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ABSTRACT: Groundwater contamination by halogenated organic compounds, especially
fluorinated ones, threatens freshwater sources globally. Sulfidized nanoscale zero-valent iron
(SNZVI), which is demonstrably effective for dechlorination of groundwater contaminants, has not
been well explored for defluorination. Here, we show that SNZVI nanoparticles synthesized via a
modified post-sulfidation method provide rapid dechlorination (∼1100 μmol m−2 day−1) and
relatively fast defluorination (∼6 μmol m−2 day−1) of a halogenated emerging contaminant
(florfenicol) under ambient conditions, the fastest rates that have ever been reported for Fe0-based
technologies. Batch reactivity experiments, material characterizations, and theoretical calculations
indicate that coating S onto the metallic Fe surface provides a highly chemically reactive surface
and changes the primary dechlorination pathway from atomic H for nanoscale zero-valent iron
(NZVI) to electron transfer for SNZVI. S and Fe sites are responsible for the direct electron
transfer and atomic H-mediated reaction, respectively, and β-elimination is the primary
defluorination pathway. Notably, the Cl atoms in florfenicol make the surface more chemically
reactive for defluorination, either by increasing florfenicol adsorption or by electronic effects. The defluorination rate by SNZVI is
∼132−222 times higher with chlorine attached compared to the absence of chlorine in the molecule. These mechanistic insights
could lead to new SNZVI materials for in situ groundwater remediation of fluorinated contaminants.

KEYWORDS: Defluorination, Reactive site, Environmental nanotechnology, Environmental remediation,
Sulfidized nanoscale zerovalent iron

1. INTRODUCTION

Defluorination of fluorinated organic contaminants is challeng-
ing in environmental remediation due to the high stability of
the C−F bond at the ambient conditions for the reactions.
Activation of C−F bonds usually requires an organometallic
catalyst, e.g., transition metals (especially noble catalysts like
Pd and Rh) and high temperatures,1−4 which are not
practicable for in situ groundwater remediation. Although a
promising groundwater remediation agent for dechlorina-
tion,5−8 nanoscale zero-valent iron (NZVI) is not able to
readily defluorinate contaminants under ambient condi-
tions.9,10

Recently, sulfidation of NZVI (SNZVI) has been proven to
suppress reactions with water and improve the reactivity and
selectivity for chlorinated organics.11−14 A combination of
hydrophobicity and enhanced electron transfer is touted as the
main benefit of NZVI sulfidation,15−19 and this was recently
confirmed using electrochemical tests and water contact angle
measurements.20 However, these characterizations are both
bulk analyses, so it is unclear if the reactive sites are Fe or S
sites and how sulfur affects the charge density distribution of
SNZVI at an atomistic level. Both NZVI and SNZVI afford the

hydrogen evolution reaction (HER) in water,11−13 which
involves the generation of atomic H (Volmer reaction) via
electron transfer from the materials to water and its subsequent
combination to form H2 (Tafel or Heyrovsky reaction) on a
metal surface.21,22 Although previous studies have shown that
H2, atomic H, and direct electron transfer are all capable of
reducing chlorinated compounds by NZVI or bimetallic NZVI
(e.g., Ni−Fe and Pd−Fe),5,12,23 the role of these reactive
species in SNZVI reactivity remains unclear. A better
understanding of these reactive sites and species will improve
our conceptual model of dechlorination and defluorination by
SNZVI.
Defluorination of fluorinated contaminants under ambient

conditions is attractive, and the physicochemical properties of
SNZVI (e.g., hydrophobicity and electron transfer) make it
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possible for the SNZVI to selectively react with the
contaminant but not water, unlike other advanced oxidation
or reduction technologies that split much more water than
reacting with the contaminant. SNZVI materials are synthe-
sized mainly through co-sulfidation methods (i.e., reduction of
Fe ions in the presence of a reduced S reagent)24,25 or
conventional post-sulfidation methods (i.e., adding a reduced S
reagent like Na2S into an NZVI suspension).26 Although
∼30% of florfenicol (FF) was defluorinated by SNZVI
(synthesized by an Fe2+ precursor) after 4 months in our
previous study,17 this defluorination rate was relatively too
slow to apply the SNZVI for an in situ groundwater
remediation scenario, e.g., permeable reactive barrier. Our
recent study has proved that the reactivity of both NZVI and
SNZVI could be greatly improved if using an Fe3+ precursor
rather than an Fe2+ precursor,27 and the defluorination
capability of SNZVI synthesized by an Fe3+ precursor via
common sulfidation methods was greatly improved.28 How-
ever, both the sulfidation efficiency ([S/Fe]particle/[S/Fe]dose)
(0.9−13.6%) and the specific surface area (10−42 m−2 g−1) of
SNZVI synthesized by conventional post-sulfidation methods
were relatively low,28 despite changing the sulfur precursors
and their addition procedure. It is unclear if increasing the
actual S content and surface area could further improve the
defluorination capability of SNZVI. Moreover, the reactive
sites and species for defluorination remain unclear, the
defluorination pathway was not confirmed, and the impacts
of molecular structure and adsorption of the contaminant on
the charge density distribution of SNZVI were unknown,
preventing the rational design of SNZVI materials and
application scenarios. A better understanding of why SNZVI
is reactive with C−F bonds under ambient conditions will
promote the use of SNZVI and its derivatives for
defluorination of emerging groundwater contaminants.
Herein, SNZVI nanoparticles that provide rapid dechlorina-

tion and defluorination of FF, but suppressed HER, were
synthesized using an Fe3+ precursor to synthesize NZVI
(Figure S1), followed by addition of Fe2+ and then Na2S to
provide particles with a high sulfur content and surface area.
FF, a frequently detected antibiotic and emerging environ-
mental contaminant,29,30 was selected as the reactivity probe.
Traditional water treatment methods could not efficiently
degrade FF, and residual FF in water could lead to antibiotic
resistance. Moreover, FF has Cl and F groups on the same
molecule, which allows for a direct comparison of the
reactivities of Cl versus F leaving groups. Multiple approaches,
including experimental data correlations, quenching experi-
ments, various characterizations, ultraperformance liquid
chromatography-tandem mass spectrometer (UPLC-MS/
MS), and density functional theory (DFT) calculations, were
used to identify the reactive sites and the species responsible
for dechlorination and defluorination at both bulk and
atomistic levels.

2. EXPERIMENTAL SECTION
2.1. Materials. FeCl3 (≥97%), NaBH4 (≥98%), FeSO4·

7H2O (99−101%), Na2S·9H2O (≥98%), NaF (≥98%), HCl
(37%), NaOH (≥96%), and HNO3 (65−68%) were obtained
from Sinopharm Group Chemical Reagent Co., Ltd.
Florfenicol (FF, >99%), and the standards of their dechlori-
nated products (deschloro FF and dideschloro FF) were
obtained from Shanghai Ruichu Biotech Co., Ltd. and Absin
Bioscience Inc., respectively. tert-Butanol (TBA, ≥99.5%) was

obtained from Aladdin Reagent Co., Ltd. Deionized water after
nitrogen purging for 1 h was used in all cases.

2.2. Preparation of NZVI and SNZVI. NZVI particles
were synthesized by a widely reported borohydride method.31

Briefly, 100 mL of 5.10 g L−1 NaBH4 solution was dropwise
added (∼10 mL min−1) into a 500 mL three-necked flask
containing 175 mL of 1.43 g L−1 Fe3+ solution under stirring
(500 rpm) and nitrogen purging. SNZVI particles were
synthesized with a modification of the commonly reported
post-sulfidation method.26,32−34 A certain amount of extra Fe2+

(0.018, 0.035, 0.053, or 0.070 g, respectively) was dissolved in
100 mL of 2.50 g L−1 as-prepared NZVI suspension by
continuously stirring for 10 min, and then 50 mL of Na2S
solution (0.24, 0.48, 0.72, or 0.96 g L−1, respectively) was
added dropwise (∼5 mL min−1) into the mixture of NZVI−
Fe2+ under stirring and nitrogen purging. The theoretical value
of the S/Fe molar ratio ([S/Fe]dose) was 0.07, 0.12, 0.17, and
0.22, respectively. The as-prepared NZVI and SNZVI particles
were washed three times by deionized water and ethanol, and
then vacuum-dried before use.

2.3. Batch Experiments. Batch reactivity experiments of
NZVI or SNZVI with water were conducted in 60 mL glass
vials containing 20 mL of 1 g L−1 NZVI or SNZVI suspension
and 40 mL headspace, which were capped by Teflon Mininert
valves and located on a temperature-controlled horizontal
shaker (100 rpm) at 25 °C. The H2 in the headspace was
monitored over 15 days to assess the ability of each material
for HER. The degradation of FF by NZVI or SNZVI over 15
days was conducted in the same type of sealed 500 mL glass
vials containing 250 mL of 0.28 mM FF solution and 1 g L−1 of
each material, shaking at the same speed and temperature.
Aqueous samples were collected and filtered by a 0.45 μm
poly(ether sulfone) membrane before analysis. Unless
specified, basic experimental conditions were as follows: initial
pH = 7.0, T = 25 °C, 0.28 mM FF, and 1.0 g L−1 NZVI or
SNZVI.
Different concentrations (1−1000 mM) of TBA, a scavenger

for both atomic H ((1.0−11.5) × 105 M−1 s−1)35−37 and
hydroxyl radicals (•OH),38 were added to study the role of
atomic H in the FF degradation by SNZVI ([S/Fe]dose = 0.07).
Since the increase of TBA from 1 to 500 mM did not further
inhibit the dechlorination of SNZVI as discussed later, the
concentrations of FF and Cl− for 1000 mM TBA with SNZVI
were not monitored, while the F− concentrations of the initial
stage (2 h) and long-term reaction (15 days) were measured to
assess their impact on the defluorination.

2.4. Analytical Methods. The Fe0 content was calculated
by measuring the generated H2 after the acidification of ∼20
mg of each material by 10 mL of HCl.5,39 The actual S/Fe
molar ratio in SNZVI particles ([S/Fe]particles) was determined
by inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Optima 8300DV) after the digestion of ∼10 mg
SNZVI in 15 mL of aqua regia for 5 h.40,41

FF and dechlorinated products were quantified by high-
performance liquid chromatography (HPLC, Shimadzu,
Japan), and the defluorinated products were analyzed by
UPLC-MS/MS (Waters Xevo TQ-S) in negative ion mode [M
− H]− (ESI−) as previously described.17,42

H2 was analyzed by a gas chromatography-thermal
conductivity detector (GC-TCD) system (Agilent 7890A)
equipped with a Molsieve 5 Å/Poranod Q column and a
carrier gas (argon). The injection volume was 500 μL, and the
temperatures of the oven, sample injector, and detector were
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45, 110, and 250 °C, respectively. At the end of a single
detection procedure, the oven temperature was increased to
150 °C for 5 min to clear the residual organic matter and
water.
Aqueous F−, Cl−, and SO4

2− were determined by an ion
chromatograph (IC, Metrohm 883 basic IC) equipped with a
Metrosep A Supp 5 column (150 mm L × 4.0 mm ID). The
eluent was 3.2 mM Na2CO3 and 1.0 mM NaHCO3 at a flow
rate of 0.7 mL min−1; the sample volume was 20 μL. The
retention times of F−, Cl−, and SO4

2− were 3.3, 5.1, and 14.0
min, respectively. Note that the release of sulfur from the
particles (<0.08% of the actual S content) was limited (SO4

2−

< 0.03 mg L−1), consistent with a previous study.43 Moreover,
the F− in the solution after 15 days of reaction was double-
checked by a portable multimeter (HACH HQ40d) with a
fluoride ion-selective electrode, which was close to the results
of IC (the discrepancy was about 5%). The detection limits of
IC and the fluoride ion-selective electrode for F− were 0.05
and 0.02 ppm, respectively.
Various techniques were used to characterize the materials

as previously reported.25,44−47 Transmission electron micros-
copy (TEM, FEI Tecnai G2 F20) and Brunauer−Emmett−
Teller (BET) analysis (MicroActive ASAP 2460) were applied
to characterize the morphology and surface area, respec-
tively.48,49 The depth profile of X-ray photoelectron spectros-
copy (XPS, Thermo Scientific K-Alpha) was used to
characterize the speciation and distribution of iron and sulfur
over the particles as previously reported.13,41,44 X-ray
diffraction (XRD, Bruker D8 Advance) was used to character-
ize the crystalline structures of NZVI and SNZVI. Water

contact angles of pellets made from NZVI and SNZVI
materials were measured to describe the hydrophobicity of
materials.13 Electrochemical characterizations, including the
open-circuit potential (OCP) analysis, electrochemical im-
pedance spectroscopy (EIS), and linear sweep voltammetry
(LSV), were performed with a potentiostat (VMP3, Bio-Logic
Science Instruments) to describe the corrosion tendency,
charge-transfer resistance, and HER of materials, respectively,
as previously described.41 Note that the contact resistance of
the electrodes was assumed to be the same as all of the samples
were prepared by the same pressure (5 tons) and material
weight (∼40 mg), and the observed differences of R2 reflect
differences in the electron-transfer resistance of the materials.

2.5. Computational Method. Density functional theory
(DFT) calculations with spin polarization were performed
using the VASP package to understand the role of S in the
hydrophobicity, blocking H adsorption at Fe sites, and charge
density in the system, as well as the most favorable
configuration of the FF molecule on Fe surfaces. The
adsorption geometries of water and H at the Fe(110) surface
were evaluated with various numbers of S atoms on the surface.
The selection of S atoms on the surface of the Fe(110) model,
rather than S atoms combined into the Fe(110) crystalline
structure, was based on the XRD analysis, which shows that
sulfur did not change the crystalline structure (Figure 1j).
The core electrons were described by the projector

augmented-wave method.50 The electronic exchange and
correlation were estimated by the generalized gradient
approximation method with the functional developed by
Perdew, Burke, and Ernzerhof.51 Kohn−Sham wave functions

Figure 1. Morphology and Fe and S distributions of SNZVI with (a−d) [S/Fe]particles = 0.04 and (e−h) [S/Fe]particles = 0.17 determined by TEM-
energy-dispersive X-ray (EDX)-mapping analysis. Insets show the water contact angles of SNZVI pellets. (i) Positively linear correlation of actual
[S/Fe]particles with [S/Fe]dose. (j) XRD spectra of NZVI and SNZVI. (k) XPS depth profiles of sulfur speciation for SNZVI with [S/Fe]particles = 0.04.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c07319
Environ. Sci. Technol. 2021, 55, 2628−2638

2630

https://pubs.acs.org/doi/10.1021/acs.est.0c07319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07319?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c07319?ref=pdf


were expanded on a plane wave basis to describe the valance
electrons.52 The Brillouin zone was sampled with a (3 × 3 × 1)
k-point mesh using the method of Monkhorst and Pack.53 The
kinetic energy cutoff was set as 400 eV. The force convergence
criterion was set as 0.05 eV Å−1. We did not analyze the
adsorption of Cl in our DFT calculations. For the calculations
of H2O and H adsorption, a four-layer (3 × 3) Fe(110) slab
was modeled. For the calculation of the adsorption of FF and
FF-related species, a two-layer (14 × 14) Fe(110) slab was
modeled, due to the large size of the FF molecule. A vacuum
layer of at least 12 Å was used to separate periodic images.
Note that we used a general model to analyze the effect of S on
the hydrophobicity and H-blocking capacity on an Fe surface,
by tuning the number of S atoms from 1 to 3 (Figure 2c,d),
which was close to 0.03−0.08 S/Fe ratios in the SNZVI used
here. Since our experiments consist of multiple Fe−S phases
that are difficult to disentangle, we cannot propose specific and
compositionally dependent models for a more quantitative
understanding in DFT. However, using combined extended X-
ray-absorption fine structure (EXAFS) and DFT,20 one of our
most recent studies showed that a general model by doping S
to Fe surfaces can help understand the role of sulfur in the
hydrophobicity, H-blocking capacity, and reactivity in SNZVI.
As for the adsorption of FF and the FF derivatives, we did not

focus on the compositional effect of the S/Fe ratios, due to the
significant cost of computation in this study (with a (14 × 14)
reactive surface and the large number of possible molecular
configurations using spin-polarized DFT). The calculated
absolute binding energy of S on an Fe surface was −5.91 eV,
indicating that a S atom can be strongly stabilized on an Fe
surface. To find the most favorable configuration, multiple
adsorption configurations of FF on the Fe(110) surface were
considered, and the most energetically favorable configuration
was selected for further evaluation. The adsorption energies
(Eads) of FF and FF-related species on Fe(110) were calculated
by

= − −*E E E Eads ads bare mol

where Eads* is the total energy of the surface with the adsorbed
molecule, Ebare is the total energy of a bare surface, and Emol is
the total energy of the adsorbate molecule in a vacuum.

3. RESULTS AND DISCUSSION
3.1. Characterizations. Conventional post-sulfidation is

only able to coat a limited amount of sulfur onto NZVI
particles and does not change its chainlike structure (Figure
S2).54 In contrast, more sulfur was coated onto the NZVI
surface because of the pre-adsorbed Fe2+; ∼75% of the dosed

Figure 2. (a) Correlation of FF dechlorination rate (kSA,FF) with HER ability (kSA,H2
). (b) Impact of atomic H scavenger (TBA) on the kSA,FF by

NZVI and SNZVI with 0.04 [S/Fe]particles. kSA,FF,TBA represents the surface-area-normalized rate of FF dechlorination by NZVI and SNZVI in the
presence of TBA. Different letters indicate significantly different values (α = 0.05; one-way analysis of variance (ANOVA)). Basic conditions: initial
pH = 7.0, T = 25 °C, 0.28 mM FF, and 1.0 g L−1 NZVI or SNZVI. Impact of S on (c) H2O and (d) H adsorption geometries. (e−g) DFT-
calculated S-induced charge density redistribution on Fe(110) surfaces (yellow and cyan colors represent higher and lower electron charge
densities, respectively).
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sulfur was detected in the particles (Figure 1i), making the
particles more hydrophobic (Figure S3a) due to the hydro-
phobic character of iron sulfides.55,56 Sulfur was well
distributed over the chainlike particles of SNZVI with a low
[S/Fe]particles (0.04) according to the S and Fe maps and line
scans (Figures 1a−d and S4). For the SNZVI particles with a
high [S/Fe]particles (0.17) (Figures 1e−h and S5), the primary
particles show a relatively even distribution of S (line 1 in
Figure 1h), while flocculent substances enriched with S (line 2
in Figure 1h and line 4 in Figure S5f) and hollow particles (line
3 in Figure S5f) were also observed. These elemental
distribution maps and line scans reveal an uneven distribution
of S over the [S/Fe]particles = 0.17 particles, which changed its
properties and reactivity as discussed below, e.g., particles with
the hollow structure would have a lower reactivity for
dechlorination.41 The surface area (88.5−145.4 m2 g−1) of
SNZVI increased with increasing S content (Figure S3c), likely
due to increasing surface roughness and the formed flocculent.
These values were 7.5−12.3, 14−22, and 3−23 times higher
than those of unsulfidized NZVI in this study, previously
reported unsulfidized NZVI,57,58 and previously reported
SNZVI,24,32 respectively.
Iron sulfides (FeS2 and FeS) were identified in the XRD

spectra of SNZVI with a high sulfur amount (Figure 1j), which
has rarely been detected by XRD before (i.e., either amorphous
or below the detection limit). While S incorporated into the Fe
body-centered cubic (BCC) structure could shift the typical
peaks of Fe0 and expand the lattice,20 neither a shift (Figure 1j)
nor an expansion (Figure S6) was observed in this study,
suggesting that S was not incorporated into the Fe BCC
structure; rather, there was a high possibility that S was present
as a surface layer. XRD only detects crystalline phases and
reveals the bulk speciation, so XPS analysis using a sputtering
depth profile was conducted on the most reactive material ([S/
Fe]particle = 0.04 as discussed later). Relatively more oxidized
forms of Fe and S species were detected on the surface of the
particles (Figures 1k and S7), while no oxidized S species was
observed for the inner phase (deeper than 10 nm). The
majority of S on the particles was in the reduced forms (S2−

and S2
2−), consistent with the XRD spectra (Figure 1j) and

previous reports for conventional sulfidation methods.20,59

The surface-area-normalized rates of H2 evolution (kSA,H2
)

by SNZVI reaction with water (Figure S8a−c) were 50−1500,
7−657, and 3−80 times lower than that of unsulfidized NZVI,
conventional post-sulfidized SNZVI by Na2S (without Fe2+),
and a hydrophobic co-sulfidized SNZVI, respectively.13,32

Besides the improved hydrophobicity, the decreased corrosion
tendency and charge-transfer rate also contributed to the
inhibited HER ability according to the electrochemical tests
(Figure S9). This significantly suppressed water reactivity of
SNZVI could improve the electron selectivity for target
contaminants over water and prolong its reactive lifetime
(Figure S8d). In addition, the lower corrosion tendency and
charge-transfer rate at higher S loading were consistent with
the decreased Fe0 content (Figure S3b) and uneven
distribution of S (Figure 1e−h), and resulted in lower
reactivity as discussed below.
3.2. Reactive Species for Dechlorination. The sup-

pressed reactivity of SNZVI nanoparticles with water makes
them attractive but only if they remain reactive (or are even
more reactive) with target contaminants. Batch reactivity
experiments show that almost all of the FF was removed within

15 min by SNZVI, with no H2 detected (Figure S10),
regardless of the sulfur amount, suggesting that SNZVI with a
robust reactivity and a high electron efficiency (∼100% of the
electrons from SNZVI reduce FF rather than water) is a
promising material for antibiotic FF removal.
The reactive species (H2, atomic H, or electrons) for the FF

reductive dechlorination by SNZVI were further investigated.
The surface-area-normalized dechlorination rate of FF (kSA,FF)
by SNZVI had a positive correlation to their HER rate (kSA,H2

)
(Figure 2a). Since SNZVI could not utilize the H2 for
dechlorination,12 this correlation suggests that atomic hydro-
gen atoms and electrons involved in the HER could be possible
reactive species for the FF dechlorination. Their fraction in
dechlorination was further confirmed by a quenching experi-
ment using an atomic H scavenger, tert-butanol (TBA).35,37,60

The dechlorination became slower in the presence of TBA
(Figures 2b and S11b), but increasing the TBA did not further
inhibit the dechlorination, suggesting that ∼20% of dechlori-
nation was attributed to atomic H, and the majority of FF was
dechlorinated via direct electron transfer. In contrast, more
than 93% of FF was removed by NZVI via atomic H (Figures
2b and S11a). These results suggest that sulfidation changed
the surface reactivity by altering the reactive species for
dechlorination.

3.3. Impact of Sulfur on the Fe Surfaces and Reactive
Sites. DFT calculations were performed to further understand
the reason why sulfur changes the surface reactivity and the
reactive species, as well as how the Fe and S sites behave under
reaction conditions. The above characterizations suggest that
the material is a kind of mixture, i.e., S-coated NZVI and an
FeS-like substance. However, it was reported that the reactivity
of S-coated NZVI for dechlorination is much higher than those
of bare NZVI (∼14-fold) and FeS (∼50-fold),41,61 suggesting
that the S-coated surface controls the reactivity. Our results
also show that further increasing the FeS-like substance did not
increase the reactivity (e.g., the [S/Fe]particles = 0.17 material as
compared to the [S/Fe]particles = 0.04 material in Figure 1c,g,i).
Since sulfur did not incorporate into the Fe BCC structure
(Figure 1j), a model consisting of S atoms sitting on the Fe
BCC surface is suitable to investigate the reactivity of SNZVI
at an atomistic level.
While sulfur incorporated into the Fe BCC structure was

proven to be hydrophobic,20 DFT calculations on the H2O
adsorption geometries show that the sulfur on the Fe(110)
surface (S-on-Fe(110)) can also improve the materials’
hydrophobicity (Figure 2c), consistent with water contact
angle measurements (Figure S3a). Note that similar calcu-
lations on FeS and FeS2 structures (mackinawite and pyrite,
respectively) were performed in our recent study,20 and no
significantly different conclusion (i.e., the S site is hydrophobic
and the presence of S hinders H adsorption at Fe sites) was
found compared to our current model with sulfur-doped Fe
(Table S1). This could favor the adsorption of hydrophobic
contaminants or contaminants with hydrophobic groups (e.g.,
Cl and F groups) and inhibit reactions with water, which
would increase the selectivity for contaminants’ decomposi-
tion. However, the S site also physically hinders the adsorption
sites of H on the Fe surface (Figure 2d), which is expected to
decrease the coverage of adsorbed atomic H and inhibit the H-
mediated dechlorination, consistent with the decreased FF
dechlorination rate with increasing sulfur content (Figure 2a).
Interestingly, a sulfur atom on the Fe(110) surface can cause a

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c07319
Environ. Sci. Technol. 2021, 55, 2628−2638

2632

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07319/suppl_file/es0c07319_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c07319?ref=pdf


significant redistribution of charge density on the Fe sites
(Figure 2e), which may increase the density of localized
unpaired electrons, making the surface highly chemically
reactive, and promoting the subsequent reactions.62,63 This
significant change of surface reactivity is a possible reason for
why the NZVI plot deviates significantly from the linear trend
of SNZVI in the correlation between dechlorination reactivity
and HER activity (Figure 2a).
Moreover, the presence of S attracts electronic charge from

nearby Fe sites (Figure 2e). Given that the S site is
hydrophobic (Figure 2c) and blocks H adsorption at Fe sites
(Figure 2d), this electron redistribution suggests that the S site
is reactive for direct electron transfer but limits atomic H-
mediated reaction. Meanwhile, according to the famous d-band
center theory,64 the loss of electron charge may lead to a
decrease in the d-band filling at these Fe sites, which in turn
promotes the adsorption and decomposition capability for
contaminants. This is consistent with the experimental results
that SNZVI is highly reactive than NZVI (Figure 2a), and the
majority of FF was dechlorinated via direct electron transfer
(Figure 2b). In contrast, since S sites are very hydrophobic,
water dissociation (Volmer step) could only occur at the Fe
sites, as is well established for the HER on metal surfaces,65

suggesting that the reactive Fe sites are responsible for the
atomic H-mediated dechlorination.
3.4. Cl Group in an FF Molecule Favors Its

Defluorination by SNZVI. Although the defluorination
(the half-life of 0.28 mM FF by SNZVI was 17.4−53.2 days
for the long-term reaction) is much slower than dechlorination
(the half-life was 3.6−4.5 min), ∼12−16% defluorination was
achieved after 2 h of reaction according to the F−

measurements (Figures S12a and 3). To the best of our
knowledge, this is the highest reductive defluorination rate of
fluorinated organics by NZVI-based technologies at room
temperature and pressure. Moreover, further defluorination
after 15 days was expected according to the increasing trend of
F− ions and the added SNZVI would provide enough electrons
(∼5−15 mM) for the reductive dechlorination and defluori-
nation of 0.28 mM FF (2 mol e− per mol Cl or F), especially
since the water reactivity was greatly suppressed.
Notably, the defluorination became slower after 2 h and

maintained that rate for over 1 day (Figure 3a). The generation
of F− fitted the zero-order kinetics, suggesting that the
defluorination rate was controlled by the amount of reactive
sites rather than the FF concentration.66 The defluorination
rates of FF (kSA,F

−) by SNZVI in the first 2 h (in the presence
of FF) were ∼130−220 times higher than those after 1 day
(with only dideschloro FF (FF − 2Cl + 2H) present, i.e., after
the dechlorination was complete) (Figure 3b), indicating the
role of Cl in the defluorination reaction. DFT calculations were
performed to study the adsorption affinities of FF and
dechlorinated products onto the NZVI and SNZVI surfaces.
Typical S positions close to and far away from the sulfonyl
group in FF were included as representative configurations.
DFT calculations show that the adsorption of the dechlori-
nated radical (deCl* intermediate) on either Fe(110) or S-on-
Fe(110) surfaces is close to or even significantly stronger (i.e.,
more negative) than FF and dideschloro FF (Figures 3c and
S13), suggesting that the dechlorination step would favor the
adsorption and subsequent defluorination of the contaminant.
In addition, the highly chemically reactive FF-adsorbed S-on-
Fe(110) surface (Figure 2f,g) and the much stronger

Figure 3. (a) Defluorination efficiencies of FF by NZVI or SNZVI according to aqueous F− ion measurements. (b) Comparison of the FF
defluorination rate (kSA,F

−) before and after its complete dechlorination and its correlation with HER ability (kSA,H2
). Basic conditions: initial pH =

7.0, T = 25 °C, 0.28 mM FF, and 1.0 g L−1 NZVI or SNZVI. (c) DFT-calculated adsorption energy of FF, dechlorinated intermediate, and
dideschloro FF on the Fe(110) and S-on-Fe(110) surfaces. (d) Improved FF defluorination by SNZVI (0.04 [S/Fe]particles) in the presence of TBA.
kSA,F−,TBA represents the surface-area-normalized rate of FF defluorination by SNZVI in the presence of TBA.
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adsorption of FF and/or the deCl* intermediate than
dideschloro FF (Figure 3c) are also consistent with the faster
defluorination in the presence of Cl groups (Figure 3b). There
is a strong possibility that some molecules were successively
dechlorinated and defluorinated before they left the S-on-
Fe(110) surfaces, which is consistent with the product
distribution as discussed later.
These benefits derived from the Cl-induced adsorption and

dechlorination were the most likely reasons for the faster
defluorination by SNZVI before complete dechlorination.
Moreover, the defluorination by SNZVI was improved by 35 ±
9% after adding TBA (Figure 3d), which is a scavenger of both
atomic H and hydroxyl radicals (•OH).38,60 These results
suggest that the Cl groups and slowed dechlorination (Figure
3b) could favor the defluorination, and atomic H and •OH are
unlikely to be the reactive species for defluorination via direct
substitution.
3.5. Defluorination Mechanism by SNZVI. UPLC-MS/

MS analysis was performed to gain an understanding of the
degradation pathway of FF by SNZVI. Two dechlorinated

products (molecular weights (MWs) 324 and 289) and three
defluorinated products (MWs 269, 287, and 271) were
detected according to the relative mass (Figures 4a,b and
S14). Detailed chromatograms of UPLC-MS/MS are shown in
Figures S14−S22. Note that the product MW 324 was
transient due to rapid dechlorination. No directly defluorinated
products of FF (either FF eliminated one F atom or FF
eliminated one Cl atom and one F atom) were detected,
further confirming that the Cl atom was removed prior to, or
simultaneously with, the F atom. The defluorination of
dideschloro FF (FF − 2Cl + 2H) could occur along with
the dechlorination of deschloro FF (FF − Cl + H) because F−

(Figure 3a) and defluorinated products (e.g., MW 269)
(Figure 4b) were detected before the complete dechlorination.
This further indicates that the dechlorination and defluorina-
tion might occur “simultaneously” once the FF molecule is
adsorbed on the surface, consistent with the fact that enhanced
adsorption of the deCl* intermediate and FF could improve
the defluorination.

Figure 4. MS signals of dideschloro FF (MW 289) and three defluorinated products (MWs 269, 287, and 271) by (a) NZVI and (b) SNZVI with
0.13 [S/Fe]particles according to the UPLC-MS/MS analysis; the solid line is interpolated (not fit) and only meant to guide the eye. (c) Favorable
adsorption configurations of FF on the Fe(110) and S-on-Fe(110) surfaces. (d) Degradation mechanism and pathway of FF by SNZVI.
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DFT calculations were used to theoretically elucidate the
defluorination mechanism of FF by SNZVI. The most
favorable adsorption configuration of FF on SNZVI surfaces
(Figure 4c) indicates that: (i) sulfur does not affect the
favorable adsorption configuration of FF on the surface,
indicating the similar FF degradation pathway by NZVI and
SNZVI, (ii) Cl is close to the surface but not chemically
bound, and ready to be activated and will favorably
dechlorinate first, (iii) C−F is kinetically difficult to activate
as a subsequent step since the orientation of F is far away from
the Fe surface, and (iv) the β-H of the carbon (β carbon)
connected to the C−F group is easier to activate as it points
toward the Fe surface. It was reported that C−F bond energy
decreased after an external electron was transferred to
fluorinated contaminants; this might make the defluorination
easier.67,68 Note that transition-metal (e.g., Mn, Fe, Co, and
Ni)-catalyzed defluorination through β-elimination is well
established in synthetic organic chemistry.4,69,70 Reductive
defluorination via β-elimination on metallic surfaces (e.g., Fe
surface)71 also indicates the potential of high-surface-area
nanoscale iron particles for defluorination. In addition, β-
elimination was also proposed to be the primary pathway of
trichloroethylene (TCE) dechlorination by SNZVI according
to the primary product C2H2 in previous studies.12,13 This
favorable adsorption configuration confirms that the C−Cl
activation is a favorable step and β-elimination (where the H at
the β carbon decomposes before the decomposition of F at the
α carbon) can easily happen as compared to the direct
activation of C−F (i.e., substitution by either atomic H or •OH
radicals). This also supports a mechanism where dechlorina-
tion occurs before defluorination, and the Cl group would
favor the adsorption and subsequent defluorination as
previously discussed. The defluorination primarily via β-
elimination is also consistent with the finding that the
defluorination was inhibited at a high sulfur amount despite
improved adsorption (Figure S23) because sulfur can block H
adsorption at Fe sites and is expected to make the area nearby
S inert to the activation of β-H (Figure 2d). This is also
consistent with the observation that defluorination was
inhibited after more α-H was generated during dechlorination,
which is more active than the β-H. Note that the spin-polarized
DFT calculations on these large adsorption configurations
involve high computational cost. Due to the current qualitative
agreement with experiments, we did not further evaluate the
reaction kinetics in this study.
Based on the experimental data, DFT calculations, and

UPLC-MS/MS analysis, the degradation mechanism of FF by
SNZVI is explained (Figure 4c). Although H2 evolution could
be used as an indicator that positively correlates with both
dechlorination and defluorination rates, H2 is not the key
species that can directly or indirectly be utilized to degrade FF.
Rather, this is because the dechlorination and defluorination
can occur via e−/atomic H- and β-H-mediated reactions,
respectively, and the higher generation of e−/atomic H or
favored activation of β-H leads to a faster H2 evolution.

4. ENVIRONMENTAL IMPLICATIONS
Herein, we provide insight into the reactive sites and species of
SNZVI for rapid dechlorination and relatively fast defluorina-
tion from bulk to atomistic perspectives and confirm the roles
of Cl groups and dechlorination in defluorination. These will
further advance the understanding of SNZVI nanoparticles for
environmental remediation and help to rationally design

SNZVI with properties and reactive sites/species tailored for
specific application scenarios. For example, the hydrophobicity
and the proportion of reactive species could potentially be
tuned by controlling the S amount and speciation, providing
different reactivity and selectivity toward hydrophobic organic
contaminants (e.g., trichloroethylene) or hydrophilic inorganic
contaminants (e.g., nitrate, heavy-metal ions).
The increased hydrophobicity and higher surface of the

SNZVI obtained with the post-sulfidation method used here
provide higher reactivity with hydrophobic contaminants and
still suppress reactivity with water. The limited release of S
(<0.08% of the actual S content), suppressed water reactivity,
extended the reactive lifetime of SNZVI (∼840 days), and
enhanced reactivity and selectivity for dechlorination and
defluorination, indicating that this modified post-sulfidized
SNZVI is a promising material for the in situ groundwater
remediation of chlorinated and fluorinated organic contami-
nants. Since no FF was detected by the UPLC-MS/MS (limits
of detection (LOD) = 0.01 ng L−1) after the reaction with
SNZVI, and the defluorination reaction with SNZVI occurs in
natural matrices,17 the defluorination reaction reported here
should persist in a natural environment with low FF
concentrations. In addition, higher defluorination rates are
expected at high Fe/FF ratios.
Tuning the physicochemical properties (e.g., sulfur amount,

morphology, and hydrophobicity) of SNZVI and applying it
for fluorinated contaminants with Cl groups are expected to
further improve its performance for defluorination. It can also
guide the design of fluorinated substances considering both
application and end disposal. The findings in this study can
help to predict and elucidate the reactivity and mechanism of
SNZVI for dehalogenation, to expand the application scenarios
of SNZVI (e.g., for defluorination), and to inspire future efforts
for continuously exploring other applications of SNZVI.
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