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a b s t r a c t

Sulfide-modified nanoscale zero-valent iron (S/NZVI) has been considered as an efficient material to
degrade trichloroethylene (TCE) in groundwater. However, some critical factors influencing the
dechlorination of TCE by S/NZVI have not been investigated clearly. In this study, the effects of Fe/S molar
ratio, initial pH, dissolved oxygen and particle aging on TCE dechlorination by S/NZVI (using dithionite as
sulfidation reagent) were studied. Besides, the feasibility of reactivation of the aged-NZVI by sulfidation
treatment was looked into. The results show that the Fe/S molar ratio and initial pH significantly
influenced the TCE dechlorination, and a higher TCE dechlorination was observed at Fe/S molar ratio of
~60 under alkaline condition. Spectroscopic analyses demonstrate that the enhanced TCE dechlorination
was associated with the presence of FeS on the surface of S/NZVI. Dissolved oxygen had little effect on
TCE dechlorination by S/NZVI, revealing that the FeS layer could be able to alleviate the surface
passivation of NZVI caused by oxidation. Aging of S/NZVI up to 10e20 d only slightly decreased the
dechlorination efficiency of TCE. Although an obvious drop in dechorination efficiency was observed for
the S/NZVI aged for 30 d, it still exhibited a higher reactivity than the bare NZVI. This indicates that
sulfidation of NZVI did prolong its lifetime. Additionally, sulfidation treatment was used to reactivate the
aged NZVI, and the results show that the reactivated NZVI even had higher reactivity than the fresh NZVI,
suggesting that sulfidation treatment would be a promising method to reactivate the aged NZVI.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Chlorinated hydrocarbons have been widely used in industrial
production (Seyama et al., 2012; Wei and Seo, 2010). Accidental
leakage and improper disposal of the chlorinated hydrocarbons
have resulted in serious groundwater contamination (Stroo et al.,
2003; Dong et al., 2017a). Trichloroethene (TCE) is one of the
most commonly detected chlorinated hydrocarbons in ground-
water. TCE, a type of potent carcinogen, is persistent to natural
degradation (Yan et al., 2015; Dong et al., 2017b). Cleanup of TCE-
contaminated groundwater has been a challenging task for
decades.

To remove TCE from groundwater, various methods have been
employed, including biological reductive dechlorination (Shao and
al Science and Engineering,
Butler, 2009), physical adsorption (Ahmad et al., 2012;Wei and Seo,
2010), chemical reduction (Gao et al., 2015; Wang and Zhang, 1997)
and oxidation (Weir et al., 2010; Yan et al., 2015). Among those
methods, nanoscale zero-valent iron (NZVI)-induced chemical
reduction has been considered as a promising technique to reme-
diate groundwater contaminated by TCE. NZVI can eventually
dechlorinate TCE into non-toxic products while releasing chloride
ions (Arnold and Roberts, 2000; Chen et al., 2001), which was
mainly based on the reduction of TCE by Fe0 and Fe2þ on the surface
of NZVI. In spite of the high reactivity of NZVI, corrosion of iron in
aqueous solutions may cause surface passivation, thus decreasing
its reactivity (Liang et al., 2014; Dong et al., 2016a, 2017c; Qin et al.,
2017; Xie et al., 2017). Recently, some studies have reported the
reactivity of NZVI towards chlorinated contaminants was enhanced
in the presence of sulfur compounds (Kim et al., 2013; Rajajayavel
and Ghoshal, 2015; Han and Yan, 2016). The sulfide-modified
NZVI (S/NZVI) has been synthesized to degrade TCE and yielded a
better dechlorination efficiency than NZVI (Kim et al., 2013;
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Rajajayavel and Ghoshal, 2015). As for the reason for the enhanced
dechlorination efficiency caused by the sulfide modification, re-
searchers have not reached a consensus yet. Some mechanisms
were proposed, including more efficient electron transfer mediated
by the iron sulfide layer (Rajajayavel and Ghoshal, 2015), improved
contaminant-specific property (selective against the background
reaction of water reduction) of S/NZVI (Han and Yan, 2016),
increased depassivation of iron surface (Hansson et al., 2008). The
different mechanisms might result from the difference in experi-
ment conditions (e.g., type of sulfidation reagent, molar ratio of Fe/
S). Han and Yan (2016) reported that the reactivity of sulfur-treated
NZVI was unaffected by the sulfidation reagent (i.e., sodium sulfide,
dithionite, and thiosulfate), but was dependent strongly on the
molar ratio of Fe/S. However, in regard to the effect of Fe/S molar
ratio, different findings were reported (Kim et al., 2011; Rajajayavel
and Ghoshal, 2015; Han and Yan, 2016). Kim et al. (2011) found that
the Fe/FeS nanoparticles had a higher reactivity towards TCE than
the unamended NZVI, and the enhancements in reactivity were
relatively constant over a large range of dithionite doses. The study
of Rajajayavel and Ghoshal (2015), however, reported that Fe/S ra-
tios in the range of 12e25 provided the highest TCE dechlorination
rates, and rates decreased at both higher and lower Fe/S ratio.
Different from both the above two studies, Han and Yan (2016)
reported that TCE degradation was accelerated with increasing
sulfur dose at a low sulfur loading but the rate constant reached a
constant value as the Fe/S ratio was lower than 40. Accordingly, the
effect of Fe/S molar ratio on TCE degardation and the underlying
mechanisms need to be further investigated.

Moreover, some other critical factors which might influence the
reactivity of S/NZVI (e.g., pH, dissolved oxygen, particle aging) are
not well studied in previous studies and need to be further iden-
tified. These factors have been reported to significantly influence
the corrosion process and thus the reactivity of bare NZVI (Dong
et al., 2016b), thus, a comparison study on the influences of these
factors on the reactivity of S/NZVI and bare NZVI is essential to
better understand the underlying mechanisms of the enhanced
reactivity of S/NZVI. Yet, no studies have systematically compared
the reactivity of S/NZVI and NZVI under the varying conditions.

The objectives of this study were to assess the influences of the
molar ratio of Fe/S, solution pH, dissolved oxygen and aging time of
particles on the removal efficiency and dechlorination efficiency of
TCE by S/NZVI. Besides, we also attempted to verify whether so-
dium dithionite (Na2S2O4) could reactivate the aged NZVI for the
dechlorination of TCE. To probe into the mechanism of TCE
dechlorination by S/NZVI, Transmission electron microscopy and
energy dispersive spectroscopy (TEM-EDS), Fourier transform
infrared spectroscopy, X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) analysis were carried out to charac-
terize the physicochemical properties of S/NZVI.
2. Experimental section

2.1. Reagents

Iron(III) chloride hexahydrate (FeCl3$6H2O, analytical reagent
grade (AR)), sodium borohydride (NaBH4, AR) used for synthesis of
NZVI and S/NZVI were purchased from Sinopharm Chemical Re-
agent Co., Ltd, China. Sodium dithionite (Na2S2O4, AR) used for
sulfurating NZVI were purchased from Xilong Scientific Co., Ltd,
China. Hexane (HPLC) used as extractant for TCE detection was
purchased from Tianjin chemical reagent research institute co., Ltd,
China. TCE (AR) was purchased from Huihong reagent co., Ltd,
China.
2.2. Synthesis of NZVI and S/NZVI

The bare NZVI was synthesized according to the borohydride
reductionmethod (Khalil et al., 2016; Liu et al., 2005). The synthesis
of S/NZVI was following a method as described by Kim et al. (2011).
Firstly, the FeCl3$6H2O (0.05M) solution was prepared and purged
with N2 for at least 30min to create an anoxic environment (dis-
solved oxygen< 0.2mg/L). Then a mixture of NaBH4 (0.2M) and
Na2S2O4 solution was prepared and added drop-wisely into the
FeCl3$6H2O solution, followed by 30min ofmechanical stirring. The
dosage of Na2S2O4was varied in the synthesismixture such that the
Fe/S molar ratio changed in the range of 10e100. The resulting NZVI
or S/NZVI suspension was washed at least 3 times with deionized
water and ethanol, and dried in a vacuum drying oven at 60 �C for
8 h. The dry particles were stored in sealing films at a low tem-
perature, and used in batch experiments within 3 d.

2.3. Characterization of NZVI and S/NZVI

Transmission electron microscopy (TEM, JEOL-2010) and energy
dispersive spectroscopy (EDS) analyzers were employed to inves-
tigate the structure and surface atomic distribution of nano-
particles. Fourier transform infrared spectroscopy (FTIR, Magna-IR
750, Nicolet) analysis were carried out to explore sulfur compounds
on the particle surface of S/NZVI. Spectra were collected over the
range 4000e500 cm�1. X-ray photoelectron spectrometry (XPS,
Thermo ESCALAB 250XI, Thermo Fisher Scientific) was used to
analyze the surface composition of the nanoparticles. The samples
were irradiated using a monochrome Al Ka (hv¼ 1486.6 eV) source
at a power of 150W. The binding energy was calibrated with C 1s
peaks at 284.8 eV. The narrow scans over the selected binding en-
ergy range of 158.45e176.45 eV, 701.45e741.45 eV, and
180.45e299.45 eV were used to identify and analyze elemental
valence of sulfur, iron, and carbon, respectively. XRD analysis was
conducted to identify the aging products of NZVI or S/NZVI particles
using a Rigaku D/Max 2500 with Cu-Ka radiation at 40 kV/250mA
(2q range 10e90).

2.4. Batch experiments

Batch experiments were performed to compare the removal
efficiency and dechlorination efficiency (i.e. themolar ratio of Cl� in
solution to that in initial TCE) of TCE by S/NZVI under various
conditions. The initial pH (pH¼ 5.57, 7.10 and 8.02) of solutions was
adjusted using dilute NaOH or HCl. The samples were prepared in
40-mL glass vials containing 20mL solution. 100mg dry particles
were added into the vials to reach a particle concentration of 5 g/L.
Then, a certain volume of TCE stock solution dissolved in methanol
was injected into the vials to prepare TCE with initial concentration
of 30mg/L. The vials were transferred to a horizontal shaker at
250 rpm at 20± 2 �C. Aqueous suspensions were periodically
sampled from the glass vials, and filtered through 0.45-mm needle
filter. Then the TCE in aqueous phase were extracted with chro-
matographically pure n-hexane, and analyzed using a Gas
Chromatograph-Flame Ionization Detector (GC-FID) equipped with
a DB-624 capillary column (30m� 0.53mm� 3 mm). Simulta-
neously, the concentration of Cl� in aqueous solution was detected
with UV spectrophotometer (UV-2550, SHIMADZU, Japan) (Utsumi,
2006). To differentiate the two possible ways (adsorption and
degradation) of TCE removal from aqueous solution, the total re-
sidual TCE (i.e., both in aqueous phase and solid phase) in the
sample was extracted by addition of pure n-hexane. Then the
portion of TCE adsorbed onto the particle surface was obtained by
subtraction of TCE concentration in aqueous phase from the total
residual TCE concentration, and the portion of degraded TCE was



Fig. 1. Effect of Fe/S molar ratio on (A) total removal of TCE within 22 h, (B) dechlo-
rination of TCE within 9 h, and (C) total removal/adsorption/degradation of TCE within
9 h by S/NZVI. (TCE¼ 30mg/L, NZVI¼S/NZVI¼ 5 g/L, pH¼ 5.57).
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determined by the subtraction of the adsorbed TCE from the total
removed TCE.

To assess the effect of aging time on TCE removal by S/NZVI,
100mg S/NZVI particles and 20mL deoxygenated deionized water
were added into the 40-mL vial. Then the vials were sealed and
placed in dark room for aging. At determined time intervals (10 d,
20 d and 30 d), the aged samples were collected and used for TCE
removal following the same procedure as described above.

In the experiment of reactivation of the aged NZVI by Na2S2O4,
the NZVI particles were exposed to air and aged naturally for
different time. Then the aged NZVI was reactivated by Na2S2O4
following a similar procedure as the synthesis of S/NZVI. Briefly, 1 g
aged NZVI particles were added into a three-necked flask with
714mL deionized water. The solution was degassed with N2 for at
least 30min to achieve an anoxic environment. 522 mL Na2S2O4
solution (100 g/L) was dropped into the flask (the theoretical ratio
of Fe/S was 60), followed by 30min of mechanical stirring. Then the
treated particles were collected and used for TCE removal following
the same procedure as described above.

All experiments were performed in triplicate to ensure that
reproducible results were obtained. The data reported here were
the average of three replicated experiments and error bars repre-
sent the standard deviation of the averages.

3. Results and discussion

3.1. Effect of Fe/S molar ratio on TCE removal by S/NZVI

S/NZVI particles synthesized at different molar ratios of Fe/S
(ranging from 100 to 10) were used for TCE removal and the results
are shown in Fig. 1A. It was found that the molar ratio of Fe/S had a
significant effect on the removal of TCE by S/NZVI. On the whole,
the sulfidation of NZVI greatly increased the removal efficiency of
TCE compared with the bare NZVI. However, the removal rate of
TCE differed for S/NZVI synthesized at different molar ratios of Fe/S.
It was found that S/NZVI (Fe/S¼ 60) provided the highest TCE
removal efficiency which decreased at both higher and lower Fe/S.
Our observed trends on the effects of sulfide concentration on
reactivity were similar to that of Rajajayavel and Ghoshal (2015).
Han and Yan (2016) also reported the rate of TCE degradation by S/
NZVI was accelerated with increasing sulfur dose at a low sulfur
loading, but the rate constant reached a limiting value and kept
constant rather than decreasing with further increase of sulfur
loading.

Given that the removal efficiency might not represent the
degradation efficiency of TCE by S/NZVI, the dechlorination effi-
ciency was further studied at selected Fe/S molar ratios (i.e., 10, 60
and 100). The concentration of chloride ions generated in the so-
lution was examined, and the theoretical dechlorination efficiency
was shown in Fig. 1B. In general, the dechlorination efficiency of
TCE by S/NZVI was much higher than that of bare NZVI. When
increasing the dosage of sulfur, the dechlorination increased to a
maximum value at Fe/S ratio of 60, and then decreased, which
shows the same trend as that observed in the removal efficiency of
TCE (as demonstrated in Fig. 1A). However, it was found that even
though the removal efficiency of TCE reached nearly 100% after 9-h
reaction at Fe/S molar ratio of 60, the dechlorination efficiency was
only around 35%. This indicates that TCE was only partially
degraded or adsorbed onto the surface of S/NZVI particles. Then,
the proportion of TCE by degradation and adsorption was further
determined (Fig. 1C). The results show that the TCE degradation by
bare NZVI was trivial within 9-h reaction, and the removal of TCE by
NZVI was mainly due to adsorption. This is consistent with the
previous studies (Wang and Zhang, 1997; Liu et al., 2005; Dong
et al., 2017a), in which it was reported that the reaction rate of
bare NZVI with TCE was slow and the degradation occurred only
after several days of reaction. The results further verified that the
sulfidation of NZVI significantly enhanced the degradation of TCE,
and the optimum degradation efficiency was observed at Fe/S
molar ratio of 60 (Fig. 1C).
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Previous studies have reported that the enhanced reactivity of
NZVI by sulfidation should be ascribed to the formation of FeSx
layer on the surface of NZVI (Rajajayavel and Ghoshal, 2015; Han
and Yan, 2016). Thus, given the different performance of TCE
degradation by S/NZVI prepared at different Fe/S molar ratios in
this study, it was suspected that different Fe-S compoundsmight be
formed on the surface of NZVI at different Fe/S molar ratios.

In the synthesis process of S/NZVI, the decomposition of S2O4
2�

could produce a variety of sulfur species (Eqs. (1)e(6)) (Garcia et al.,
2016; Han and Yan, 2016). Among such sulfur species, the presence
of sulfide (S2�) or elemental sulfur (S0) would contribute to the
formation of FeS on the surface of Fe0 (Eqs. (7)e(9)), which could
promote the dechlorination of TCE (Rajajayavel and Ghoshal, 2015;
Han and Yan, 2016). Nevertheless, the excessive amount of sulfur
might generate polysulfide compounds (Sn2�), which has a lower
reactivity towards TCE compared with FeS (Garcia et al., 2016; Han
and Yan, 2016). Meanwhile, the excessive S2O4

2� might be decom-
posed into sulfite (SO3

2�) and sulfate (SO4
2�) (Eqs. (1)e(3)), the salts

of which would deposit onto the surface of Fe0 and then influence
the electron transfer between Fe0 and TCE (Garcia et al., 2016).

2S2O
2�
4 þ H2O/2SO2�

3 þ S2O
2�
3 þ 2Hþ (1)

2SO2�
3 þ H2O/2SO2�

4 þ 4e� þ 4Hþ (2)

S2O
2�
3 þ 5H2O/2SO2�

4 þ 8e� þ 10Hþ (3)

S2O
2�
3 /SO2�

3 þ S0 (4)

S2O
2�
4 þ S2O

2�
3 þ 2H2Oþ Hþ/3HSO�

3 þ H2S (5)

H2S/S2� þ 2Hþ (6)

Fe0 þ 2H2O/Fe2þ þ H2 þ 2OH� (7)

Fe0 þ S0 /FeS (8)

S2� þ Fe2þ/FeS (9)

To elucidate the physicochemical properties of S/NZVI, spec-
troscopic analysis were performed on the three types of S/NZVI
(prepared at Fe/S molar ratios of 100, 60 and 10).

S/NZVI and NZVI samples were characterized using TEM
coupled with EDS for comparison. Fig. S1 shows NZVI particles with
primary particle diameters ~10e20 nm are aggregated in chain
Fig. 2. TEM images of S/NZVI synthesized at different Fe/S m
structures. Fig. 2AeC shows TEM images of S/NZVI at Fe/S molar
ratios of 100, 60 and 10. It was found that aggregation of S/NZVI is
not as significant as NZVI, which might be due to the reason that
the FeSx coating decreases magnetic attractions between the par-
ticles (Su et al., 2015). It was also observed that S/NZVI has different
particle size andmorphology compared to NZVI. The particle size of
S/NZVI increases with the decreasing Fe/S molar ratio, which is
~50 nm, ~100 nm and ~200 nm at Fe/S molar ratios of 100, 60 and
10, respectively. S/NZVI has a flake-like shell and the level of flaking
increases with decreasing Fe/S ratio. The ‘flake-like shell’ was also
observed by Su et al. (2015), who reported that S/NZVI has much
higher surface to volume ratio due to the abundant flake-like
structure, compared with NZVI. Thus, the decreased aggregation
and the higher surface to volume ratio might contribute to the
enhanced reactivity of S/NZVI. The EDS, however, showed only Fe
and O as the main elements with no or very low levels of sulfur
(Fig. S2). This phenomenonwas also observed by Fan et al. (2014). It
is possible that these structures on the surface of S/NZVI were some
transient phases of FeS oxidation and had yet to be transformed to
more stable phases.

To verify the formation of sulfur compounds on the surface of S/
NZVI as illustrated in Eqs. (1)e(9), FTIR spectra of NZVI and S/NZVI
were collected for comparison (Fig. 3). The broad band appeared at
~3400 cm�1 could come from hydroxyl groups of lattice water. The
peak at around ~2350 cm�1 should be assigned to the saturation
band of CO2. The bands at ~1630 cm�1 and ~1450 cm�1 can be
attributed to the asymmetric and symmetric stretching vibrations
of C¼O (Dong et al., 2016b). The above bands existed in both NZVI
and S/NZVI samples. However, some new bands appeared at
~1100 cm�1 and 920 cm�1 for S/NZVI samples, which could be
assigned to the presence of SO4

2�, S2O3
2� or SO3

2� (Chernyshova,
2003; Reyes-Bozo et al., 2015). This verified the mechanisms pro-
posed in Eqs. (1)e(4). The bands observed at lower wavenumbers
between ~620 cm�1 and 500 cm�1 could be assigned to the typical
Fe-O and Fe-S bonds (Dong et al., 2016b; Reyes-Bozo et al., 2015).
However, as demonstrated in Fig. 3, it is difficult to differentiate the
iron oxides and iron sulfide (FeSx).

To further clarify the exact Fe-S compounds formed on the
surface of S/NZVI, XPS analysis were carried out (Fig. 4). Fig. 4A
shows the high resolution XPS for the S 2p region. For S/NZVI, the
2p3/2 peaks for sulfide (S2�) and polysulfide (Sn2�) were detected at
161.7 eV and 162.6 eV, respectively (Garcia et al., 2016). For S/NZVI
with Fe/S molar ratio of 100, the contents of sulfide and polysulfide
were low, but obviously the content of sulfide was much higher
than that of polysulfide. The content of sulfide and polysulfide
increased with the increasing dosage of S2O4

2�, and the content of
polysulfide was similar to that of sulfide for S/NZVI with Fe/S molar
olar ratios: (A) Fe/S¼ 100; (B) Fe/S¼ 60; (C) Fe/S¼ 10.



Fig. 3. FTIR analysis of NZVI and S/NZVI synthesized at different Fe/S molar ratios.

Fig. 4. High resolution XPS for the S 2p region (A) and Fe 2p region (B).
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ratio of 60. When the dosage of S2O4
2�was further increased, sulfide

content increased slightly while polysulfide content increased
markedly. Simultaneously, a small peak of sulfite (SO3

2�) and a
pronounced peak of sulfate (SO4

2�) were detected at 167.4 eV and
168.9 eV, respectively (Garcia et al., 2016).

Due to the addition of S2O4
2�, Fe0 would convert into iron with

different valences, and the content of Fe0 could indirectly reflect the
reducing capacity of S/NZVI. Therefore, the high resolution XPS for
the Fe 2p region was detected and shown in Fig. 4B. The broad
peaks of Fe 2p1/2 (~723 eV) and Fe 2p3/2 (~710 eV) account for the
oxidized iron species (Fe2þ and Fe3þ) (Yamashita and Hayes, 2008;
Jeong et al., 2010; Garcia et al., 2016), which are predominant in all
the three types of S/NZVI particles. The satellite peak obtained at
~714 eV was assigned to Fe 2p3/2 of Fe2þ (Yamashita and Hayes,
2008). The oxidized iron for these nanoparticles could be present
as iron oxides, oxyhydroxides, hydroxides, and sulfides. The peaks
of Fe0 2p3/2 (~707eV) and Fe0 2p1/2 (~719eV) account for less pro-
portion, indicating that the oxidized iron species were dominant on
the surface of S/NZVI. When the Fe/S molar ratio was 10, the peaks
representing Fe0 even disappeared. It could be speculated that the
large portion of Fe0 was oxidized with the addition of S2O4

2� in the
synthesis process, generating iron oxide or Fe-S compounds.

The above XPS analysis indicates that FeS was generated on the
surface of NZVI at lower dosage of S2O4

2�, while large amounts of
FeS2 and SO4

2� accumulated on the surface of NZVI at higher dosage
of S2O4

2�. Although the presence of FeS could enhance the reactivity
of Fe0 (Rajajayavel and Ghoshal, 2015), FeS2 has a much lower
reactivity towards TCE than FeS (Lee and Batchelor, 2002). Mean-
while, at higher dosage of S2O4

2�, Fe0 content decreased signifi-
cantly and a large amount of sulfate were deposited onto the
particle surface, which reduced the electron donor and also hin-
dered the transfer of electrons. Accordingly, the enhanced degra-
dation of TCE by S/NZVI at higher molar ratio of Fe/S (from 100 to
60) should be due to the presence of FeS, while the inhibited TCE
degradation at lower molar ratio of Fe/S (from 60 to 10) should be
due to the accumulation of FeS2, sulfate and iron oxides on the
surface of S/NZVI, and the consumption of Fe0.
3.2. Effect of pH

It is known that the reactivity of NZVI is greatly susceptible to
solution pH. Under alkaline conditions, NZVI has a lower reactivity
due to surface passivation, while under acidic conditions, NZVI has
a higher reactivity due to rapid corrosion (Matheson and Tratnyek,
1994). However, the Fe/S layer formed on the surface of NZVI via
sulfidationwas reported to be able to enhance electron transfer and
increase depassivation of NZVI (Hansson et al., 2008; Rajajayavel
and Ghoshal, 2015; Han and Yan, 2016), which might exert some
different effects on the removal of TCE by S/NZVI at different pH.
Therefore, the effect of initial pH on the removal of TCE by S/NZVI
was studied (Fig. 5). It was found that the removal of TCE by S/NZVI
was slightly affected by pH value, all of which could reach 90% after
9 h of reaction (Fig. 5A). The trend of TCE removal with pH seems to
be contrary to the previous literature (Kim et al., 2013; Rajajayavel
and Ghoshal, 2015), in which the increasing solution pH could
significantly increase TCE degradation. However, as discussed in
our previous section, the TCE removal in this study could result
from both degardation and adsorption, which might give rise to the
differences in pH-dependent trend from other studies that only



Fig. 5. Effect of pH on (A) TCE removal and (B) TCE dechlorination by S/NZVI, and (C)
the variation of pH during the reaction. (Fe/S¼ 60; TCE¼ 30mg/L; S/NZVI¼ 5 g/L).
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take degardation into account. Thus, the degradation of TCE with
pH was further examined by determining the dechlorination effi-
ciency (Fig. 5B). As shown in Fig. 5B, the dechlorination efficiency
increased significantly with increase of pH value. The dechlorina-
tion efficiency merely achieved 31.5% at initial pH 5.57, while it
could reach up to 60.7% at initial pH 8.02. The trend of TCE degra-
dation with pH is consistent with the pH effect observed in iron
sulfide systems reported previously, but opposite to that in the
single NZVI systems (Butler and Hayes, 2001; Kim et al., 2013;
Rajajayavel and Ghoshal, 2015). In order to further explore the
role of pH played on the TCE degradation process, the variation of
pH with reaction time was monitored (Fig. 5C). Although there was
a great difference in the initial pH (from 5.57 to 8.02) of the three
samples, the pH of solution became similar after reaction for just a
few minutes. The final pH increased to around 8.5 in all three
samples. This indicates that the initial pH plays a more important
role in the dechlorination of TCE by S/NZVI. As shown in Fig. 5C, the
initial pH 5.57 rapidly rose to around 8.5 within a few minutes,
which should be due to the release of OH� from the fast corrosion of
S/NZVI (as demonstrated in Eq. (7)). This reveals that the reaction
between S/NZVI and water was fast at initial pH of 5.57, which
might be the reason for the lower TCE dechlorination. This seems to
be contrary to the findings of Han and Yan (2016), in which the
reactivity of S/NZVI is contaminant-specific and is selective against
the background reaction of water reduction. The controversy might
result from the different initial pH employed in the study of Han
and Yan (2016), in which the experiments were carried out at
initial pH of 7.8e8.2. In this study, it was also found that more
efficient TCE dechlorination was obtained at pH 8.02 than pH 5.57.
Bulter and Hayes (2001) reported that the rate of TCE degradation
by FeS increased with increase of pH from 7.3 to 9.3, which was
possibly due to a decrease in the reduction potential of reactive
surface species with increasing pH. It was also reported that the
deprotonated ligands (i.e., ≡FeO� and ≡S�) are more favorable for
electron donation (Kim et al., 2013), which results in the increased
rates of TCE reduction at higher pH levels.

3.3. Effect of dissolved oxygen

In the real application, the lifetime of NZVI would be signifi-
cantly influenced by the existence of oxidizing substances (e.g.,
dissolved oxygen (DO)) in the aqueous environment. The presence
of DO can cause rapid oxidation of NZVI, resulting in a loss of
reactivity towards contaminants (Dong et al., 2016b). In order to
verify if the coated FeS shell could relieve the oxidation of NZVI by
DO, the effect of DO on TCE removal by S/NZVI was examined and
the results are shown in Fig. 6A. As for S/NZVI, although the
removal rate of TCE was slightly slower in air-water environment
than that in air stripping-water environment at the beginning of
the reaction, there was no difference in the total removal efficiency
after 6 h of reaction. However, under the same circumstance, the
removal efficiency of TCE by NZVI decreased from 79% (without DO)
to 58% (with DO). To further explore the influence of DO on the
degradation of TCE, the dechlorination efficiency was examined. As
shown in Fig. 6B, in the S/NZVI reaction system, the dechlorination
was significantly inhibited in the first 2 h of reaction under air
condition. However, there was only a slight decrease in dechlori-
nation efficiency under air condition than that under air-stripping
condition at the end of the reaction. It was presumed that the in-
hibition of dechlorination at the outset of experiments might be
due to the competition between DO and TCE for reaction with S/
NZVI. Yet, the fact that the final dechlorination efficiency was
slightly influenced by DO reveals that although S/NZVI could not be
selective against reaction with DO, the presence of FeS layer might
be able to alleviate the surface passivation of NZVI caused by DO
oxidation. To approve this, the corrosion of S/NZVI in the absence
and presence of DO was compared with that of NZVI by monitoring
the variation of oxidation-reduction potential (ORP) during the
reactions (Fig. 6C). It was found that the ORP value decreased
sharply to around �700 eV in the S/NZVI systems under both air-



Fig. 6. (A) TCE removal and (B) TCE dechlorination by NZVI and S/NZVI in the presence
and absence of dissolved oxygen, and (C) the variation of ORP during the reactions. (Fe/
S¼ 60, TCE¼ 30mg/L, NZVI¼S/NZVI¼ 5 g/L, pH¼ 5.57).
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stripping condition and air condition. As for the NZVI system, the
ORP value also decreased sharply to around �600 eV under air-
stripping or air condition. The drop of ORP in S/NZVI system was
more than that in NZVI system, suggesting a higher degree of
corrosion of S/NZVI than NZVI. This further reveals that S/NZVI had
stronger anti-passivation ability than NZVI. Thus, it can be
presumed that the sulfidation of NZVI could not avoid the side
reaction with DO, but could possibly alleviate the surface passiv-
ation of NZVI caused by oxidation. This resulted in a higher reac-
tivity of S/NZVI towards TCE than the bare NZVI.

In addition, it has been reported that the free radicals such as
·O�

2 and ·OH derived from dissolved molecular oxygen could be
yielded in the S/NZVI system (Eqs. (10)e(12)) (Song et al., 2016),
which could facilitate the elimination of TCE (Beltr�an et al., 1996).

≡Fe� S� Fe2þ þ O2;ad/≡Fe� S� Fe3þ þ ·O�
2 (10) ≡Fe2þ þ ·O�

2 þ 2Hþ/≡Fe3þ þ H2O2 (11)

Fe2þ þ H2O2/Fe3þ þ ·OH þ OH� (12)

Overall, it can be seen that the presence of DO exerted more
influence on the NZVI system than the S/NZVI system. This verifies
that the sulfidation of NZVI could alleviate the negative impact of
DO on the reactivity of NZVI.
3.4. Effect of aging

To further verify whether and how the sulfidation of NZVI could
alleviate the surface passivation of NZVI caused by corrosion, the S/
NZVI particles were aged in water for different time and then used
for TCE degradation. As demonstrated in Fig. 7A, the effect of aging
time on the dechlorination of TCE by the aged S/NZVI was deter-
mined. It was found that S/NZVI aged for 10e20 d still kept a high
capacity of TCE dechlorination compared with the fresh S/NZVI,
whereas an obvious drop in TCE dechlorination was observed for S/
NZVI aged for 30 d. The dechlorination efficiency of TCE by freshly-
prepared S/NZVI was 31.2%, while that of S/NZVI-10d, S/NZVI-20d
and S/NZVI-30d were 30%, 27.5% and 23%, respectively. Previous
studies have shown that the reactivity of NZVI towards contami-
nants could be rapidly reduced after aging for just several days due
to serious surface passivation caused by corrosion (Kim et al., 2010;
Dong et al., 2016b). In comparison, it was clear that the sulfidation
of NZVI did prolong its lifetime.

Given that the reactivity of S/NZVI was directly associated with
the surface composition (Kim et al., 2014), XRD analysis was then
conducted to identify the composition evolution of S/NZVI with
aging time (Fig. 7B). Fig. 7B shows the XRD patterns of fresh NZVI
and S/NZVI, which indicate the presence of Fe0 (2W¼ 44.6�) in S/
NZVI, just like NZVI (Dong et al., 2016b). However, no iron sulfide
peak is observed. Similar phenomenon was also observed in other
studies (Kim et al., 2011; Su et al., 2015). The peaks of iron sulfide in
the fresh S/NZVI could not be discerned in the pattern, whichmight
be due to their low concentrations or low degree of crystallinity, or
the overlapping with the peak of Fe0 (Kim et al., 2011; Fan et al.,
2014). For the aged samples, some peaks assigned to iron oxide
and iron sulfide appeared, indicating the chemical and structural
transformation of S/NZVI with aging. The peaks “L” and “N” at 35�

and 30�, 54�, 56� in the aged S/NZVI represent lepidocrocite (g-
FeOOH) and magnetite/maghemite (Fe3O4/g-Fe2O3), respectively
(Dong et al., 2018). Another major peak “M” at 22�, 41�, 68� rep-
resents the existence of ferrous sulfide (FeS) and the minor peaks
“P” and “G” at 43� and 33� represent pyrite (FeS2) and greigite
(Fe3S4), respectively (He et al., 2010). With the increase of aging
time, the peak of Fe0 receded, and the peaks of FeS, FeS2 and Fe3S4
became obvious. Even though, there was still obvious peak of Fe0 in
the S-NZVI aged for 10e20 d. However, in the S/NZVI aged for 30 d,
the peak of Fe0 disappeared and the peaks of g-FeOOH and Fe3O4/g-
Fe2O3 increased rapidly. The reduction of Fe0 content and the
accumulation of iron oxides should be the reason for the decreased



Fig. 7. (A) Effect of particle aging on the dechlorination of TCE by S/NZVI (Fe/S¼ 60,
TCE¼ 30mg/L, S/NZVI¼ 5 g/L, pH¼ 5.57); (B) XRD analysis of NZVI, S/NZVI and aged-
S/NZVI nanoparticles. Peaks refer to Fe0 (F), lepidocrocite (g-FeOOH) (L), magnetite/
maghemite (Fe3O4/g-Fe2O3) (N), ferrous sulfide (FeS)(M), pyrite (FeS2) (P), greigite
(Fe3S4)(G).

Fig. 8. (A) Dechlorination of TCE by the sulfur-reactivated aged-NZVI (R-NZVI) (Fe/
S¼ 60, TCE¼ 30mg/L, NZVI¼S/NZVI¼ R-NZVI¼ 5 g/L); (B) XRD analysis of aged-NZVI
and sulfur-reactivated aged-NZVI. Peaks refer to Fe0 (F), lepidocrocite (g-FeOOH) (L),
magnetite/maghemite (Fe3O4/g-Fe2O3) (N), ferrous sulfide (FeS) (M), greigite
(Fe3S4)(G).
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dechlorination efficiency of the aged S/NZVI, especially for S/NZVI-
30d. Nevertheless, although the iron oxides (e.g., g-FeOOH and
Fe3O4/g-Fe2O3) were accumulated on the surface of S/NZVI-30d,
the dechlorination efficiency of S/NZVI-30d still reached a higher
level (23%) comparedwith that of fresh-prepared NZVI (12.3%). This
should be attributed to the excellent electron conductivity of FeS on
the particle surface (Butler and Hayes, 2001).

3.5. Reactivation of aged NZVI by sulfidation

In real application, NZVI particles are usually synthesized on site
during the site remediation to avoid oxidation; otherwise, the
particles can be easily passivated and lose reactivity during long-
term storage (Dong et al., 2016a; Liang et al., 2014; Qin et al.,
2017). For the aged NZVI, previous studies have developed
various methods (e.g., acid washing, H2-pretreatment, ultrasound,
premagnetization) to reactivate its reactivity before the application
(Guan et al., 2015; Li et al., 2015; Sun et al., 2017). In this study, we
tried to examine whether the sulfidation with Na2S2O4 could
reactivate the aged NZVI. As shown in Fig. 8A, the dechlorination of
TCE by the Na2S2O4-reactivated aged NZVI (R-NZVI) weremeasured
and compared with that of fresh S/NZVI and fresh NZVI. The results
show that although the dechlorination efficiency of R-NZVI was still
not comparable to that of S/NZVI, but was superior to that of fresh
NZVI. Besides, it was found that the aging time of NZVI had limited
influence on the reactivation of NZVI by sulfidation. The dechlori-
nation efficiency by R-NZVI decreased slightly with the increase of
aging time of NZVI, reaching 23%, 20%, and 19% with aging time of
10 d, 20 d, and 30 d, respectively. The results suggest that sulfida-
tion with Na2S2O4 could be a feasible way for the reactivation of
aged NZVI for the degradation of TCE.

In addition, the chemical composition of aged NZVI and R-NZVI
were further analyzed by XRD (Fig. 8B). The XRD pattern of aged
NZVI shows the existence of Fe0 and small amount of iron oxides. A
comparison of XRD patterns of NZVI with different aging time in-
dicates that the peak of Fe0 became weaker with the increase of
aging time. When Na2S2O4 was added to reactivate the aged NZVI,
the peaks of ferrous sulfide (FeS), greigite (Fe3S4) and lepidocrocite
(g-FeOOH) appeared. Thus, the presence of FeS on the surface of R-
NZVI should contribute to the enhanced dechlorination of TCE
compared with fresh NZVI. However, the reactivity of R-NZVI was
still not as good as S/NZVI, which should be due to the presence of
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iron oxides (e.g., g-FeOOH) on the surface of R-NZVI and the less
content of Fe0.

4. Conclusion

In this study, we investigated the effects of Fe/S molar ratio, pH,
dissolved oxygen (DO) and particle aging on TCE degradation by S/
NZVI. The following conclusions were made:

C Fe/S ratio greatly affected the dechlorination efficiency of
TCE by S/NZVI. The TCE dechlorination efficiency achieved
the maximum value at Fe/S molar ratio of ~60, and it
decreased at both higher and lower Fe/S. The spectroscopic
analysis reveal that the presence of FeS formed on the surface
of NZVI played a key role in the dechlorination process.

C The increasing solution pH from ~5 to ~8 significantly
increased TCE degradation by S/NZVI. This suggests that S/
NZVI would be an efficient reagent for the remediation of
groundwater (with typical pH ~ 8).

C The presence of DO and the aging time of S/NZVI had limited
effect on TCE dechlorination efficiency. The results reveal
that the presence of FeS layer could be able to alleviate the
surface passivation of NZVI caused by corrosion, prolonging
the lifetime of S/NZVI.

C The feasibility of reactivation of the aged NZVI by sulfidation
treatment was examined. It was found the reactivated NZVI
even had higher reactivity than the fresh NZVI. XRD analysis
shows that FeS was generated on the surface of the aged
NZVI after sulfidation, which should contribute to the
improved reactivity. This reveals that sulfidation treatment
could be a feasible way for the reactivation of aged NZVI.
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