
UC Irvine
UC Irvine Previously Published Works

Title
Comparison of the colloidal stability, mobility, and performance of nanoscale zerovalent 
iron and sulfidated derivatives.

Permalink
https://escholarship.org/uc/item/93g3w20n

Authors
Su, Yiming
Jassby, David
Zhang, Yalei
et al.

Publication Date
2020-09-01

DOI
10.1016/j.jhazmat.2020.122691
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/93g3w20n
https://escholarship.org/uc/item/93g3w20n#author
https://escholarship.org
http://www.cdlib.org/


Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Comparison of the colloidal stability, mobility, and performance of
nanoscale zerovalent iron and sulfidated derivatives

Yiming Sua, David Jassbya, Yalei Zhangb, Arturo A. Kellerc, Adeyemi S. Adeleyed,*
a Department of Civil and Environmental Engineering, University of California, Los Angeles, CA 90095, USA
b State Key Laboratory of Pollution Control and Resources Reuse, Key Laboratory of Yangtze Water Environment for Ministry of Education, Tongji University, Shanghai
200092, China
c Bren School of Environmental Science & Management, University of California, Santa Barbara and University of California Center for Environmental Implications of
Nanotechnology, Santa Barbara, California, CA 93106, USA
dDepartment of Civil and Environmental Engineering, University of California, Irvine, CA 92697-2175, USA

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Editor: Daniel CW. Tsang

Keywords:
nZVI
Nanoremediation
Colloidal stability
Particle transport
Metal sequestration

A B S T R A C T

Nanoscale zerovalent iron (nZVI) and sulfidated nanoscale zerovalent iron (S-nZVI) have been increasingly
studied for heavy metal removal in the subsurface. However, a comprehensive comparison of the effectiveness of
the technologies and the stability of derived metal-adsorbed composites is lacking. In this study, we evaluated
the colloidal stability and transport of nZVI, S-nZVI and S-nZVI modified with nanosized silica (FeSSi).
Furthermore, we monitored the metal immobilization performance of the three nanoparticles (NPs) under anoxic
conditions in synthetic groundwater for 30 days. The NP-metal composites were thereafter discharged into a
river water and metal remobilization was monitored for 20 days. Sulfidation improved the colloidal stability of
nZVI in both simple media and in natural waters, although a lower initial agglomeration rate constant (ka) was
observed in unmodified nZVI at acidic pH. The transport of nZVI in saturated soil column was enhanced with
sulfidation due to decreased electrostatic attraction between the NPs and sand. The three NPs sequestered more
than 80 % of Cu2+, Zn2+, Cd2+ and Cr2O7

2− from groundwater. Among the three NPs tested, S-nZVI had a
slightly higher removal capacity for metals than nZVI in synthetic groundwater and the chemical stability of
metal-S-nZVI composites upon discharge into river water was the highest.
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1. Introduction

Nanoscale zerovalent iron (nZVI) has long been regarded as an ef-
fective nanoparticle (NP) for in situ treatment of a wide variety of
contaminants in soil, groundwater and wastewater, particularly
chlorinated organic compounds (Su et al., 2014a; Adeleye et al., 2016a;
Zhang et al., 2013a; Su et al., 2014b; Qian et al., 2018; Li et al., 2008;
Liu and Lowry, 2006; Liu et al., 2007). For instance, more than 90 %
reduction of perchloroethylene (PCE) was reported within a month of
injecting a mixture of stabilized nZVI and micron-sized zerovalent iron
into a contaminated site at Bornheim, Germany (Mueller et al., 2012).
The challenges associated with nZVI-based remediation include limited
mobility in the subsurface (arising from agglomeration), poor removal
efficiency for certain target pollutants (e.g. cadmium), and rapid pas-
sivation of particles in the environment, which affects their perfor-
mance (He et al., 2010; Zhang, 2003; Li et al., 2016). In the last two
decades, research has focused on improving the (1) stability of nZVI by
supporting it on porous materials (like bentonite, kaolinite, and acti-
vated carbon) Shi et al., 2011; Yu et al., 2018; Mackenzie et al., 2012;
Chang et al., 2010; Bello et al., 2019) or polymers (Jiemvarangkul
et al., 2011; Liu et al., 2016; Raychoudhury et al., 2010), and (2) per-
formance by doping nZVI with catalytic metals (such as palladium,
copper, and gold) (Su et al., 2014b; Kadu and Chikate, 2013; Chen
et al., 2011; Shi et al., 2019). The side reaction of nZVI with water
remained a major drawback of the technology until the more recent
development of sulfidated nZVI (S-nZVI) (Fan et al., 2017a; Su et al.,
2015a; Song et al., 2017a; Su et al., 2016a; Fan et al., 2016, 2017b; Qin
et al., 2017). Xu et al. reported that a low degree of sulfidation
(0.02–0.65mol % S/Fe) inhibited the reaction of nZVI with water (up to
13-fold), and enhanced its reactivity with trichloroethene (up to 14-
fold) and electron efficiency (up to 20-fold) (Xu et al., 2019a, 2020; Xu
et al., 2019b). A recent field study further demonstrated that S-nZVI can
effectively reduce chlorinated solvents in the subsurface with no ob-
servable accumulation of shorter-chain chlorinated volatile organics
(Nunez Garcia et al., 2020).

However, unlike organic pollutants, which can be removed by ad-
sorption and/or degradation (Xiang et al., 2020, 2019; Tang et al.,
2016), heavy metals in the subsurface can only be immobilized (Bello
et al., 2019). While sulfidation increased the removal capacity of nZVI
for cadmium and chromate from 40 to 85mg/g (Su et al., 2015a) and
2.5–25mg/g (Shao et al., 2018), respectively, the efficacy of nZVI/S-
nZVI for metals remediation in the subsurface has not been compre-
hensively evaluated. The removal of metals by nZVI/S-nZVI requires
contact between NPs and metals, which implies that high NP colloidal
stability and mobility are desirable.

In a previous study we found that S-nZVI was more stable than nZVI
in the presence of some common ions (Song et al., 2017b); but till date,
the impact of pH, different water matrixes, and the extent of sulfidation
on the aggregation and mobility of nZVI is still unknown. More so,
metals are immobilized by nZVI/S-nZVI via different mechanism, in-
cluding adsorption, co-precipitation, and reduction (Zhang et al.,
2013a). For instance, Ag+ and Cu2+ were mainly reduced onto NP
surface, while Zn2+ was primarily removed by adsorption and co-pre-
cipitation (Ling et al., 2018, 2017). Therefore, the chemical stability of
the metal-NP composites formed after immobilization will vary from
one metal to another. The decision to substitute S-nZVI for pristine nZVI
in metal remediation should be informed by (1) the relative removal
performance for the target metal(s), and (2) the tendency for the se-
questered metal to be remobilized from the metal-NP composite in the
long term. The scientific data required for such holistic considerations
are currently lacking.

The goals of this study were to (1) comparatively study the colloidal
stability and transport of nZVI, S-nZVI (S/Fe molar ratio= 0.28), and
nano silica infused sulfidated nZVI (named, FeSSi, S/Fe molar
ratio= 0.48); (2) compare the removal capacity of the three NPs for
different heavy metals in groundwater; and (3) compare the chemical

stability of the generated metal-NP composites after discharge from
groundwater into river water.

2. Materials and methods

2.1. Chemicals

Analytical grade sodium borohydride (NaBH4, 98 %), dithionite
(Na2S2O4), ferric chloride anhydrous (FeCl3), sodium hydroxide
(NaOH), hydrochloric acid (HCl), sodium chloride (NaCl), sodium sul-
fate (Na2SO4) potassium sulfate (K2SO4), sodium bicarbonate
(NaHCO3), calcium chloride (CaCl2), magnesium chloride (MgCl2),
cadmium acetate (Cd(CH3COO)2), copper chloride (CuCl2), potassium
dichromate (K2Cr2O7), ammonium dimolybdate ((NH4)2Mo2O7) were
purchased from Sigma-Aldrich (Shanghai, China & MO, USA). Nano-
SiO2 (100 nm) were obtained from Beijing DK Nanotechnology Co. Ltd.

2.2. Nanoparticles

S-nZVI was prepared as described by Su et al. (2015b, 2018a).
Briefly, 7.6 g NaBH4 and 1 g of Na2S2O4 were titrated into 4.9 g FeCl3
solution (titration rate ∼1 L/h), making a nominal S/Fe molar ratio of
0.28. Pristine nZVI was prepared in a similar manner but without the
addition of Na2S2O4. FeSSi was prepared similar to S-nZVI but the
NaBH4/Na2S2O4 solution was seeded with nano-SiO2 prior to titration
into the FeCl3 solution (Su et al., 2016a). The major physicochemical
properties of the three particles used in this study have been published
previously (Su et al., 2016a, 2015b, 2018a). The average particle size of
nZVI is about 60 nm, while that of S-nZVI and FeSSi are about 100 nm
and 200 nm, respectively (Fig. 1). The particles of nZVI and S-nZVI
formed fractal, chain-like clusters but similar chain-like structures are
not present in FeSSi. About 13.7 % of the total Fe in S-nZVI exists as FeS
in the shell while the shell of nZVI is composed of iron hydroxides
(Zhang et al., 2013b; Mangayayam et al., 2019). The FeS content of the
shell is about 24.2 % in FeSSi. The Fe° content of nZVI, S-nZVI, and
FeSSi are 83.5 %, 90.8 %, and 55.6 %, respectively (Su et al., 2016a).
The different composition of these three NPs results in different iso-
electric points (IEP). The IEP for nZVI, S-nZVI, and FeSSi is pH 7.5, pH
5, and pH 5.5, respectively (Su et al., 2016a; 2015b; 2018a).

2.3. Natural waters, wastewater and stock solutions

Agglomeration kinetics of the NPs was studied in simple media (that
is, aqueous solutions of a salt) and different complex aqueous media
present in the environment. To test the effect of different en-
vironmentally relevant anions on NPs’ colloidal stability, 50mM stock
solutions of different sodium salts (NaCl, NaNO3, Na2SO4, and Na2CO3)
were prepared. In addition, a 50mM stock solution of CaCl2 was pre-
pared, to test the effect of cation valency (Na+ and Ca2+). Stocks of
buffer (pH 5 = acetate, pH 7 = phosphate, and pH 9.3 = carbonate)
were prepared to test the effect of pH on colloidal stability. In addition,
colloidal stability experiments were conducted in natural waters and
wastewater. Seawater was collected from UCSB’s Marine Science
Institute ocean water line, which is pumped through a sand filter from
an offshore inlet (located in the Pacific Ocean in Santa Barbara, CA).
Wastewater was collected from the secondary effluent of El Estero
Wastewater Treatment Plant (Santa Barbara, CA). Groundwater was
obtained from a monitoring well in Santa Barbara, CA, and river water
was collected from Upper Middle Creek in Malibu, CA. The character-
ization of all these waters have been presented in previous studies
(Conway et al., 2015; Roehrdanz et al., 2017). All the waters were
passed through 0.1 μm filters (Millipore, Ireland) and stored at 4 °C
prior to colloidal stability experiments.
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2.4. Colloidal stability experiments

The colloidal stability of NPs in natural waters and different salt
solutions was investigated via time-resolved agglomeration kinetics
studies (Adeleye et al., 2016b; Keller et al., 2010; Adeleye and Keller,
2016). NP stock suspensions were bath-sonicated (Branson 2510) for
30min to disperse the particles. Measured aliquots of NP stock sus-
pensions, salt (NaCl, NaNO3, Na2SO4, Na2CO3, or CaCl2), and buffer
were pipetted into a cuvette, and diluted with deionized (DI) water
(Barnstead NANOpure Diamond, 18.2 MΩ-cm). The final concentration
of NP, salt and buffer for each treatment was 50mg/L, 10mM, and
5mM, respectively. Effect of pH on particle stability was studied in DI
water and 10mM NaCl using 5mM of the pH 5, 7, and 9.3 buffers. After
adding all the stocks in a cuvette, they were mixed for 5 s with a Mis-
onix Sonicator S-4000 (QSonica LLC). For studies in natural waters, the
final NP concentration was also 50mg/L, with no further addition of
salt and buffer. Agglomeration was studied at 20 °C via dynamic light
scattering (DLS) using a Zetasizer Nano-ZS90 (Malvern, UK). The in-
tensity weighted hydrodynamic diameter (Dh) of NPs was measured at
30 s intervals for a minimum of 60min. The initial agglomeration rate
constants (ka) of the NPs reflects doublet formation, and are propor-
tional to the initial rate of increase of Dh(t) with time (t), and the in-
verse of initial number concentration of the NPs, N0, (Eq. 1) (Wang
et al., 2018; Chowdhury et al., 2015):

∝ ⎡
⎣

⎤
⎦ →

k
N

dD t
dt

1 ( )
a

h

t0 0 (1)

ka was obtained from the slope of the best fit line of ⎡⎣ ⎤⎦ →

dD t
dt t

( )

0
h . The

analysis requires that the final Dh(t) be approximately 1.3 of initial Dh,

where sufficient doublets and a few higher-order aggregates have
formed. For this study we used Dh(t) = 1.25 × initial Dh to determine
each ka. In the few cases where agglomeration was extremely slow, the
regression analysis was performed with data obtained over a long time
(Chen and Elimelech, 2007).

2.5. Nanoparticle transport

For below-ground remediation, nZVI is directly injected into the
subsurface (Mueller et al., 2012). Thus, the efficacy of nZVI-based re-
mediation in the subsurface largely depends on the mobility of NPs.
Therefore, it is important to compare the mobility of the three NPs.
Nanoparticle transport was studied in sand column (radius =1 cm;
height =9 cm). The column was filled with washed quartz sand (45 μm
grain size). The sand was washed three times with 2% v/v HNO3, and
six times with DI water thereafter. To avoid possible interferences from
unknown substances in natural groundwater, a synthetic groundwater
was used for the transport study. The synthetic groundwater was
composed of NH4Cl (1 mM), MgCl2 (0.05 mM), MnCl2 (0.02 mM), NaCl
(0.12 mM), CaCl2 (6mM), Na2HPO4·2H2O (0.45mM), KH2PO4

(0.15 mM), Na2SO4 (1mM), and NaHCO3 (1mM) (Middeldorp et al.,
1998). The initial pH of groundwater was set at 6.5. Preliminary
column transport studies were performed using NaCl as the tracer to
determine the sand porosity/pore volume (PV). Chloride ion (Cl−)
concentration in the effluent was measured by ion chromatography
(ICS-5000, Thermo Fisher, Waltham, MA). Before the addition of NP or
tracer, the packed saturated sand column was equilibrated by pumping
20 PVs of synthetic groundwater using a peristaltic pump (2.1 cm3/hr,
which is a typical groundwater flow rate) (Song et al., 2017a). For the

Fig. 1. Transmission electron micrographs of (a) nZVI, (b) S-nZVI, and (c) FeSSi. Each scale bar is 200 nm.
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studies, 0.1 g of NP was added into the top interspace of column while
synthetic groundwater continued to be pumped through the column for
51 PVs. Effluent was collected at 1.5 PVs intervals. At the end of the
experiment, 5 mL of collected effluent was digested with 5% HNO3 and
analyzed via inductively coupled plasma-optical emission spectrometry
(ICP-OES, Agilent 720ES, Japan). The columns, with the sand and re-
tained particles, were frozen and cut into pieces (from top to the
bottom: 2, 2, 2, and 3 cm, corresponding to Layer 1, 2, 3, and 4, re-
spectively). The sand (with retained NPs) collected from each layer
piece was digested with aqua regia at 110 °C for 2 h. The digestate was
collected and diluted with 5% HNO3 prior to ICP-OES analysis. Total Fe
mass recovery was 90–95 % of the total Fe added into column. Fe mass
(Mx, x= 1, 2, 3, 4) in each layer was normalized with total Fe mass
recovered from the column (Mtot-in-col) as shown in Eq. 2:

⎜ ⎟= ⎛
⎝

⎞
⎠− −

R M
Mx

x

tot in col (2)

2.6. Remediation and chemical stability of metal-nanoparticle mixture

To compare the performance of the three NPs for metal sequestra-
tion, we studied the remediation of Cu2+, Zn2+, Cd2+ and Cr2O7

2− via
batch studies. Synthetic groundwater, spiked with 10mg/L of each
contaminant, was treated with 0.5 g/L of nZVI, S-nZVI, or FeSSi. The
samples were placed on a shaker (250 rpm, 25 ± 1 °C, Shanghai
Fengling Laboratory Instrument FLY-111B, China) throughout the
study. The performance of each NP was determined by considering
residual dissolved metal in synthetic groundwater after 30 d.

Further studies were conducted to determine the chemical stability
of the metal-NP composite formed from the adsorption process, parti-
cularly if the composite discharges with groundwater into a nearby
surface water. After 30 d of running the adsorption experiments in
synthetic groundwater, the metal-NP composite was used to dose pre-
viously uncontaminated river water to achieve a final NP concentration
of 0.167 g/L. The river water was collected from the confluence of the
Suzhou River and Huangpu River (Shanghai, China) and its main
characteristics (pH=7.88; total organic carbon =18.75mg/L; con-
ductivity= 216.40 μS/cm) were presented in our previous study (Su
et al., 2018b). To determine chemical stability, the concentration of
adsorbed metal and Fe ions in the dosed river water was monitored for
20 d via ICP-OES.

3. Results and discussions

3.1. Stability experiments in simple media

3.1.1. Effect of pH
Agglomeration of particles were investigated at acidic (pH 5),

neutral (pH 7), and basic (pH 9.3) conditions in order to understand
how different pH conditions affect the colloidal stability of the NPs in
the environment. Of the three pH conditions, the slowest agglomeration
was observed at neutral pH (pH 7) for the three particles, both in DI
water and in 10mM NaCl. In both media, S-nZVI had the lowest initial
agglomeration rate constants (ka) at pH 7 and 9.3, while nZVI had the
lowest ka at pH 5 (Fig. 2 and S1). At 10mM, while the ka for S-nZVI was
35.1 and 80.7 nm/min at pH 7.0 and 9.3, respectively, the ka increased
to 122.3 nm/min at pH 5. The ka of FeSSi at 10mM, which is also
sulfidated, was even higher at pH 5 (ka =151.7 nm/min). Conversely,
while nZVI had a ka of 100.8 nm/min at pH 5 (10mM NaCl), its ka at pH
9.3 was two-fold that of S-nZVI (at the same pH) (ka =161.5 nm/min).

The agglomeration of nZVI is mainly caused by low electrostatic
repulsion and magnetic attraction (O’Carroll et al., 2013). The poor
colloidal stability of S-nZVI and FeSSi at pH 5 can be partially explained
by the closeness of their IEP to this acidic pH. NPs have practically no
surface charge at their IEP, which, as mentioned earlier, is pH 5 for S-

nZVI and pH 5.5 for FeSSi. In contrast, the surface of nZVI is positively
charged at pH 5 since its IEP is pH 7.5. Although nZVI will be negatively
charged at pH 9.3, both sulfidated NPs are expected to be more strongly
charged at the basic pH based on their IEPs. The NPs also dissolve faster
at acidic conditions like in pH 5, which may further promote agglom-
eration due to electrical double layer screening by the released Fe2+.

According to the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory, the further the pH is away from the IEP of colloids, the higher
the magnitude of the surface charge, favoring colloidal stability of the
NPs via promoted electrostatic repulsion. However, we found that the
three NPs mostly have lower ka values at pH 7 compared to pH 9.3
(which is further away from their IEPs). Additional studies are needed
to determine the exact reason for this behavior, but we hypothesize that
it is due to more rapid surface modification by the abundant OH–
present at pH 9.3. The modification may be leading to the formation of
oxides of iron with much higher IEPs than the original NPs (for in-
stance, the IEP of α-Fe2O3 is 7.8–9.2, and that of Fe3O4 is 8 (Lei et al.,
2018)).

As for magnetic attraction, magnetic NP dispersions may undergo
dipole− dipole attraction between the magnetic moments of individual
particles, which may lead to agglomeration and reduced colloidal sta-
bility (Phenrat et al., 2007). we showed in our previous studies (Su
et al., 2015a; Song et al., 2017b; Su et al., 2016b) that the magneti-
zation (M) of FeSSi (M =65.5 emu/g) and nZVI (60.8 emu/g) are much
greater than that of S-nZVI (M =2.25 emu/g). In addition, since the
magnetic attraction of particles depends on the particle size to the sixth
power (Adeleye et al., 2013; Phenrat et al., 2008), the larger size of
FeSSi further enhances agglomeration. Additional efforts are needed to
quantify the contribution of magnetization to the total interaction po-
tential for each NP compared to the conventional forces typically ac-
counted for in the classical DLVO theory.

Apart from electrostatic repulsion and strong magnetic attraction,
NP agglomeration may also be impacted by particle size and density.
Based on the DLVO theory, interaction potential increases as particle
size increases (He et al., 2008). More so, the agglomeration rate of
larger particles is slower due to slower diffusion and thus, particle-
particle collision. It is difficult to make direct comparison between the
obtained ka and size of the three particles studied here since they are
inherently chemically different. Although density plays some role in NP
agglomeration and sedimentation, a previous study showed that par-
ticle density had minimal effects on the agglomeration of iron-based
NPs compared to concentration, particle size, and magnetic attraction
(Phenrat et al., 2007).

Assuming the three NPs have comparable remediation efficiencies
for a target contaminant in aqueous media or groundwater, an im-
portant consideration for the choice of NP to use is the mobility of NPs
in the media. As discussed earlier, mobility is decreased by NP ag-
glomeration, which is influenced by media pH. The most appropriate
NP has the lowest ka at the relevant pH condition, and thus, the lowest
tendency to be removed from the aqueous phase via agglomeration.
Based on the results obtained at 10mM NaCl (which is more re-
presentative of the real environment than DI water), nZVI may have a
higher mobility than S-nZVI and FeSSi in the subsurface under slightly
acidic environment, and may be the ideal NP under this condition
(assuming no significant differences in remediation performance).
Meanwhile, S-nZVI may be better for neutral and alkaline environ-
ments, based on its least tendency to agglomerate under these condi-
tions.

3.1.2. Effect of ionic species
Na+ and Ca2+ ions are present in groundwater in moderate

amounts. They may be abundant in cases of seawater intrusion or when
there is high amount of limestone in the subsurface. Here, we tested the
impact of different common anions of Na-salts on the agglomeration
kinetics of the three NPs at pH 7. In addition, a divalent salt, CaCl2, was
tested. The ka of the three NPs was influenced by the different anions
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(Fig. 3a). Of the three NPs, S-nZVI consistently had the lowest ka in all
the Na salts. The highest ka for S-nZVI was observed in the presence of
the divalent anion, SO4

2− (39.0 nm/min); while the lowest ka was
found in the presence of NO3- (7.91 nm/min). Like S-nZVI, FeSSi also
had the highest ka in the sulfate salt but the lowest ka was observed in
the presence of Cl-. Similar to the two sulfidated NPs, the highest ka for
nZVI in the Na salts was observed in the presence of a divalent anion,

CO3
2− (117.2 nm/min), but its ka was similar in Cl- (59.5 nm/min) and

SO4
2− (54.0 nm/min). The impact of the different anions is mainly due

to their interactions with the surface of the NPs, which may lead to
changes in the surface charge (and thus electrostatic repulsion) of
particles. In addition, common anions influence the transformations
(corrosion) of nZVI differently (Su et al., 2018b; Pullin et al., 2017),
which may impact the colloidal stability of the NPs. Although expected
to be mostly similar, studies are needed to confirm the differential roles
of common anions on the corrosion of sulfidated nZVI particles.

The fastest agglomeration was observed in the presence of Ca2+ due
to the greater impact of the divalent cation on the electric double layer
of the NPs. The initial hydrodynamic diameter of the three NPs was
much larger in CaCl2, and reached the micron scale within 2min
(Figure S2), similar to a previous report investigating the stability of
nZVI in CaCl2 (Song et al., 2017b). The ka of nZVI, S-nZVI, and FeSSi
increased from 59.5, 35.1, and 55.2 nm/min (respectively) in 10mM
NaCl to 755.4, 699.9, and 456.8 nm/min (respectively) in 10mM CaCl2.
Thus, the application of the NPs in groundwater with high Ca2+ content
may be limited due to rapid agglomeration. The mobility of the NPs in
the subsurface is generally limited, but FeSSi, which had the lowest ka
in the presence of Ca2+, may be more suitable for performing re-
mediation in seawater-intruded aquifers, assuming the three particles
have comparable removal performance. For the Na salts, ka of nZVI was
Na2CO3>NaNO3>Na2SO4 ≈ NaCl; that of S-nZVI was Na2SO4 ≈
NaCl > Na2CO3>NaNO3; and that of FeSSi was Na2CO3 ≈
Na2SO4>NaNO3 ≈ NaCl. One implication of this result is that even if
the three NPs have the same potential for remediating a pollutant, nZVI
and FeSSi may not be as suitable as S-nZVI for performing remediation
of contaminants in limestone-rich aquifers due to their higher tendency
to agglomerate (under these conditions), which will lead to lower
mobility.

3.2. Stability experiments in different water bodies

To better understand the stability of these NPs in the real environ-
ment, we also investigated the agglomeration kinetics of the NPs in
groundwater, river water, wastewater, and sea water. The NPs ag-
glomerated faster in the four water types obtained from the environ-
ment than in DI water (Fig. 3b), which is in agreement with our ob-
servation when individual salts were added to the NP suspensions
(Fig. 3a). However, the ka of the three NPs was much larger in the
natural waters (130.6–215 nm/min) than all the Na salts
(7.91–117.2 nm/min). In addition, the agglomeration kinetics observed
in 10mM CaCl2 (456.8–755.4 nm/min) was much larger than in all the
waters, including seawater (which has ∼12mM Ca and very high

Fig. 2. The initial agglomeration rate constants (ka) of nZVI, FeSSi, and S-nZVI in (a) DI water and (b) 10mM NaCl.

Fig. 3. Initial agglomeration rate constants of nZVI, S-nZVI, and FeSSi in (a)
selected synthetic media, and (b) different water bodies and DI water.
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concentrations of other cations like Na, Mg, and K (Conway et al.,
2015)). The mechanism behind this trend needs in-depth investigation
but one possible explanation may be the presence of anions and organic
materials in seawater (but absent in CaCl2 solution), which may bind
with NPs and decrease ka of NPs by electrosteric repulsion (Adeleye
et al., 2016c).

S-nZVI was generally the most stable NP in the simple waters. In
contrast, S-nZVI had the largest ka in most of the natural waters (all
except seawater) while the other sulfidated NP, FeSSi, had the lowest ka
in all the natural waters. Thus, silica seeding, in addition to sulfidation
improves the colloidal stability of nZVI in natural waters. Also, this
result emphasizes the need to perform experiments in conditions as
close to the natural environment as possible for predicting the en-
vironmental implication of NPs.

3.3. Nanoparticle transport in sand columns

To compare the mobility of NPs in groundwater, saturated sand
column studies were performed using synthetic groundwater. The Fe in
the 51 PV effluent of nZVI, S-nZVI, and FeSSi accounted for
2.65 ± 0.81 %, 3.62 ± 0.54 %, and 3.07 ± 1.62 % of the total Fe
added into column, respectively. This indicates that most of the NPs
were retained in the columns; but the mean concentration of Fe in the
effluent from columns with S-nZVI and FeSSi was slightly higher. As
shown in Fig. 4, the bulk of the nZVI particles was deposited in the top
layers of the saturated sand while sulfidation enhanced the mobility of
the particles in the sand. In Layer 1 (top 2 cm of the soil), over 57 % of
the total injected nZVI was retained while about 44 % of S-nZVI and
FeSSi was detected in this layer (p < 0.05). This implies that sulfida-
tion promoted the mobility of nZVI beyond the topmost soil surface. In
Layer 2, the highest Fe content was detected in the column with FeSSi
(30.7 %), followed by S-nZVI (25.5 %) and nZVI (18.3 %) (p < 0.05).
In Layers 3 and 4, while the Fe content in the columns was between 10
% and 15 %, the S-nZVI column had a slightly higher Fe (p > 0.05).
Overall, the mobility of the three NPs was S-nZVI > FeSSi > nZVI.

In addition, we continuously monitored the Fe concentration in
effluent collected every 1.5 PVs while passing 51 PV of groundwater
through the soil column after the injection of NPs. Much more FeSSi
eluted than either S-nZVI or nZVI in the first 20 PV (Fig. 4b). Relatively
lower spikes in Fe concentration were observed in the nZVI and S-nZVI
columns around 24–30 PV s. However, S-nZVI had the highest elution in
the last 10 PV. The earlier breakthrough of FeSSi likely resulted from
size exclusion effects due to its larger size (200 nm) compared to the
other two NPs (nZVI = 60 nm, and S-nZVI = 100 nm) (Babakhani,
2019). Size exclusion refers to the exclusion of particles from pores and
stagnant domains that have smaller diameter or are less accessible,
which allows larger particles to have higher mobility/breakthrough
(Sirivithayapakorn and Keller, 2003). The smaller-sized S-nZVI prob-
ably did not remain within the main flow streams like FeSSi, thus, it had
a slower breakthrough than FeSSi. The lack of clear breakthrough of

nZVI emphasizes its strong retention in the topmost soil layer.
In addition to homoagglomeration between the NPs, hetero-

agglomeration between NPs and sand particles is also important in the
transport of NPs in groundwater. The obtained result suggests that
sulfidation decreased the attraction forces between the NPs and sand
particles, enhancing their transport through the column. Thus, in ad-
dition to decreasing NP-NP agglomeration, sulfidation also decreases
NP-sand agglomeration. Based on the groundwater pH of 6.5, nZVI (IEP
= pH 7.5) was positively charged while S-nZVI (IEP = pH 5) and
FeSSi (IEP = pH 5.5) were negatively charged. While electrostatic
attraction was dominant between nZVI and sand (which is negatively
charged) (Feriancikova and Xu, 2012), promoting heteroagglomera-
tion; electrostatic repulsion was dominant between the sulfidated NPs
and sand, which promoted their transport through the saturated
column (Fazeli Sangani et al., 2019).

3.4. Chemical stability of metal-NPs composites

The chemical stability of the formed metal-NP composite is crucial
for the long-term remediation of heavy metal pollution in groundwater.
We investigated the long-term sequestration of Cu2+, Zn2+, Cd2+ and
Cr2O7

2− by the NPs, first in a synthetic groundwater (under anoxic
condition), and thereafter in an oxic river water. As demonstrated in
Fig. 5, all three NPs sequestered over 80 % of the metals/metallates in
synthetic groundwater over 30 days. For Cr2O7

2-, S-nZVI had the
highest removal capacity (p < 0.05, on Day 30), while the removal
capacity of FeSSi was the lowest (p < 0.05, on Day 30). In contrast, S-
nZVI had the lowest removal capacity for Cu2+ while FeSSi had the
highest. After 10 days only 0.17mg/L Cd2+ was detected in the su-
pernatant of the reactor with S-nZVI, whereas 1.5mg/L Cd2+ was
measured in reactor dosed with nZVI. However, 5.6 %–14.8 % of the
Cd2+ sequestered by all three NPs was remobilized between Days 10
and 30. For Zn2+, all three NPs had a similar removal performance by
Day 30 (p > 0.05).

These results imply that the three NPs can be potentially utilized to
sequester metals from groundwater under anoxic conditions at cir-
cumneutral pH; but the efficiency of each NP is different for different
metals. In addition, the different removal capacity of the three NPs for
the metals reflects the differences in the pathways by which metals are
immobilized onto iron-based NPs, including adsorption, co-precipita-
tion and reduction (Su et al., 2015a; Zhang et al., 2013b; Su et al.,
2016b, 2019). If the standard electrode potential of a metal is more
positive than iron (Fe2+/Fe°), then the metal ion could be reduced by
the NPs following its adsorption and/or co-precipitation. Otherwise, the
metal ion can only be adsorbed (or it can co-precipitate out from the
solution). The differences in the density of adsorption sites on nZVI, S-
nZVI, and FeSSi result in different adsorption capacity for metals. In
terms of reduction, abundant Fe(0) in NPs and sufficient reaction time
is favorable for metal removal while sulfidation does increase electron
selectivity to targeted pollutants (Xu et al., 2020, 2019b; Li et al., 2018;

Fig. 4. (a) Distribution of NPs in
column after 51 pore volumes (Layers
1, 2, 3, and 4 correspond to 0-2, 2-4, 4-
6, and 6-9 cm from top of the column,
respectively); (b) Fe concentration in
effluent collected after 51 pore volumes
at 1.5 pore volume interval (with syn-
thetic groundwater as influent). (One-
way analysis of variance (ANOVA) plus
Fisher’s LSD test were used to de-
termine significant difference (defined
as p < 0.05). There was significant
difference in Fe concentrations col-
lected from only Layers 1 and 2.
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He et al., 2020).
To study the potential for the NP-sequestered metals/metallates to

be remobilized if the composites were discharged with groundwater
into a nearby surface water, additional studies were conducted: After 30
days of NPs-metals/metallates adsorption reaction in synthetic
groundwater (under anoxic condition), the mixture (solids and liquid)
was exposed to surface water under oxic conditions. Metals (con-
taminants and Fe) concentrations in the supernatant were thereafter
monitored for 20 days. We observed considerable remobilization of
most of the metals removed from synthetic groundwater immediately
(day 0) after the discharge into river water (Fig. 6). However, most of
the remobilized metals detected in supernatant were again sequestered
within the 20-day study period (Fig. 6a). Similarly, dissolved Fe con-
centration increased right after exposure from groundwater to river
water, and thereafter gradually decreased (Fig. 6b).

Of all the contaminant-NPs composites tested in river water, there
was no remobilization of the Cr2O7

2− previously adsorbed onto S-nZVI.
Meanwhile, although was Cr2O7

2− initially remobilized from nZVI and
FeSSi into river water, it was no longer detected in the river water after
5 days. As for Cu2+, nZVI demonstrated a slightly better re-adsorption
performance in river water than S-nZVI and FeSSi after 20 days, al-
though FeSSi was the best adsorbent for Cu2+ in synthetic ground-
water. In contrast, the sulfidated particles, S-nZVI and FeSSi, showed a
better removal performance than nZVI for Cd2+ and Zn2+ in river
water. In fact, remobilization of Cd2+ and Zn2+ occurred in the nZVI
system. This is in agreement with previous studies that have shown

lower removal performance of Cd2+ and Zn2+ by nZVI (Su et al.,
2015a, 2019; Adeleye et al., 2016d; Li et al., 2014). The concentration
of Fe in the nZVI treatment increased simultaneously with that of Cd2+

and Zn2+, which suggests that the metal-nZVI composites formed with
Cd2+ and Zn2+ are not very chemically stable (compared to those
formed with the sulfidated NPs) (Fig. 6b).

Our result suggests that the dissolution of metal-NP composites in
the river water (where there is undersaturation with respect to the
nanoparticles/nanocomposites) caused an initial increase in metal
concentrations; and the likely precipitation of dissolved Fe in the water
(that is, the formation of iron hydroxides due to the presence of dis-
solved oxygen, Figure S4) likely caused a re-sequestration of the metal
contaminants. Notedly, a few chain-like structures were still observed
in the S-nZVI reaction system (but not in nZVI reaction system, Figure
S4), which is in line with the low dissolved Fe concentration observed
in S-nZVI reaction system compared to that in the nZVI reaction system.
This indicates that S-nZVI is more stable (even in oxic conditions),
which contributes to the high chemical stability of metal-S-nZVI hy-
brids. This is in agreement with a previous study (Song et al., 2017b) in
which we found that nZVI reacts much faster with dissolved oxygen
than S-nZVI, leading to more dissolution of nZVI. Additional studies are
needed to confirm the crystal structure of the precipitated Fe as well as
the mechanism of re-sequestration of the metals, which are beyond the
scope of this work. It should be noted that in open waters where the
contaminants and nanoparticles are not confined to a limited space,
remobilized metals may not be easily re-sequestered. In this respect, S-

Fig. 5. Metal sequestration by (a) nZVI, (b) S-nZVI, and (c) FeSSi in synthetic groundwater (initial metal concentration = 10mg/L; initial NP concentration = 0.5 g/
L; = Cu2+; = Zn2+; = Cd2+; and = Cr2O7

2−).

Fig. 6. Concentration of (a) residual metal and (b) dissolved Fe in supernatant after metal-NPs mixtures were exposed to river water (initial metal concentration =
3.3mg/L; initial NP concentration = 0.167 g/L; = nZVI; = S-nZVI; and = FeSSi).
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nZVI (with lower dissolution rate in river water) is likely more favor-
able for metal removal than nZVI and FeSSi.

Overall, even for metal ions that could be reduced by Fe(0) (such as
Cu2+ and Cr2O7

2−) the adsorbed/co-precipitated metals on nZVI/S-
nZVI/FeSSi could potentially be released back to water again under
some conditions (such as oxic or acidic conditions) if they have not yet
been completely reduced to zero valent metals. For those with more
negative standard electrode potential than Fe2+/Fe0, such as Zn2+/Zn0,
the chemical stability of metal-nZVI composites might be even weaker,
although sulfidation can enhance the stability of these composites.
Therefore, careful investigation of water quality and hydrology before
injection, and constant monitoring (for metal remobilization, metal-NP
composite transport, etc.) thereafter, are necessary for groundwater
metal contamination treatment.

4. Conclusion

Sulfidation improved the colloidal stability of nZVI in both artificial
and natural waters, although pristine nZVI was more colloidally stable
in acidic condition. We also found evidence that sulfidation improved
the mobility of nZVI in the sand column study. The amount of Fe in the
effluent increased by 16–37 % upon the sulfidation of nZVI while much
more Fe was transported below the top layer of the sand column. The
three NPs tested, nZVI, S-nZVI, and FeSSi, sequestered over 80 % of
metal ions from synthetic groundwater over a 30-day period with S-
nZVI performing slightly better than nZVI. When the metal-NP com-
posites were thereafter released into a river water (to simulate dis-
charge with groundwater into a water body), there was a spike in dis-
solved metal concentration, due to dissolution of the metal-NP
composites (leading to remobilization of the sequestered metal con-
taminants). Overall, the S-nZVI composites exhibited the highest che-
mical stability upon release into river water, as shown by the lowest
amounts of dissolved metals and Fe. While sulfidation of nZVI to S-nZVI
improves its colloidal stability, mobility, metal removal performance
and chemical stability of metal-NP composites in the subsurface, it is of
great importance to monitor the fate and transport of the composites
since metals could be remobilized under certain conditions.
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