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H I G H L I G H T S

• Sulfidation method affected the Fe0

content and Fe crystalline structure.

• Sulfidation method affected the S
speciation and distribution.

• Co-sulfidized S-nZVI incorporated
more sulfur than post-sulfidized S-
nZVI.

• S-in-Fe(1 1 0) can block more H ad-
sorption sites than S-on-Fe(1 1 0).

• Sulfidation blocked the H2 evolution
and enhanced the florfenicol dehalo-
genation.
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A B S T R A C T

Recently, sulfidation of nanoscale zerovalent iron (S-nZVI) has become a potential remediation technology.
However, the impact of sulfidation methods and actual sulfur content ([S/Fe]particle) on the physicochemical
properties and the reactivity of S-nZVI remains unknown. Here, we synthesized S-nZVI via one co-sulfidation and
three post-sulfidation methods to determine how different sulfur reagents and addition procedures affect the
reactivity of S-nZVI for defluorination. The measured S amounts of co-sulfidized S-nZVI and post-sulfidized S-
nZVI was much lower than their dose. Different sulfur reagents and sulfidation approach would affect the
amount and speciation of sulfur in the particles. Sulfidation of nZVI improved the reactivity for dechlorination
(up to 12-fold) and defluorination (up to 3-fold) of florfenicol (FF), but inhibited the reactivity with water (up to
31-fold). Density functional theory calculations showed that sulfidation increases the hydrophobicity of mate-
rials, and the amount and nature of sulfur affect the hydrophobicity and the number of blocked H sites. S-nZVI
particles with more S2− and S22− species showed faster dechlorination and defluorination of FF. Up to ~ 45% of
FF was defluorinated by S-nZVI after 15 days reaction at room temperature and pressure. The [S/Fe]particle and
Fe0 content was responsible for the initial and long-term defluorination, respectively. These results suggest that
S-nZVI could be a promising agent for defluorination, and the sulfur reagents and sulfidation approach would
affect its properties and reactivity.
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1. Introduction

Nanoscale zero-valent iron (nZVI) has been widely studied due to its
high reactivity towards halogenated organic pollutants, heavy metals,
and other inorganic pollutants [1–9]. However, rapid aggregation and
passivation of nZVI particles reduce its reactivity and mobility during
in-situ remediation [10–13]. Meanwhile, the side reaction with water
consumes Fe0 (Fe0 + 2H2O → Fe2+ + 2OH− + H2) and forms an iron
oxide layer on the surface, reduces electron utilization, and leads to a
shortening of reactive life [14]. Numerous efforts have been made to
increase the reactivity of nZVI for decades, such as doping a noble metal
(e.g. Pd and Ni) onto nZVI [15–17] and loading nZVI particles onto
carbon supports or stabilizing nZVI particles with polymers [18–22].
Nevertheless, these methods cannot inhibit the side reaction between
Fe0 and water, and will shorten the reactive lifetime of nZVI in water
due to its larger surface area after stabilization.

Recently, sulfidation of nZVI has drawn interest for environmental
remediation [23–26]. Sulfidized nZVI (S-nZVI) has been proposed to
slow the side reaction between Fe0 and water, enhance the reactivity,
extend the lifetime of the materials, and improve the electron se-
lectivity for targeted contaminants [24,27–30]. To date, S-nZVI is
synthesized via either a co-sulfidation method or a post-sulfidation
method [31–33]. A typical co-sulfidation method uses the dropwise
addition of a mixture of Na2S2O4 and NaBH4 solution into a Fe2+ or
Fe3+ solution to directly form S-nZVI [32], while a typical post-sulfi-
dation method involves synthesizing nZVI first, then adding a Na2S
solution into the nZVI suspension [33,34]. The effects of sulfidation on
the nZVI reactivity has been correlated with the dosed S/Fe molar ratio
([S/Fe]dose) in previous studies [23,27,35]. A recent study reported that
the actual S/Fe molar ratio in the particles ([S/Fe]particle) via either co-
sulfidation (using Na2S2O4) or post-sulfidation (using Na2S) was much
lower than the relative [S/Fe]dose [36], while another study reported
that the [S/Fe]particle of co-sulfidized S-nZVI (using Na2S) was close to
the relative [S/Fe]dose [37]. These results suggest that it is important to
measure and report the [S/Fe]particle, which would allow a better
comparison between different studies and a better correlation between
the sulfur content with their physicochemical properties. Moreover,
these studies also indicate the impact of sulfur reagents on the actual
sulfur content and reactivity of co-sulfidized S-nZVI. However, the
impact of different sulfur reagents and their addition procedures on the
sulfur content and speciation of post-sulfidized S-nZVI remains largely
unknown.

Since water is the primary substance rather than the contaminants
in water treatment, the inhibited side reaction between Fe0 and water
by sulfidation is a more interesting property of S-nZVI from both the
point of view of fundamental studies and applications. This would in-
crease the S-nZVI longevity in water and improve the electron effi-
ciency towards target contaminants [33,36,38]. Chlorinated con-
taminants have been widely used as reactivity probes to confirm the
improved reactivity by the sulfidation of nZVI [27,33,34,37]. However,
the defluorination of organics is much more difficult than dechlorina-
tion because C-F is more stable than C-Cl. It is unclear if sulfidation of
nZVI will improve the reactivity for defluorination or if S-nZVI syn-
thesized by different sulfidation methods and sulfur reagents will react
differently for defluorination.

The existence and frequent occurrence of antibiotics would cause
the emergence and dissemination of antibiotic resistant genes, and the
degradation of antibiotics is of great importance to reduce antibiotic
selection pressure of the environment [39]. As a frequent detected
antibiotic, halogenated florfenicol (FF) was selected as the target con-
taminant in this study [40,41]. We synthesized S-nZVI via four different
sulfidation methods, including a co-sulfidation method and three post-
sulfidation methods with different sulfur reagents. This work aims to
understand how sulfur reagents and sulfidation methods affect the
morphology, chemical structure, and sulfur content-distribution-spe-
ciation of S-nZVI, and how these differences affect their reactivity with

water and FF. Density functional theory (DFT) calculations were per-
formed to determine whether the amount and combination of S would
affect the affinity of S-nZVI with water and H. Ultra performance liquid
chromatography with tandem mass spectrometry (UPLC-MS/MS) ana-
lysis was performed to study the potential dehalogenation pathway of
FF.

2. Experimental section

2.1. Materials

Analytical grade FeCl3, NaBH4, Na2S2O4, HCl, NaOH, and
Na2S·9H2O were obtained from Sinopharm Chemical Reagent Co., Ltd.,
China. High purity grade FF was obtained from Shanghai Ruichu
Biotechnology Co., Ltd., China. Deschloro FF (one Cl atom on FF is
replaced by one H atom) and dideschloro FF (two Cl atoms on FF are
replaced by two H atoms) standard samples were obtained from Absin
(Shanghai) Bioscience Inc., China. Ultrapure water was deoxygenated
by purging nitrogen for 1 h before use.

2.2. Particles synthesis

nZVI and four S-nZVI particles were prepared according to pre-
viously reported methods [32,42–44]. Briefly, nZVI was synthesized by
dropwise addition of 100 mL NaBH4 (0.51 g) solution into 175 mL FeCl3
(0.725 g) solution under stirring and nitrogen purging. Co-sulfidized S-
nZVI (denoted as S-nZVIco) was synthesized by dropwise addition of
100 mL NaBH4 (0.51 g) and Na2S2O4 (0.054 g) mixed solution into
175 mL FeCl3 (0.725 g) solution, obtaining a theoretical [S/Fe]dose of
0.14. For the other three post-sulfidation methods, 0.25 g nZVI was first
synthesized, and washed three times by deoxygenated ultrapure water
before dispersing into 100 mL water for the subsequent sulfidation. S-
nZVIpost-1 was synthesized by mixing the nZVI suspension with 50 mL
Na2S2O4 (0.054 g) solution, followed by ultrasonic treatment for
10 min, while S-nZVIpost-2 was obtained via the dropwise addition of
50 mL Na2S2O4 (0.054 g) solution into the nZVI suspension. S-nZVIpost-3
was synthesized by adding 50 mL Na2S (0.049 g) solution into the nZVI
suspension followed by ultrasonic treatment for 10 min. The targeted S/
Fe molar ratio for each material were different, including 0.07, 0.14,
0.21, and 0.28 [S/Fe]dose, respectively. These materials were washed
three times by deoxygenated ultrapure water and dried in a vacuum
oven at 60 °C overnight, then the vacuum was filled by air and the
materials were immediately taken out of the oven for reaction and
characterizations.

2.3. Batch experiments

For the reactivity of nZVI or S-nZVI with water (H2 evolution),
50 mL 1.0 g L−1 nZVI or different S-nZVI was added into 70 mL serum
bottles, which were rotated on an end-over-end rotator (30 rpm) after
immediately capped by Teflon Mininert valves. The H2 in the headspace
(20 mL) was measured by a GC-TCD system at specific intervals. For the
dechlorination reactivity (2 h) of nZVI and S-nZVI with FF, 0.28 mM FF
was added into 500 mL three-necked flask containing 250 mL 1.0 g L−1

nZVI or S-nZVI with continuously stirring (500 rpm) and nitrogen
purging. For the defluorination reactivity (15 days) of nZVI or S-nZVI
with FF removal, 0.28 mM FF was added into 70 mL serum bottles
containing 50 mL 1.0 g L−1 S-nZVI, which were rotated on an end-over-
end rotator (30 rpm) after immediately capped by Teflon Mininert
valves. Samples were taken out and immediately filtrated through
0.45 μm polyether sulfone membrane, the calibration curve after fil-
tration was used to calculate FF concentrations in filtered samples.

2.4. Analytical methods

FF and dechlorinated products were quantified using high
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performance liquid chromatography (HPLC, infinity 1260, Agilent,
USA) equipped with UV–vis detector and a ZORBAX Eclipse XRD-C18

column (250 × 4.6 mm, Agilent, USA). The mobile phase consisted of
40% methanol and 60% water at a flow rate of 1.0 mL min−1. Injection
volume was 10 μL. The retention time of FF, deschloro FF, and dides-
chloro FF were 5.8, 4.1, and 3.2 min, respectively.

Ultra performance liquid chromatography with tandem mass spec-
trometry (UPLC-MS/MS, Waters, USA) equipped with a BEH C18

column (2.1 × 100 mm, 1.7 μm, Waters, USA) was used to detect the
defluorinated products of FF. Gradient eluted mobile phase was used
with an initial ratio of water/methanol = 9/1 (v/v), water proportion
decreased to 50% in the first 6 min and continuously declined to 5% in
the following 2 min, then maintained for 1 min before increasing to
90% within 1 min. The entire testing time was 12 min including 2 min
for washing the column and rebuilding the initial condition. The flow
rate of mobile phase was 0.2 mL min−1 and the injection volume was
4 μL.

The concentration of F– in the reactors was detected by ion chro-
matography (IC, Thermo Scientific ICS-5000), and a fluoride ion se-
lective electrode was used to double-check the final F– concentration.
The detection limit of the IC and fluoride ion selective electrode were
0.05 and 0.02 ppm, respectively. The actual [S/Fe]particle of each ma-
terial was determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES) analysis after the digestion of a certain amount
of S-nZVI particles in aqua regia [37].

TEM (FEI-Tecnai G2 F20), XRD (Rigaku-Ultima IV) and XPS
(Thermo Scientific K-Alpha) were used to characterize the morphology,
chemical structure and Fe and S species distribution, respectively. A pH
meter (Mettler Toledo FE 20) and a portable multimeter (Hach HQ40d)
were used to detect pH and ORP during the reaction, respectively.

2.5. Density functional theory (DFT) calculations

DFT calculations were conducted using the Vienna Ab initio
Simulation Package. Electronic exchange and correlation were de-
scribed by the generalized gradient approximation (GGA) method and
the Perdew-Burke-Ernzerhof (PBE) functional [40]. The projector aug-
mented-wave (PAW) method was used to describe the core electrons
[41]. Valance electrons were described with the Kohn-Sham (KS) wave
functions expanded in a plane wave basis with a kinetic energy cutoff of
400 eV [42]. The Brillouin zone was sampled with a (3 × 3 × 1) k-
point mesh following the Monkhorst-Pack method [43]. Convergence
was defined when the force on all atoms was lower than 0.05 eV Å−1.
All calculations were conducted with spin-polarization. Fe(1 1 0) sur-
faces were modeled as four layer, (3 × 3) slabs. The choice to study the
(1 1 0) is based upon our XRD measurements (Fig. 1f) showing that this
is the predominant surface. Although Fe (hydro)oxides are inevitably
existed on the surfaces of nZVI and S-nZVI particles, the surfaces cov-
ered with iron sulfides would be the most reactive surface than iron
oxides. Hence, the impact of S combination with Fe on the hydro-
phobicity and the interaction with H was studied by DFT calculations.
The S-in-Fe(1 1 0) surface was modeled with one surface Fe atom
surface replaced with a S atom. The S-on-Fe(1 1 0) surface was modeled
with the S atom adsorbed on the Fe(1 1 0) surface. For all calculations,
the bottom two layers of the slabs were fixed, while the other two layers
were relaxed. The hydrogen binding energy (Eb) was calculated as:

= − −E E E E1
2

,b tot surf H2

where Etot is the total energy of the adsorption system, Esurf is the total
energy of a bare surface, and EH2 is the total energy of a H2 molecule in
vacuum.

3. Results and discussion

3.1. Characterizations

The morphology of pristine nZVI shows a typical chain-like struc-
ture that has been widely reported for nZVI [45–49], which consists of
smooth and agglomerated spherical particles (Fig. 1a). Na2S2O4 co-
sulfidation and post-sulfidation particles exhibit ill-defined boundaries
(Fig. 1b) and relatively more distinct spherical particles with irregular
size (Fig. 1c and d), respectively. The Na2S post-sulfidation particles
(Fig. 1e) show a similar structure as nZVI with an extra layer outside the
particles, consistent with a previously reported Na2S post-sulfidized S-
nZVI [50]. The particle size of S-nZVIpost were calculated based on
counting 130–150 particles (using the Image-Pro Plus software) from
TEM images (Fig. 1c–e). S-nZVIpost-1 ([S/Fe]particle = 0.008) and S-
nZVIpost-2 ([S/Fe]particle = 0.005) particles sulfidized by Na2S2O4 were
slightly larger than S-nZVIpost-3 ([S/Fe]particle = 0.003) sulfidized by
Na2S. This increase in particles size was likely because iron sulfide
phases coated onto the nZVI particles [51–54], and a higher sulfur
content resulted in larger particles. These results indicate that both the
sulfidation methods and sulfur reagents affected the morphology and
size of S-nZVI.

Broad and small peaks of Fe0 (Fe(1 1 0), Fe(2 0 0), and Fe(2 1 1))
were observed in the XRD spectra of nZVI and S-nZVIpost particles
(Fig. 1f). The peak position and intensity of nZVI and S-nZVIpost were
quite similar, suggesting that the post-sulfidation did not change much
the crystal structure of nZVI. While for S-nZVIco particles, the intensity
of Fe0 peaks was much higher than that of nZVI and S-nZVIpost, and all
the Fe0 peaks were shift to the left. This indicates that the co-sulfidation
favors the generation of crystalline Fe0 and sulfur is incorporated into
the crystalline structure of Fe forming a solid-solution (alloy com-
pound) rather than forming a phase-segregated structure or a physi-
cally-mixed structure [55,56]. The peaks for iron oxides and iron sul-
fides were not observed, suggesting that these phases were amorphous
and/or present below the detection limit of XRD (~5 wt%).

The band gap of FeS, FeS2, Fe3S4 is 0.10, 0.95, 0.00 eV, respectively,
while the band gap of FeO, Fe2O3, Fe3O4, and FeOOH is 2.40, 2.20,
0.10, and 2.60 eV, respectively [57], indicating the faster electron
transfer of iron sulfides than iron oxides. Herein, systematic XPS depth
profiles (0, 10, 20, and 40 nm) of different S-nZVI were performed to
not only show Fe and S species on the surface, but also give a general
picture of the distribution of Fe and S species over the particles. As the
sputtering depth increased (Fig. S1a), the Fe0 intensity of S-nZVIco only
slightly varied, and both the S and Fe were proved to be evenly dis-
tributed in our previous study [36]. In contrast, an uneven distribution
of Fe0 in S-nZVIpost particles were observed (Fig. S1b–d), and the S/Fe
atomic ratio according to the XPS analysis (Fig. S2a) shows a decreased
trend as the analysis depth increased. These results indicate that there
was more Fe0 inside the particles and more S on the surface of S-
nZVIpost, which was consistent with TEM-EDX results of S-nZVIpost as
reported in a previous study [37]. During the co-sulfidation process,
iron sulfides are likely formed along with the Fe0 nucleation [58].
While for the post-sulfidation process, the surface reaction between the
nZVI and sulfur reagents in the solution would be limited after forming
a passivating FeS layer, thus sulfur would be present predominantly on
the surface of S-nZVIpost particles. [33,36].

The spatial speciation of sulfur was further studied (Fig. 2a–d), the
peaks at 161.6, 162.6, 166.3, and 168.5 eV correspond to S2–, S22–,
SO3

2– and SO4
2– respectively [59]. No oxidized sulfur species (SO3

2–

and SO4
2–) were observed in the spectra of both surface and interior of

S-nZVIco (Fig. 2a), indicating the improved anti-oxidation property of S-
nZVI by co-sulfidation. For S-nZVIpost-1 (Fig. 2b) and S-nZVIpost-3
(Fig. 2d) with Na2S2O4 or Na2S under ultrasonication, oxidized sulfur
species (SO3

2– and SO4
2–) were observed on the surface but not found

inside of the particles. While for S-nZVIpost-2 (Fig. 2c) with dropwise
addition of Na2S2O4, SO3

2– species was observed at all depths
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investigated in this study. The fractions of the four sulfur species were
counted by the relative normalized peak area (Fig. 2e–h). The sulfur
distribution in S-nZVI shows similar trends with increasing depth: i) S2–

and S22–species were observed in all of the S-nZVI samples at selected
depths; ii) The fraction of S2– inside the particles was higher than that
on the surface; iii) The content of oxidized sulfur species (SO3

2– and
SO4

2–) in all the particles gradually decreased with increased depth.
The Fe0 content of S-nZVIco sharply decreased when the [S/Fe]dose

increased (Fig. 3a), indicating that the presence of Na2S2O4 affected the
reduction of Fe3+ iron and increased the formation of iron sulfides. The
[S/Fe]dose shows limited effects on the Fe0 content of S-nZVIpost. Since

the preparation conditions of S-nZVI vary in different labs, it is more
important to measure and report the actual [S/Fe]particle rather than the
[S/Fe]dose. The actual [S/Fe]particle of S-nZVIco gradually increased with
the increase of [S/Fe]dose but was ~ 1.8–3.9 times lower than the [S/
Fe]dose (Fig. 3b), indicating only partial incorporation of sulfur into the
particles. The increased [S/Fe]particle was consistent with the decreased
Fe0 content in Fig. 3a. However, the [S/Fe]particle of S-nZVIpost particles
was significantly lower than the relative [S/Fe]dose, suggesting the very
limited incorporation of sulfur into the nZVI by post-sulfidation
methods, which was likely because the surface reaction between the
sulfur reagent and nZVI in solution was limited by the formation of a

Fig. 1. TEM images of (a) nZVI, (b) S-nZVIco, (c) S-nZVIpost-1, (d) S-nZVIpost-2, and (e) S-nZVIpost-3 with their relative size distribution (counting 130–150 particles
from TEM images); (f) XRD spectra of nZVI and different S-nZVI ([S/Fe]dose = 0.14).
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passivating iron sulfide layer. Moreover, due to the higher sulfur con-
tent of S-nZVIpost-1 than S-nZVIpost-3, it can be concluded that nZVI
particles are more easily sulfidized by NaS2O4 than Na2S with the same
sulfidation procedure. The significant differences of Fe0 and sulfur
content between co-sulfidation and post-sulfidation methods are im-
portant for their different reactivities and properties.

These characterization results show that the particles varied with
different sulfidation methods, which affected the Fe crystalline struc-
ture, Fe0 content, and sulfur content and spatial speciation. The co-
sulfidation method incorporates more sulfur into the particles, resulting
in more crystalline particles. The sulfur existed in a reduced state (S2–

and S22–) rather than an oxidized state (SO3
2– and SO4

2–), but it also
reduced the Fe0 content. In contrast, the post-sulfidation methods did
not incorporate much sulfur into the particles even at high doses and
had little influence on the Fe0 content. However, these post-sulfidation
methods significantly affected the distribution of sulfur species both on
the surface and inside the particles, which plays an important role in
their reactivity as discussed later.

3.2. Suppressed water reactivity

The reactivity of S-nZVI with water was investigated via measure-
ment of H2 (Fe0 + 2H2O→ Fe2+ + 2OH− +H2) over a 30 days period
(Fig. S3), which was considered as a side reaction consuming the
electrons from Fe0. In order to rule out the effect of surface area (Table
S1) on the reactivity and to focus on the role of sulfur in the reactivity,
the surface-area-normalized zero-order kinetics rate constants of H2

evolution (kSA, H2) were compared (Fig. 3c). The lowest kSA, H2 by S-
nZVIco, S-nZVIpost-1, S-nZVIpost-2, and S-nZVIpost-3 was ~31, 23, 11, and
16-fold lower than that by nZVI, respectively, suggesting that the re-
action between Fe0 and water was largely blocked, and that more
electrons would go to reduce the contaminants. The kSA, H2 by S-nZVIco
gradually decreased with the increase of sulfur content. The very lim-
ited Fe0 content (only 2% as shown in Fig. 3a) and high S content that
could block the contact with H and water (as shown by our DFT
modeling in Fig. 4), contributed to the negligible H2 evolution at [S/
Fe]dose = 0.28. This result indicates that the high sulfur content of S-
nZVI via co-sulfidation would help to inhibit the side reaction with
water, but it could also greatly reduce the Fe0 content and capacity for

Fig. 2. S 2p XPS depth profiles and sulfur distribution of (a, e) S-nZVIco, (b, f) S-nZVIpost-1, (c, g) S-nZVIpost-2, and (d, h) S-nZVIpost-3 ([S/Fe]dose = 0.14).

Z. Cao, et al. Chemical Engineering Journal 400 (2020) 125900

5



contaminants. Generally, the kSA, H2 by S-nZVIpost decreased at higher
[S/Fe]particle with the same sulfidation method.

The longevity of nZVI and S-nZVI was important for in-situ re-
mediation, which would help to estimate the cost and how often to
inject particles. The accumulated H2 based on the percentage of the
actual Fe0 content of each material is shown in Fig. S3. The H2 evolu-
tion by S-nZVI followed zero-order kinetics (accumulated

H2 = kobs,H2 × t). Hence, the longevity (t, day) of each material was
estimated when the accumulated H2 (%) reached 100% (Fig. 3d). The
Fe0 in nZVI was estimated to be exhausted after only ~40 days in this
study, while the longevity of S-nZVIco, S-nZVIpost-1, S-nZVIpost-2, and S-
nZVIpost-3 was estimated to be up to 880, 1170, 680, and 340 days,
respectively. The trends of kSA, H2 and longevity correlated well with
the actual [S/Fe]particle (Fig. 3b) rather than [S/Fe]dose, the higher

Fig. 3. (a) Fe0 content and (b) actual [S/Fe]particle of S-nZVI via different sulfidation methods (the Fe0 content of nZVI was ~ 97%). (c) H2 evolution rate (kSA,H2) and
(d) estimated longevity in water (1.0 g L–1 S-nZVI in water).

Fig. 4. (a) DFT-optimized adsorption geometries of water and (b) calculated H binding energies at Fe(1 1 0), 1S-on-Fe(1 1 0), and 1S-in-Fe(1 1 0) surfaces. Insets
show the H adsorption geometries. (c) Number of blocked adsorption sites for H on Fe(1 1 0) surfaces with different modifications of S atoms.
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actual [S/Fe]particle, the lower kSA, H2 and higher longevity. These cor-
relations further emphasize the importance of measuring and reporting
the actual [S/Fe]particle of S-nZVI. Based on the comparison of the actual
[S/Fe]particle and kSA, H2 of these three S-nZVIpost, Na2S2O4 sulfidation
with ultrasonic was a more stable and controllable method, which
shows a monotonously increasing trend of the actual [S/Fe]particle
(Fig. 3b), a monotonously decreasing trend of kSA, H2 (Fig. 3c), and a
monotonous increase in longevity (Fig. 3d).

It was previously reported that sulfur would block the adsorption
sites for hydrogen [60–62], and sulfidation of nZVI would also make the
particles more hydrophobic than nZVI [36]. However, any direct evi-
dence for how the different S-Fe structures via different sulfidation
methods affect these properties is limited. Herein, DFT calculations
were performed to provide mechanistic insights into the role of sulfur in
the material hydrophobicity and blocking of H adsorption sites. The
XRD results indicated that the co-sulfidation method increased the
crystallinity of Fe structure and sulfur was incorporated into the Fe
crystalline structure, while post-sulfidation did not change the crystal-
line structure of Fe (Fig. 1f). Hence, to some extent, the models of Fe
(1 1 0), S doped in Fe(1 1 0) (S-in-Fe(1 1 0)), and S bound on Fe(1 1 0)
(S-on-Fe(1 1 0)) could potentially represent the Fe(1 1 0) surfaces of
nZVI, co-sulfidized nZVI, and post-sulfidized nZVI, respectively. The
affinities of water and hydrogen at these surfaces were evaluated by
DFT calculations (Fig. 4).

Since the solvation effect is expected to have insignificant influence
on the adsorption energetics under similar reaction environments
[63,64], and due to the tremendous computational cost of spin-polar-
ization and explicit solvation model in DFT, we did not consider an
explicit solvation model in this study. The optimized adsorption geo-
metries of water at Fe(1 1 0), 1S-on-Fe(1 1 0), and 1S-in-Fe(1 1 0)
surfaces (Fig. 4a) clearly show that Fe(1 1 0) is a highly hydrophilic
surface which stabilizes adsorption of water, while the S sites of both S-
in-Fe(1 1 0) and S-on-Fe(1 1 0) are highly hydrophobic. In terms of
hydrogen adsorption, it is found from the structural optimizations that
a S atom can block 6 and 2 nearby adsorption sites for hydrogen on S-
in-Fe(1 1 0) and S-on-Fe(1 1 0), respectively (Fig. 4c). Note that the
blocked H sites on S-in-Fe(1 1 0) has been reported in our recent study
[65], and is compared with S-on-Fe(1 1 0) here to show the effect of
different S incorporations on the H adsorption. For the S-in-Fe(1 1 0)
surface, hydrogen does not have stable adsorption geometries around
the S site; instead, it migrates to the pure Fe3 3-fold hollow site nearby.
This is attributed to the “ensemble effect”, where the hydrogen ad-
sorption site is highly dependent on the specific arrangement and
identity of surface atoms [66]. In contrast, the S atom in the S-on-Fe
(1 1 0) surface blocks fewer potential H adsorption sites because it is the
steric hindrance effect of S that blocks the adjacent adsorption site of H.
The calculated H binding energies at the three surfaces show a clear
trend in H adsorption energies (Fig. 4b), in the order of Fe(1 1 0) > S-
on-Fe(1 1 0) > S-in-Fe(1 1 0). These results are in good agreement
with the trends found from experiments that sulfidation of nZVI in-
hibited water dissociation as compared to nZVI without sulfidation.
Using the number of blocked H sites on surface as a reactivity descriptor
(Fig. 4c) it can be understood that compared to post-sulfidized nZVI, co-
sulfidized S-nZVI, that incorporates S into the crystallin Fe structure,
would in theory block more H adsorption sites. These calculations show
that S-in-Fe(1 1 0) has less H affinity than S-on-Fe(1 1 0) due to both
weaker H binding and more H site-blocking, consistent with a previous
study that S-nZVIco was more hydrophobic than S-nZVIpost based on the
water contact angle measurements [36].

Both the experimental results (reaction with water) and the DFT
calculations indicate that the sulfidation of nZVI inhibits contact be-
tween Fe0 and water/H, and thus inhibits the H2 evolution. Moreover,
these properties suggest that sulfidation would also enhance the re-
activity with hydrophobic contaminants (e.g. trichloroethene) or hy-
drophobic groups on contaminants (e.g. halogen groups) [30,34,67].

3.3. Enhanced dechlorination and defluorination

The FF removal by nZVI and S-nZVI with different sulfidation
methods followed well with the pseudo-first order kinetics (Fig. S4),
which was widely reported for the dechlorination of organic con-
taminants by nZVI and S-nZVI in previous studies [5,68–70]. The effect
of sulfidation method on the dechlorination of FF by S-nZVI with the
same [S/Fe]dose (0.14) that characterized by XPS (known S species) was
first compared (Fig. S5). The removal of FF by nZVI was significantly
enhanced after sulfidation. S-nZVIco shows the highest reactivity with
FF and the dechlorinated intermediate (deschloro FF) begin to decrease
after 30 min (Fig. S5b), because the sulfur content (Fig. 3b) and surface
area (Table S1) of S-nZVIco was higher than the other three S-nZVIpost,
and all the sulfur was in the form of sulfide (S2–) and disulfide (S22–)
(Fig. 2e) with relatively lower band gap than iron oxides [57]. The
higher content of sulfur would facilitate the electron transfer to the
contaminant but block the adsorption of H and provide more hydro-
phobic sites (Fig. 4). The dechlorination of FF by S-nZVIpost-3 was
slightly faster than that by S-nZVIpost-1. Although the surface area
(Table S1) and actual sulfur content (Fig. 3b) of S-nZVIpost-3 were lower
than that of S-nZVIpost-1, most of the sulfur in S-nZVIpost-3 was mainly in
the form of S2– and S22– with few SO3

2– on the surface, while there was
more oxidized sulfur species (SO3

2– and SO4
2–) existed on the surface of

S-nZVIpost-1 (Fig. 2f). The lowest rate of FF dechlorination by S-nZVIpost-
2 was also consistent with its low sulfur content and the highest SO3

2–

species content (Fig. 2g). These results suggested that both the sulfur
content and species played important roles in the reactivity of S-nZVI.
ORP is a measurement of the electron activity in the solution and in-
dicates the relative tendency to transfer or accept electrons [71]. The
ORP of these S-nZVI suspension during the reaction (Fig. S5e) also
consistent with the trend of reactivity, the lower ORP, the higher re-
activity, suggesting the ORP might be a simple indicator for the com-
parison of the reactivity of S-nZVI synthesized via different sulfidation
methods. The pH of different S-nZVI systems dropped in the first 20 min
then became stable during the reaction (Fig. S5f), and there was no
significant difference between different S-nZVI systems.

The effects of sulfur reagents and sulfidation methods on the FF
removal by S-nZVI are shown in Figs. S6–9, and the relative surface-
area-normalized rates of FF removal (kSA, FF) were calculated (Fig. 5a).
The removal rate of FF by S-nZVIco was increased when the [S/Fe]particle
increased from 0.026 to 0.097, while obviously decreased when the [S/
Fe]particle further increased to 0.157 because of the limited Fe0 content
(~2%). This indicates that both the sulfur amount and Fe0 content
could affect the dechlorination of FF. The FF removal by S-nZVIpost-1
(Fig. 5a) was also positively correlated with the sulfur content (Fig. 3b).
Since the actual [S/Fe]particle of S-nZVIpost-2 and S-nZVIpost-3 particles
was similar, the decreased trend of kSA, FF was possibly attributed to the
changes of morphology, sulfur species, and electron transfer ability,
which were interesting ongoing studies to explore the sulfur chemistry
involved in the environmental remediation by S-nZVI.

The dechlorination of FF (Fig. S10) was much faster than the de-
fluorination (Fig. S11), 100% of FF was dechlorinated within 3 days
(according to the measurement of Cl– in the solution) for all the par-
ticles except the S-nZVIco with a low Fe0 content (~2%) (Fig. 5b and
S10). The defluorination of FF by S-nZVI with different sulfidation
methods were explored based on the F– generation over a 15 days re-
action (Fig. S11). Almost no F– was detected after 2 h reaction of FF
with nZVI (Fig. 5c), while about 2–6% of 100 mg L–1 FF was de-
fluorinated (1–3 mg L–1 FF per hour) by S-nZVI, which are comparable
with a recently reported defluroination of FF (~2 mg L–1 FF per hour)
by a CoP/Ti electrode [72]. Although the defluorination performance
will be varied with experimental conditions (e.g. materials dose, ap-
plied potential), these two methods will be potential technologies for
the defluorination of FF in different scenarios (e.g. in-situ or ex-situ,
respectively). The initial (first 2 h) defluorination efficiency of FF by
different S-nZVI was correlated well with their relative [S/Fe]particle
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(Fig. 5c), that is, higher [S/Fe]particle achieved higher defluorination of
FF, which further confirmed the importance of measuring and reporting
the actual [S/Fe]particle. The fitted linear slopes of defluorination of FF
by SNZVIco and S-nZVIpost were obviously different, and some S-
nZVIpost with lower [S/Fe]particle could defluorinate more FF than co-
sulfidized S-nZVI, despite the S contents in S-nZVIpost were ~ 3–60
times lower than those in S-nZVIco (Fig. 3b). Moreover, the surface S/Fe
molar ratios of S-nZVIpost were higher than that of S-nZVIco (Fig. S2b),
and there were more reduced S forms (e.g. FeS and FeS2) on the surface
of S-nZVIpost than those on the surface of S-nZVIco (Fig. S2c), which
were expected to improve the reactivity [73]. The oxidative S forms
(e.g. SO3

2– and SO4
2–) would not favor the reactivity [74]. These results

indicate that the sulfur in S-nZVIpost was more available for the reaction
with FF because there was more sulfur on the surface of S-nZVIpost than
S-nZVIco. However, the S-nZVIco material with higher [S/Fe]particle
(0.157) but limited Fe0 (~2%) content only defluorinated ~25% of FF
after 15 days reaction, while other S-nZVI materials could achieve
40–50% of defluorination (Fig. S11). Note that the defluorination of FF
by S-nZVIco using Fe2+ precursor (~30% after 4 months) in our pre-
vious study [26] was much slower than that by S-nZVIco using Fe3+

precursor in this study (Fig. S12) under the same experimental condi-
tions (dose, pH, temperature, etc.), the reasons for this phenomenon are
unclear, it is anticipated that the crystal structure, electron transfer,
hydrophobicity, sulfur content and speciation are all possible reasons.
The Fe0 content became another factor for the long-term defluorination
of FF by S-nZVI, especially for S-nZVIco with 2% Fe0 content, which
clearly became less reactive for defluorination (Fig. 5d). While for the S-
nZVIpost particles with similar Fe0 content, and the defluorination of FF
was slightly decreased with the decreased sulfur content. These results

suggest that both the Fe0 content and sulfur content would affect the
defluorination of FF by S-nZVI materials.

3.4. Reaction mechanism

Four dechlorination and defluorination products of FF removal by S-
nZVI were detected by UPLC-MS/MS, including deschloro FF
(C12H15O4NSClF), dideschloro FF (C12H16O4NSF), product-287
(C12H17O5NS), and product-269 (C12H15O4NS) (Figs. S13–16). This
result suggests that the sulfidation method and sulfur content of S-nZVI
did not affect the degradation pathway of FF. The mass signal of de-
chlorinated product-289 (dideschloro FF) (Fig. 6a) and defluorinated
product-269 (Fig. 6b) was increased during the first 3 days reaction and
then gradually decreased afterwards, while product-287 (Fig. 6c) was
continuously accumulated throughout the entire reaction time
(15 days).

Proposed dechlorination and defluorination pathway of FF by S-
nZVI was illustrated in Fig. 6d. The dechlorination of FF was prior to
and much faster than the defluorination of FF by S-nZVI. The chlorine
in FF molecule was removed one by one through hydrogenolysis, which
was indicated by the same generation rate of dideschloro FF before and
after all the parent FF was gone (Figs. S6–9). Dideschloro FF could be
defluorinated to product-269 through the β-elimination reaction and
followed by the addition reaction to form product-287. It was also
possible that dideschloro FF could be defluorinated to product-287 via
substitution. The decreased trend of product-269 after 3 days (Fig. 6b)
was likely due to the addition of C]C bond with water, transforming to
product-287. The performance of S-nZVI for defluorination at room
temperature and pressure endows S-nZVI with a new property that is

Fig. 5. (a) Pseudo-first-order rate constant of FF removal by nZVI and S-nZVI with different [S/Fe]dose within 2 h reaction; (b) dechlorination of FF removal after 1 d
reaction; (c) correlation of initial (2 h reaction) defluorination with [S/Fe]particle; (d) correlation of long-term (15 d reaction) defluorination with Fe0 content (basic
conditions: T = 25 °C, initial pH = 7.0, 0.28 mM FF, 1.0 g L–1 nZVI or S-nZVI).
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unexpected before.

4. Conclusions

These results suggest that both the sulfidation method and sulfur
reagents can influence the Fe crystalline structure, Fe0 content, and
sulfur content and spatial speciation, which further affect their re-
activity with water and halogenated contaminants. These influences
also suggest the importance of regarding the sulfidation method and
sulfur content for comparisons of S-nZVI in literatures. Sulfur not only
acts as a hydrophobic site to inhibit the contact between water and the
material, but also blocks the adsorption sites for H, reducing reduces
the reactivity of S-nZVI with water and extending extends the reactive
lifetime in water. Compared to post-sulfidation methods, the co-sulfi-
dation method promotes the formation of crystalline Fe0 structure, in-
corporates more sulfur into the particles, and maintains the sulfur in the
forms of S2– and S22– species rather than in oxidized sulfur forms (e.g.
SO3

2– and SO4
2–). The sulfur content controls the initial reactivity for

defluorination, and the Fe0 content became another important factor
for the long-term performance.

The sulfidation method and sulfur content did not change the de-
gradation pathway, though the dechlorination and defluorination rates
of FF by different S-nZVI were different due to their unique structure,
Fe0 content, and sulfur content. FF could be possibly removed through
hydrogenolysis, substitution, β-elimination, and addition reactions by
all kinds of S-nZVI according to the UPLC-MS/MS analysis. But further
efforts are needed to figure out the precise role of sulfur in these re-
actions, especially for defluorination. S-nZVI can be a potential tech-
nology for defluorination at room temperature and pressure. Besides,
polymeric surface modification is encouraged to deliver the S-nZVI

particles to subsurface remediation and to study the effects of dissolved
groundwater solutes on the performance [74,75].

S-nZVI particles with high reactivity with contaminant but limited
reactivity with water would not only shorten the remediation period
but also greatly reduce the cost, and these S-nZVI with different sulfi-
dation methods and sulfur content would be alternatives for different
application scenarios. A better understanding on the role of sulfur in the
physicochemical properties and reactivity of different S-nZVI forms will
also pave for the rational design of S-nZVI in the future.
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