2þ þH2O/≡Fe�S�Me�OHþ2Hþ ðMe¼metalÞ
(19)
Table 1 e Removal efficiency of different heavy metals by
nZVI and S-nZVI (Metal concentration ¼ 50 mg/L;
nanoparticle concentration ¼ 500 mg/L).

Metal Metal removal efficiency (%)

nZVI S-nZVI

Ni 59.39 ± 5.63 98.81 ± 1.07

Co 59.63 ± 7.71 73.82 ± 4.24

Zn 35.32 ± 2.98 78.37 ± 3.31

Cd 30.20 ± 2.54 83.19 ± 2.85
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Table 2 e Cd removal efficiency of nZVI and S-nZVI in different water matrices under nearly anoxic conditions (initial Cd
concentration 50 mg/L, 500 mg/L particles).

Water body Removal efficiency

2 h (%) One month (%) Two months (%)

nZVI S-nZVI nZVI S-nZVI nZVI S-nZVI

Seawater 26.74 ± 6.13 97.85 ± 2.4 42.32 ± 4.13 98.20 ± 2.7 41.32 ± 2.13 99.90 ± 0.1

River-water 95.93 ± 3.64 93.74 ± 3.79 99.20 ± 0.28 99.99 99.23 ± 0.25 99.99

Groundwater 94.92 ± 3.19 88.29 ± 1.68 99.99 99.99 99.99 99.99

Wastewater 84.41 ± 4.43 64.84 ± 6.92 99.99 96.90 ± 3.11 99.99 97.40 ± 1.79

Nanopure-water 33.19 ± 8.23 78.98 ± 7.44 28.32 ± 6.58 61.20 ± 3.5 26.32 ± 8.84 60.70 ± 5.2
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3.7. Cd removal performance of FeS-nZVI in different
water matrices

To investigate the feasibility of practical application of S-nZVI

in natural waters, batch tests of Cd removal in different water

matrices were carried out. As seen in Table 2, S-nZVI can

remove Cd efficiently from seawater (97.85%), river-water

(93.74%), and groundwater (88.29%) after 2 h. Removal effi-

ciency is 64.84% and 78.98% in wastewater and nanopure

water after 2 h. A higher removal efficiency in seawater than

in nanopure water (78.98%) suggests that high salinity does

not reduce Cd sequestration by S-nZVI, unlike nZVI (Table 2).

Speciation of Cd was modeled using Visual MINTEQ and we

found that >99% of Cd exists as CdCl2 in seawater due to the

high concentration of chloride ions (Adeleye and Keller, 2014).

CdCl2 has low affinity for the surface of nZVI, whichmay have

resulted in decreased Cd removal capacity in seawater by

nZVI. High removal capacity of Cd by S-nZVImay be due to the

high affinity between Cd2þ and S2�.
Given that in real world remediation, the nanoparticles

with sequestered Cd will settle to the sediment phase and

mostly remain there, the stability of the Cd containing com-

plex is very important. We measured the Cd concentration in

supernatant after one and two months and results showed

that except in nanopure water system, the sequestered Cd

was not released back into the aqueous phase in the natural

waters (Table 2). In addition, as seen in Fig. 7, release of Fe and

S from S-nZVI is not expected to be significant at

environmentally-relevant pH. This reduces the potential risk

of using S-nZVI in the natural environment. Hence it may be

practical to employ S-nZVI to treat Cd polluted water,

regardless of water salinity and natural organic matter

content.
4. Conclusions

In this study, S-nZVI was synthesized, characterized and

employed in heavy metals removal experiments. TEM with

EDS analysis suggested that sulfur was incorporated into the

zerovalent iron core. SEM with EDS analysis indicated that S

element was homogeneously distributed within the nano-

particles as well. S-nZVI had an optimal Cd removal capacity

of 85 mg/g, which was >100% higher than pristine nZVI. Over

95% removal efficiency was achieved even at pH 5, indicating

sulfide compounds played an important role in metals

removal and chemical stability of particles. Oxygen impaired
the structure of S-nZVI but enhanced Cd removal capacity to

about 120 mg/g. Aging did not have a negative effect on the

removal capacity of S-nZVI, and Cd-containing mixtures

remained stable in two months experiments. S-nZVI could

efficiently immobilize dissolved metal ions from different

contaminated water matrices.
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