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Abstract
Sulfide-modified nanoscale zero-valent iron (S-nZVI) has been considered an efficient material to remove heavy metals and
organic contaminants. The experiments of bisphenol S (BPS) degradation by persulfate (PS) activated with S-nZVI (S-nZVI/PS)
or nZVI (nZVI/PS) were carried out in this paper. The results show that, compared to the bare nZVI/PS system, the S-nZVI/PS
system shows higher activity in BPS degradation, especially at high BPS concentration. The reaction rate constant kobs of BPS
removal by the S-nZVI/PS system (0.142 min-1) was much higher than that in nZVI/PS system (0.089 min-1) because more
oxidation species were generated in the S-nZVI/PS system. The results of electron paramagnetic resonance (EPR) and radical
quenching tests show that both hydroxyl radical (·OH) and sulfate radical (SO4

·-) were involved in the degradation of BPS and
had a great contribution to BPS removal. Moreover, the effects of S/Fe molar ratio, S-nZVI dosage, initial pH, and initial
concentration of PS or BPS on S-nZVI/PS were also studied. The results show that the S/Fe molar ratio has significant influence
on the BPS degradation; over 97.7% of the removal efficiency was achieved at 0.035 of S/Fe molar ratio. And the removal
efficiency of BPS degradation increased with the increase of the dosage of S-nZVI, PS concentration. Furthermore, BPS could be
efficiently removed in solutions with a wide range of initial pH (3.13–9.35). The observed results show that it is promising in the
removal of micro-pollutants from water by persulfate activated with S-nZVI.

Keywords Sulfide-modified nanoscale zero-valent iron (S-nZVI) . Persulfate . Bisphenol S degradation . Sulfate radical (SO4
·-) .

Hydroxyl radical (·OH)

Introduction

Bisphenol S (BPS), as a substitute for bisphenol A (BPA), has
been already commonly used in the synthesis of thermal re-
ceipts, plenty of plastics, epoxy resins, infant feeding bottles,
etc. (Ahsan et al. 2018, Champmartin et al. 2020). Recent
studies have reported that BPS also appears to have some
endocrine-disrupting effects on human, similarly to BPA
(Azevedo et al. 2020, Champmartin et al. 2020).
Furthermore, studies have shown that BPS is resistant to deg-
radation in the environment, being persistent and thus prone to
contaminate humans and wildlife (Freitas et al. 2020).

Consequently, it is extremely necessary to adopt an effective
and fast measure for elimination of BPS from water.

Presently, some strategies like adsorption (Yang et al.
2020) and biodegradation (Danzl et al. 2009) have been tested
to remove BPS from water. However, these methods usually
suffered from the disadvantages of incomplete degradation,
such as low efficiency, long reaction time, and high cost.

Up to now, advanced oxidation processes (AOPs) based on
persulfates have received extensive attention for the degrada-
tion of many organic contaminants, such as sulfadiazine (Roy
et al. 2020), sulfamethazine (Dong et al. 2020), nonylphenol
(Hussain et al. 2017), and atrazine (Jiang et al. 2020). Various
methods such as ultraviolet irradiation (Lu et al. 2019) and
heating (Wang et al. 2017) have been developed in activating
persulfates to generate sulfate radical (SO4

·-) with a high stan-
dard oxidation–reduction potential (E (SO.− 4/SO2− 4) = 2.43
V) for the oxidation of organic pollutants (Eqs. (1) and (2)).
Mercado et al. found that the fungicide flusilazole chemically
reacts with sulfate radical anion with rate constant of 4.6 × 108

s-1 M-1 (Mercado et al. 2018a). However, these techniques
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require high-energy inputs and hard reaction conditions,
which are not cost-effective for water treatment (Wang et al.
2019).

S2O
2−
8 →activator e−ð ÞSO∙−

4 þ SO2−
4 ð1Þ

S2O
2−
8 →energy input e−ð ÞSO∙−

4 þ SO2−
4 ð2Þ

By comparison, transition metal irons, such as Fe2+ (Ning
et al. 2020), Ag+ (Zhang et al. 2020), Co2+ (Gayathri et al.
2010), and Cu2+ (Fu et al. 2020), are recognized as efficient
reagents for persulfate activation. Among these transitionmet-
al irons, Fe2+ is widely used for activation of persulfate due to
its nontoxicity and low cost (Ning et al. 2020). Although per-
sulfate activated with Fe2+ has been reported for the degrada-
tion of numerous organic contaminants, the scavenging of
reactive oxygen radicals (ROSs) by excess concentration of
Fe2+ could highly reduce the oxide capacity of system (Eq.
(3)) (Dong et al. 2020). Moreover, this system has issues of
the generation of iron hydroxide precipitates. Therefore, het-
erogeneous systems involving solid particles of zero-valent
iron (Fe0) or iron oxides have been used as an alternative
(Roy et al. 2020). Particularly, nanoscale zero-valent iron
(nZVI) has been attracting considerable attention due to its
small particle size, excellent reactivity, high specific surface
area, and non-toxicity (Wu et al. 2020). Furthermore, nZVI
shows better performance of activating persulfate than Fe2+

because Fe2+ can be slowly released by dissolved oxygen and
persulfate (Eqs. (4) and (5)) in the nZVI/PS system (Kim et al.
2020), which avoids SO4

·- being scavenged by excess Fe2+.
Then, the released Fe2+ could activate persulfate to generate
SO4

·- (Eq. (6)), which results in higher removal efficiency of
the pollutants. However, nZVI can be easily aggregated and
oxidized because of their small size and magnetic interaction
between particles, which resulted in a decrease in reactivity
(Yan et al. 2015).

SO∙−
4 þ Fe2þ→SO2−

4 þ Fe3þ ð3Þ

2Fe0 þ O2 þ 2H2O→2Fe2þ þ 4OH− ð4Þ

Fe0 þ S2O
2−
8 →Fe2þ þ 2SO2−

4 ð5Þ

Fe2þ þ S2O
2−
8 →Fe3þ þ SO∙−

4 þ SO2−
4 ð6Þ

Recently, sulfide-modified nanoscale zero-valent iron (S-
nZVI) has received more attention due to its many advantages
over nZVI; S-nZVI composites exhibit some steric stability
and lower magnetic properties ascribed to the generation of
iron sulfides on its surface (Han and Yan 2016, Song et al.
2017). In addition, the sulfidation of nZVI could improve the
selectivity for the reduction of contaminants and extend the
reactive lifetime by slowing the reaction with water (Cao et al.
2017). Most importantly, the iron sulfides which replaced the
iron oxides on the surface of S-nZVI could enhance electron

transfer and depassivation capacities of the iron surface (Kim
et al. 2011, Li et al. 2019, Rayaroth et al. 2017). Kim et al. and
Su et al. found that the S-nZVI composites with a proper Fe/S
ratio exhibited a larger adsorption capacity than pristine nZVI
(Kim et al. 2014, Su et al. 2015). Thus, S-nZVI was widely
used to reduce heavy metals and organic contaminants (Dong
et al. 2018, Fu et al. 2015, Jia et al. 2019).

However, little studies have focused on S-nZVI-activated
persulfate (S-nZVI/PS) to degrade organic compounds. Dong
et al. (2019) found that S-nZVI composites showed better
performance for activating PS than nZVI, due to the higher
iron dissolution rates and iron sulfides (e.g., FeS and FeSX)
generated on its surface, which accelerated the transfer rate of
electrons for activating PS (Dong et al. 2019). Rayaroth et al.
(2017) reported that 100% of benzoic acid (BA) could be
removed by persulfate activated with nFe/FeS at alkaline
pH, while in the case of persulfate activated with Fe0, the
degradation rate decreased to 8% (Rayaroth et al. 2017).
Besides, Liu et al. synthesized a Fe-based activator (Fe@C)
and evaluated the activation performance of the Fe@C/
peromonosulfate (PMS) system on the degradation of BPS.
The results showed that about 80% of BPS could be removed
by 0.5 g/L catalyst activated PMS in 30 min (Liu et al. 2019).
The S-nZVI/PS system shows high efficiency, and low dosage
is required for removing contaminants from the aqueous sys-
tem. Thus, it is proposed that the S-nZVI/PS system may
enhance the BPS removal efficiency; however, to our knowl-
edge, no corresponding literature can be found so far.

In this study, the experiments of BPS degradation by PS
activated with nZVI or S-nZVI were systematically carried
out. The main active species from BPS degradation by the
S-nZVI/PS system have been elucidated based on the electron
paramagnetic resonance spectra (EPR) and classical
quenching tests; the mechanism of BPS degradation by PS
activated with S-nZVI was discussed. Moreover, the effects
of reaction parameters on BPS degradation have been system-
atically investigated, such as S/Fe molar ratio, S-nZVI dosage,
initial pH, PS, and BPS concentration. The goal of this study is
to determine a promising effective and economical method for
the BPS degradation from water.

Materials and methods

Materials

Ferrous sulfate heptahydrate (FeSO4•7H2O), sodium borohy-
dride (NaBH4), sodium dithionite (NaS2O4), sodium hydrox-
ide (NaOH), hydroxylamine hydrochloride (HONH2HCl), so-
dium bicarbonate (NaHCO3), ammonium acetate
(CH3COONH4), sulfuric acid (H2SO4), hydrochloric acid
(HCl), and ethanol (EtOH) were obtained from Sinopharm
Group Chemical Reagent (Shanghai, China). Bisphenol S,
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sodium persulfate (Na2S2O8), potassium iodide (KI), phos-
phate acid, and tertiary butanol (TBA) were purchased from
Aladd in Bio-Chem Technology Co. , Ltd. 1,10-
phenanthroline was supplied by Macklin Biochemical Co.,
Ltd (Shanghai, China). Polyvinylpyrrolidone (PVP, K-30)
was purchased from Nantong Feiyu Biotechnology Co., Ltd.
(Nantong, China). Methanol was purchased from Merck
(Germany).

Synthesis of nZVI and S-nZVI

The nZVI particles were synthesized by a liquid-phase reduc-
tion method (Cai and Zhang 2020). More details are listed in
the Supporting Information (SI).

Characterization of nZVI and S-nZVI

The surface areas of nZVI and S-nZVI particles were calcu-
lated by the Brunauer-Emmett-Teller (BET). The morphology
of the samples was characterized by transmission electron
microscopy (TEM, HITACHI, HT7700, Japan) and scanning
electron microscopy (SEM, FEI, FEG650, China). The X-ray
diffraction pattern of the samples was recorded using an X-ray
diffractometer (XRD, Shimadzu, XRD-7000, Japan) operated
with Cu Kα radiation, a 40-kV voltage, and a 40-mA current.
The patterns of the samples were recorded from 5 to 80° (in
2θ) with a 0.02° step width and a scanning rate of 2.4° min-1.
The surface elemental compositions of the materials were de-
termined by X-ray photoelectron spectroscopy (XPS, VG
ESCALAB Mark II, UK).

Batch experiments

The batch experiments of degradation of BPS were conducted
in a 100-mL three-necked flask at water bath (25 °C) exposed
to the atmosphere. The reaction was initiated by adding an
aliquot of the BPS solution and persulfate stock solution to
give initial concentration of 20 μMBPS and 1 mM persulfate.
Then, a predetermined amount of materials (nZVI or S-nZVI)
were added into the reactor. The adsorption–desorption equi-
librium of the BPS on the nanomaterials was guaranteed be-
fore the catalytic experiments. The pH of the solution was not
further adjusted except the experiments of the effect of pH on
BPS degradation. And no buffer solutions were added during
the experiment in this study. Water samples were taken at
different times (i.e., 1, 3, 5, 10, 15, 20, 30 min) and filtered
through a 0.22-μm membrane filter; 50 μL methyl alcohol
and 20 μL ascorbic acid were immediately added to the solu-
tions to quench the oxidation process. Finally, samples were
collected for subsequent analyses.

In order to figure out the effects of pH, the pH of the
solutions was adopted by 0.1 M H2SO4 and 0.1 M NaOH.

Unless otherwise specified, the experiments were conduct-
ed with nZVI or S-nZVI(S/Fe = 0.035), pH, temperature, ini-
tial BPS, and persulfate concentrations of 30 mg/L, 5.6 ± 0.2,
25 °C, 20 μM, and 1 mM, respectively. All experiments were
conducted in triplicate. The data reported here were the aver-
age of three replicated experiments, and error bars represent
the standard deviation of the averages.

Reactive species scavenging tests were performed to eval-
uate the contribution of each reactive species to BPS oxida-
tion. Tertbutyl alcohol (TBA) was added before the re-
actions were initiated to scavenge ·OH, while methanol
(MeOH) was added before the reactions were initiated
to scavenge ·OH and SO4

·-.
To test the reusability of S-nZVI, the particles were collect-

ed by a magnet and washed three times with ultrapure water
after each run. Then, the washed S-nZVI was dried in a vac-
uum oven before the next run.

Analytical procedures

The concentration of BPS was determined by high-
performance liquid chromatography (HPLC) analysis
equipped with a C18 column (4.6 × 250 mm, 5 μm) and a
UV detector. In general, the mobile phase consisted of 0.1%
phosphate acid and acetonitrile with a ratio of 70:30 (vol./vol.)
at a flow rate of 1 mL/min. The injection volume was 20 μL.
The detector temperature and the wavelength were set at 35 °C
and 256 nm, respectively. The oxidation–reduction potential
(ORP) and pH of the solution were measured by a Hach
HQ40d MI-parameter meter (HACH, USA). The formation
of SO4

·- and ·OH during the process was detected by electron
paramagnetic resonance spectra (EPR, Bruker A300
EPR Spectrometer, Germany), and 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) was employed as the radical
spin trapping reagent.

The persulfate concentration was determined using a spec-
troscopic method (Liang et al. 2008). The 1,10-phenanthroline
method was used to determine the dissolved iron concentra-
tion. The concentrations of PS and dissolved iron were deter-
mined by the absorption peaks at 352 nm and 510 nm, respec-
tively, using a UV-vis spectrophotometer (Hach, DR6000,
USA).

3.Results and discussion

3.1.Physicochemical properties of nZVI and S-nZVI

The structure and morphology of nZVI and S-nZVI were
characterized by SEM and TEM; the results are shown in
Fig. 1. From the SEM and TEM images of nZVI (Fig. 1 a
and c), it is clear that nZVI particles aggregated in chain-like
structures due to the magnetic forces and electrostatic
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interactions (Mercado et al. 2018b). Moreover, the TEM im-
age of nZVI given in Fig. 1c shows that each spherical particle
contained an iron core surrounded by a thin oxide shell
less than 4 nm in thickness, which resulted from oxida-
tion during the synthesis process (Mercado and Weiss
2018). Figure S1 shows nZVI with primary particle di-
ameters between 20 and 60 nm.

The SEM image of S-nZVI (Fig. 1b) shows that S-nZVI
aggregated in string-like clusters rather than the typical chain-
like structures of nZVI (Han and Yan 2016), which might be

explained that the iron sulfide coating decreases the magnetic
attractions between the particles (Su et al. 2015). And the
TEM image of S-nZVI (Fig. 1d) exhibits a slightly different
“flake-like-shell” morphology. Figure S2 shows that S-nZVI
are almost spherical (diameter ~ 100 nm) though flaky. N2

adsorption isotherms (Fig. S3) of nZVI and S-nZVI show that
the BET surface areas of nZVI and S-nZVI are 5.40 and 15.53
m2/g, respectively. This finding was also reported by Su et al.
(2015), who reported that S-nZVI has much higher surface to
volume ratio due to the abundant flake-like structure,

a b

c d

e

Fig. 1 SEM and TEM images of
nZVI (a, c) and S-nZVI (b, d);
EDS image of S-nZVI (e)
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compared with nZVI. The higher BET surface area of S-nZVI
may have contributed to higher adsorption capacity and pro-
viding more active sites for activating PS. Besides, from the
EDS data (Fig. 1e), it is evident that S-nZVI composites con-
tain S in addition to Fe and O, indicating that iron sulfides
were successfully formed on the surface of S-nZVI.

The XRD patterns of both the iron nanoparticles are shown
in Fig. 2. This pattern shows that nZVI has main diffraction
peaks at 2θ = 44.6 and 64.8°, responding to the (110) and
(200) planes of α-Fe, respectively (Fig. 2a). The results con-
firm the existence of Fe0 in the nZVI particles and suggest the
high degree of crystallinity of nZVI. As shown in Fig. 2b, the
Fe0 peak of S-nZVI is less pronounced than nZVI and the
intensity is weakened due to the coverage of amorphous iron
sulfides, indicating that the sulfidation process decreases the
crystallinity of Fe0 in the particles, which is consistent with
some previous studies (Du et al. 2016, Su et al. 2016, Su et al.
2015). Meanwhile, the diffraction peaks corresponding to iron
sulfide and iron disulfide can not be directly observed, which
might be attributed to their low concentrations or low degree
of crystallinity (Rayaroth et al. 2017). Some new diffraction
peaks ascribed to Fe2O3 (maghemite iron oxide) and
FeO(OH) can be found in the XRD patterns of S-nZVI after
a 30-min reaction with BPS (Fig. 2b). The results indicate that
the corrosion products were iron oxides and iron hydroxides
in the system achieving BPS removal by S-nZVI/PS.
Meanwhile, the weak diffraction peak of Fe0 shows that Fe0

was consumed during the reaction.

BPS degradation by nZVI or S-nZVI

The performance of BPS degradation by PS, nZVI, S-nZVI,
nZVI/PS, and S-nZVI/PS system is shown in Fig. 3. As can be
seen, the removal of BPSwas negligible in the treatment of PS
alone, indicating that the oxidation ability of PS was limited
under the condition without any activator (Hussain et al.

2017). The concentration of BPS could be reduced by nZVI
alone to some degree within 5 min, and S-nZVI alone showed
a slightly higher BPS removal rate than nZVI alone.

However, whether in the nZVI or S-nZVI system, much
better performance in the degradation of BPSwas observed by
the addition of PS. This may be explained as follows. On the
one hand, it was extremely necessary for PS to have an acti-
vator to accelerate the oxidation process. Fe2+ generated by
nZVI and S-nZVI had the ability to induce PS to produce SO4

·

- and ·OH (Dong et al. 2019, Kim et al. 2018). On the
other hand, the significant increase pertaining to BPS
removal rate revealed that the radicals produced in the
nZVI/PS and S-nZVI/PS systems played an important
role in the degradation of BPS.

In addition, S-nZVI was found to be more efficient than
nZVI in activating PS to degrade BPS, especially at high BPS
concentration (Fig. 4). It might be attributed to the aggregation
of nZVI particles and the passivation layer formed on the
surface of nZVI (Xu et al. 2020), and thus decreased the abil-
ity of BPS removal. Contrarily, S-nZVI could effectively
avoid the aggregation of iron particles and reduce the

(a) (b)

Fig. 2 XRD pattern of nZVI (a); S-nZVI before and after reaction (b)

Fig. 3 The degradation of BPS in different systems. Conditions: [PS]0 =
1.0 mM, [BPS]0 = 20 μM, [nZVI] = [S-nZVI] = 30 mg/L, pH = 5.6 ± 0.2,
T = 25 °C
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generation of iron oxide on the surface of particles because of
the addition of an iron sulfide layer, and the transfer of elec-
trons could be enhanced at an appropriate molar ratio of S/Fe.
As a result, it could be inferred that it was highly possible that
the introduction of iron sulfides reinforced the oxidation ca-
pacity of the S-nZVI/PS system for BPS removal. The ob-
served change could be further explained based on the iron
dissolution and persulfate decomposition, given in the “nZVI
and S-nZVI corrosion and persulfate decomposition” section.

Effects of S/Fe molar ratio

The effects of S/Fe molar ratio on BPS degradation by S-
nZVI/PS were investigated, and the results are shown
in Fig. 5. On the whole, a certain extent sulfidation of
nZVI could increase the removal efficiency of BPS
compared with the bare nZVI.

From Table 1, the reaction rate constant kobs was increased
from 0.089 to 0.142 min-1, when S/Fe molar ratio increased
from 0 to 0.035. But the removal efficiency obviously

decreased when further increasing the S/Fe molar ratio to
0.14 and 0.28, and the reaction rate constant decreased to
0.087 min-1 and 0.048 min-1, respectively. The maximum re-
moval efficiency of 97.7% and the maximum kobs of 0.142
min-1 of BPS removal by S-nZVI/PS were achieved at a S/Fe
molar ratio of 0.035. The different S/Fe molar ratios indicate
different iron sulfide compounds (e.g., FeS, FeSX) may be
formed on the surface of nZVI. The enhanced reactivity of
nZVI by sulfidation should be ascribed to the formation of
FeS and FeSX; the electron transferring from the Fe0 core to
the surface is accelerated by the existence of doped FeS
(Rajajayavel and Ghoshal 2015). Fe2+ is released by FeS on
the surface of S-nZVI, and then PS is activated to generate
SO4

·-. Because of the higher electronegativity of FeS (5.02
eV) than that of nZVI (4.04 eV), electrons generated by
nZVI corrosion could be spontaneously transferred to the
FeS semiconductor, which could reduce Fe3+ to Fe2+ (Sun
et al. 2020). However, with the increasing of S/Fe molar ratio,
in the synthesis process of S-nZVI, the excessive amount of
sulfur might generate iron polysulfide compounds (FeSX),
which have a much lower reactivity than FeS (Han and Yan
2016). Meanwhile, the excessive S2O4

2- might be
decomposed into sulfite (SO3

2-) and sulfate (SO4
2-) (Eqs.

(15)–(17)), which would deposit onto the surface of Fe0 and
then influence the electron transfer between Fe0 and PS (Dong
et al. 2018), and therefore reduce the removal efficiency of
BPS. Consequently, the degradation rate of BPS by S-nZVI/
PS was accelerated at a low S/Fe molar ratio and decreased
with further increase of the S/Fe molar ratio.

2S2O
2−
4 þ H2O→2SO2−

3 þ S2O
2−
3 þ 2Hþ ð7Þ

2SO2−
3 þ H2O→2SO2−

4 þ 4e− þ 4Hþ ð8Þ

S2O
2−
3 þ 5H2O→2SO2−

4 þ 8e− þ 10Hþ ð9Þ

Fig. 4 The degradation of BPS in nZVI/PS and S-nZVI/PS systems.
Conditions: [PS]0 = 1.0 mM, [BPS]0 = 40 μM, [nZVI] = [S-nZVI] = 30
mg/L, pH = 5.6 ± 0.2, T = 25 °C

Fig. 5 Effects of S/Fe molar ratio on the degradation of BPS. Conditions: [PS]0 = 1.0 mM, [BPS]0 = 20 μM, [nZVI] = [S-nZVI] = 30 mg/L, pH = 5.6 ±
0.2, T = 25 °C
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nZVI and S-nZVI corrosion and persulfate
decomposition

To reveal the activation mechanism of PS in nZVI/PS and
S-nZVI/PS systems, the iron dissolution during the deg-
radation of BPS was investigated. The results are present-
ed in Fig. 6. The concentration of Fe2+ in nZVI/PS or S-
nZVI/PS system gradually increased with the increasing
of reaction time. The Fe2+ released by nZVI/PS or S-
nZVI/PS was easily transformed into Fe3+. Meanwhile,
the concentration of total iron in the S-nZVI/PS system
increased faster and slightly higher than that in the
nZVI/PS system. This phenomenon could be ascribed to
the formation of a passive film on the surface of nZVI,
resulting in a decrease of the iron dissolution rate, while
the S-nZVI/PS system indeed had the advantage of releas-
ing Fe2+ by accelerating the transfer rate of electrons for
activating PS in the presence of iron sulfides. S-nZVI
particles are more susceptible to electron donation due
to the presence of sulfides, which are more hydrophobic
than iron oxides (Rayaroth et al. 2017). Furthermore, Fe2+

could activate PS to generate SO4
·- further to remove

BPS; the consumption of Fe2+ during PS activation accel-
erates the transformation of Fe0 and the formation of Fe3+,
and part of Fe3+ could be reduced to Fe2+. Therefore,
higher iron dissolution rates of S-nZVI and iron sulfides
(e.g., FeS and FeSX) generated on its surface might pro-
vide more electrons for activating PS to generate more
free radicals and finally elevate the degradation efficiency
of BPS.

The persulfate decomposition during the BPS degradation
is presented in Fig. 7. It is obvious that only a small portion of
persulfate was consumed during the BPS degradation by
nZVI/PS. This may be due to the recombination of sulfate
radicals and the formation of iron oxides on the surface of
nZVI, and then inhibiting the reaction with PS. However, it
shows a remarkable decomposition of PS while removing
BPS by S-nZVI/PS. Compared to nZVI, S-nZVI could be
easily affected by electron donor due to the iron sulfides.
Iron sulfides are more hydrophobic than iron oxides and can
easily react with persulfates by electron transfer to generate
radicals (Rayaroth et al. 2017).

Table 1 First-order kinetic
parameters of BPS removal by S-
nZVI/PS (effect of PS
concentration and S/Fe molar
ratio)

PS concentration
(1.0 mM)

S/Fe molar ratio (0.035) S/Fe molar ratio PS concentration

(1.0 mM)

kobs
(min-1)

R2 kobs
(min-1)

R2

0.5 0.075 0.85 0 0.089 0.98

1.0 0.142 0.95 0.035 0.142 0.95

2.0 0.160 0.99 0.07 0.132 0.98

5.0 0.418 0.99 0.14 0.087 0.98

10.0 1.336 0.98 0.28 0.048 0.99

Fig. 6 The iron dissolution during the degradation of BPS in a nZVI/PS and b S-nZVI/PS systems. Conditions: [PS]0 = 1.0 mM, [BPS]0 = 20 μM,
[nZVI] = [S-nZVI] = 30 mg/L, pH = 5.6 ± 0.2, T = 25 °C
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Variation in the ORP and pH during the reaction

The changes of pH and ORP values of solution during the deg-
radation of BPS are given in Fig. 8. The ORP value of the
solution quickly increased as the reaction progress both in
nZVI/PS and S-nZVI/PS systems. However, the ORP value in-
creased faster in the S-nZVI/PS system than that in the nZVI/PS
system. And the higher ORP value demonstrated that more ox-
idation species were generated in the S-nZVI/PS system, which
could contribute to the higher removal efficiency of BPS.

The pH value decreased to approximately 3.2 in 5 min and
remained at that value throughout the BPS degradation pro-
cess. However, higher iron dissolution, PS consumption, and
BPS removal efficiency could be found in the S-nZVI/PS
system compared to that in the nZVI/PS system at similar
pH, because partial sulfidation of nZVI could improve the
limitation of passivation and accelerate electron transfer.

XPS analysis of S-nZVI

To further explain the excellent removal efficiency of BPS by
S-nZVI/PS, the composition of S-nZVI before and after the
reaction was compared by performing XPS characterization
and the results are shown in Fig. 9. For the Fe 2p spectra of S-
nZVI (shown in Fig. 9a) before the reaction, the binding en-
ergies at 710.4 eV and 711.8 eV were attributed to Fe2p3/2 of
Fe (II) and Fe (III), respectively; and the peaks at 723.8 eV and
725.6 eV were assigned to Fe2p1/2 of Fe (II) and Fe (III),
respectively. After the reaction (shown in Fig. 9c), the increase
in the Fe (III) peak intensity shows that part of Fe2+ was
oxidized to Fe3+ after the reaction. The S 2p spectra of S-
nZVI (shown in Fig. 9b) before the reaction demonstrate that
a mixture of sulfur phases was present on the particles, includ-
ing SO2- 4, SO2- 3, and polysulfide (S2- n). After the reaction
(shown in Fig. 9d), the S 2p spectrum consists of two peaks
corresponding to SO3

2- and SO4
2- groups, indicating the oxi-

dation of the iron sulfides.

Identification of reactive oxygen species (ROS) and
their formation

In order to confirm the dominant oxidizing species in the S-nZVI/
PS system, radical-scavenging experiments were performed by
using scavengers such as methanol (MeOH) and tertiary butanol
(TBA). The results are presented in Fig. 10. The second-order rate
constants for MeOH reaction with ·OH and SO4

·- are 0.8–1.0 ×
107 and 0.9–1.3 × 109 L/mol/s, respectively (Hussain et al. 2017).
The rate constants for TBA reaction with ·OH and SO4

·- are 3.8–
7.6 × 108 and 4.9–9.1 × 105 L/mol/s, respectively. Thus,MeOH is
an effective scavenger for SO4

·- and ·OH, and TBA is a strong
quenching agent for ·OH. It could be found from Fig. 8 that the
BPS removal efficiency decreased from 97.7% to 26.0% and
67.8%with the addition of MeOH and TBA, respectively.
The relative contributions of SO4

·- and ·OH were
42.78% and 30.60%, respectively. The result suggests
that both SO4

·- and ·OH were involved in the degrada-
tion of BPS by PS activated with S-nZVI.

In addition, the radical species associated with the oxida-
tion of BPS were further detected by the EPR technique. As
illustrated in Fig. 11, EPR signals of both DMPO-·OH and
DMPO-SO4

·- could be observed. The intensity of DMPO-·OH
adduct generated in the S-nZVI/PS system was relatively
higher than DMPO-SO4

·-; it might result from the strong acid-
ic solution during the reaction process so that partial SO4

·- was
transformed to ·OH. And previous report pointed that SO4

·-

can be retained for a very short time when persulfate was
activated by transition metal ion (Wu et al. 2014). These re-
sults indicate that the S-nZVI/PS system could activate PS to a
certain extent to form SO4

·- and ·OH, which was similar to a
previous report on atrazine removal by ZVI/BC-activated PS
(Jiang et al. 2020).

Fig. 7 The persulfate decomposition during the degradation of BPS.
Conditions: [PS]0 = 1.0 mM, [BPS]0 = 20 μM, [nZVI] = [S-nZVI] = 30
mg/L, pH = 5.6 ± 0.2, T = 25 °C

Fig. 8 Variation in ORP and pH during the degradation of BPS using
nZVI and S-nZVI. Conditions: [PS]0 = 1.0 mM, [BPS]0 = 20 μM, [nZVI]
= [S-nZVI] = 30 mg/L, pH = 5.6 ± 0.2, T = 25 °C
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Mechanism of persulfate activated with S-nZVI

It has been demonstrated that PS can be quickly activated by
S-nZVI to generate free radicals, and thus, the S-nZVI/PS
system exhibits a higher degradation efficiency of BPS than
the nZVI/PS system, indicating that the property of nZVI for
PS activation can be enhanced by sulfidation.

According to the above discussion, the reactionmechanism
of BPS degradation by the S-nZVI/PS system could be pro-
posed (Fig. 12). Firstly, Fe0 is continuously converted to Fe2+

in several ways and diffused into solution (Eqs. (10-12)).
Then, persulfate could be activated by Fe2+ to primarily

Fig. 9 Fe 2p and S 2p XPS spectra of S-nZVI (a, b) before and after 30-min reaction (c, d)

Fig. 10 Degradation of BPS in the S-nZVI/PS system with and without
quenching agents MeOH and TBA. Conditions: [PS]0 = 1.0 mM, [BPS]0
= 20 μM, [S-nZVI] = 30 mg/L, pH = 5.6 ± 0.2, T = 25 °C

Fig. 11 EPR spectrum DMPO-OH and DMPO-SO4 adduct in the S-
nZVI/PS system at reaction times of 10 min. Conditions: [PS]0 = 1.0
mM, [BPS]0 = 20 μM, [S-nZVI] = 30 mg/L, pH = 5.6 ± 0.2, T = 25 °C
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generate powerful SO4
·- with high redox potential, and Fe2+

oxidized into Fe3+ (Eq. 13).Meanwhile, ·OH can be generated
through the reaction of SO4

·- with H2O or OH- (Eq. (14)).
Theoretically, Fe2+ can also be generated by the reaction of
Fe3+ and Fe0 core via Eq. (15). Secondly, at the same time, Fe0

could also directly activate PS to produce ·OH to achieve the
degradation of BPS (Eq. (16)). Finally, the degradation of
BPS was carried out by the generated SO4

·- and ·OH.

Fe0sð Þ þ S2O
2−
8 aqð Þ→Fe2þaqð Þ þ 2SO2−

4 aqð Þ ð10Þ

Fe0sð Þ þ
1

2
O2 þ H2O→Fe2þaqð Þ þ 2OH− ð11Þ

Fe0sð Þ þ 2H2O→Fe2þaqð Þ þ 2OH− þ H2 ð12Þ

Fe2þaqð Þ þ 2S2O
2−
8 aqð Þ→Fe3þaqð Þ þ 2SO∙−

4 aqð Þ þ 2SO2−
4 aqð Þ ð13Þ

SO∙−
4 þ H2O→SO2−

4 aqð Þ þ ∙OHþ Hþ ð14Þ

Fe0 þ 2Fe3þ→3Fe2þ ð15Þ

Fe0sð Þ þ S2O
2−
8 aqð Þ þ 2H2O→Fe2þ þ 2∙OHþ 2SO2−

4 þ 2Hþ ð16Þ

Furthermore, the presence of iron sulfides on the surface of
nZVI played an important role in the degradation of BPS by S-
nZVI/PS. On the one hand, it can promote the release of iron
and the generation of SO4

·- to accelerate the oxidation of BPS.
On the other hand, before transferring into the solution, part of
Fe (III) on the S-nZVI surface could be reduced to Fe (II) by
S2- (Eq. (17)). Then, the reactive species could be formed from

the reaction of adsorbed persulfate with Fe (II) present in the
S-nZVI surface (Eq. (18)).

2Fe IIIð Þ þ HS−→2Fe IIð Þ þ S0 þ Hþ ð17Þ
≡Fe IIð Þ þ S2O

2−
8 aqð Þ→≡Fe IIð ÞO3SO2SO

−
3

→≡Fe IIIð Þ þ SO∙−
4 aqð Þ þ SO2−

4 aqð Þ
ð18Þ

where “≡Fe (II)” represents the Fe (II) on the S-nZVI
surface.

The degradation of BPS could not only take place in ho-
mogeneous solution but also on the surface of S-nZVI, con-
sidering that about 27.5% of S-nZVI was removed by the S-
nZVI alone, which was partly due to the adsorption of BPS on
the surface of the S-nZVI. In conclusion, Fe2+/PS, Fe0/PS, and
Fe (II)/PS reactions (in homogeneous solution and on the S-
nZVI surface) and the adsorption of S-nZVI all contribute to
BPS degradation in the S-nZVI/PS system.

Effects of PS concentration, S-nZVI dosage, and initial
BPS concentration

The effects of initial concentration of PS on the BPS removal
were experimentally investigated. The degradation rate of
BPS increased with an increase in the concentration of PS
(Fig. S4). In order to further explore the effects of initial con-
centration of PS on BPS removal rate, the kinetic behaviors
were discussed. The BPS degradation data were fitted with the
first-order kinetic equation. As depicted in Fig. S2, as the PS
concentration increased from 0.5 to 10.0 mM, the reaction rate
constant kobs increased from 0.075 to 1.336 min-1 (Table 1).
This may be explained that more free radicals were generated
to degrade BPS with the increasing of PS concentration,
resulting in higher removal efficiency of BPS.

Fig. 12 Proposed mechanism of BPS degradation by S-nZVI/PS
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Experiments of the effects of different dosages of S-nZVI
onBPS removal were investigated; the results are illustrated in
Fig. S5. When the S-nZVI dosages increased from 10, 20, 30,
40, and 50 mg/L, the BPS removal rates in 30 min reached
79.0%, 91.2%, 97.7%, 98.6%, and 100%, respectively. It was
evident that the higher the S-nZVI concentration, the higher
BPS removal rate was. In addition, as the S-nZVI dosage
increased from 10 to 50 mg/L, the reaction rate constant kobs
was increased from 0.045 to 0.249 min-1. And the kobs for BPS
removal at 50 mg/L is almost 5.5 times higher than that of 10
mg/L. With an increase in S-nZVI dosage, the available active
sites of S-nZVI were correspondingly increased and more iron
leaching that could induce PS to generate more free radicals,
thereby accelerating the BPS degradation.

The results of the effects of initial BPS concentration on
BPS removal by S-nZVI/PS are shown in Fig. S6. As expect-
ed, the removal efficiency of BPS decreased with an increase
in the concentration of BPS. When the initial concentration of
BPS increased from 10 to 40 μM, the removal efficiency of
BPS decreased from 100 to 84.8%. While the effect of initial
BPS concentration is hard to be analyzed from the temporal
evolution of normalized concentration, the initial rate was es-
timated as a better tool to study this variable. Thus, as ob-
served in Fig. S6, an increase of initial BPS concentration
enhanced the degradation rate of the contaminant (Solis
et al. 2020).

Effects of pH and temperature

To investigate the effects of initial pH on BPS degra-
dation by S-nZVI/PS, batch experiments were performed
at different pH values (Fig. S7). BPS degradation rates
decreased according to the following order: pH 5.60 >
7.01 > 3.13 > 9.35 > 11.21. It is noteworthy that the
efficient degradation of BPS (87.2–97.7%) could be
achieved over a broad pH range of 3.13–9.35, and the
degradation rate was greatly retarded (10%) at a pH
value of 11.21.

Interestingly, previous studies reported that acidic pH
favored degradation of organic pollutants in the nZVI-
activated PS process. In our study, faster degradation of
BPS was found at pH 5.60 than at pH 3.13. This may
be attributed to the higher production of Fe2+ under
acidic conditions, which may lead to scavenging of
SO4

·- (Eq. (5)), resulting in lower kobs for initial pH
of 3.13. A gradual drop of BPS degradation with the
increasing of pH was observed, which could be attrib-
uted to the iron oxides/hydroxides formed on the sur-
face of S-nZVI, and then impede the reaction between
S-nZVI and PS. When the strong alkaline condition was
adopted (pH = 11.21), Fe2+ may react with the hydroxyl
ion or sulfate ion to form corresponding precipitated
hydroxide and ferrous sulfate. And the lower solubility

of Fe2+ would decrease its ability to activate PS. The
similar phenomenon was observed in reports by
Rayaroth et al., who concluded the decrease in catalytic
activity of Fe0 at alkaline pH was to be expected due to
its inactivation by the precipitated oxides, hydroxides,
and sulfates (Rayaroth et al. 2017). Overall, S-nZVI
can efficiently activate BPS across a wide range of pH
(3.13–9.35).

Batch experiments were carried out at different tempera-
tures of 15, 25, and 35 °C to investigate the effects of temper-
ature on the degradation of BPS by S-nZVI/PS. As shown in
Fig. S8, the degradation efficiency increased with an increase
in temperature from 15 to 35 °C. The results demonstrate that
higher temperature has a positive effect on generating free
radicals (SO4

·- and ·OH) to degrade BPS.

The reusability of S-nZVI

Aswe all know, the reusability of a catalyst plays an important
role in the applicability of iron-based particles. In order to
evaluate the reusability of S-nZVI for removing BPS from
the solution, the S-nZVI particles were repeatedly used 4
times, and the leached total iron ion concentration was mea-
sured after reaction. As seen in Fig. S9, the removal efficiency
of BPS by the S-nZVI/PS system gradually decreased from
97.7%, to 88.9%, 61.2%, and 50.8% as the particles were used
in the first, second, third, and fourth cycle, respectively. The
decline of BPS removal efficiency in S-nZVI/PS system was
possibly attributed to the following factors: (1) the corrosion
of the S-nZVI particles could result in a decrease of Fe0 core
content, and the leached total iron ion concentration was de-
creased gradually to 7.65, 4.56, and 3.45 mg/L, after the sec-
ond, third, and fourth cycle experiments (seen in Fig. S8(b));
(2) degradation intermediates adsorbed and corrosion prod-
ucts on the surface of the S-nZVI could block the active sites
and inhibit the transfer of electron, which would weaken the
PS activation and BPS degradation.

Conclusions

In this study, a series of S-nZVI composites were syn-
thesized and employed in activating PS to remove BPS
from water. S-nZVI was found to be more efficient than
nZVI in activating PS to degrade BPS, especially at
high BPS concentration. The aggregation and passiv-
ation of nZVI could be improved by adding an iron
sulfide layer, which could also enhance the electron
transfer at appropriate molar ratio of S/Fe. The property
of nZVI for PS activation can be enhanced by
sulfidation. Higher PS concentration and S-nZVI dosage
will enhance BPS degradation by S-nZVI/PS. BPS was
efficiently degraded in solutions with a wide range of
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initial pH (3.13–9.35). SO4
·- and ·OH were the predom-

inant oxidants with respect to BPS degradation. Fe2+/PS,
Fe0/PS, and Fe (II)/PS reactions (in homogeneous
solution and on the surface of S-nZVI) and the adsorp-
tion of S-nZVI all contribute to BPS degradation in the
S-nZVI/PS system. Overall, these results along with the
low energy and low chemical requirements suggest that
the PS activated with the S-nZVI system has a strong
potential for the application in water treatment and en-
vironmental remediation.
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