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●
SO●−
4 and OH are recognized as valid reactive species in the FeS-activated persulfate system. However, whether
other reactive species are generated in this process remains unclear. In this study, a FeS-based peroxymonosulfate
(PMS) (FeS/PMS) system was developed for the degradation of chloramphenicol (i.e., chloramphenicol (CAP)
and thiamphenicol (TAP)) and fluoroquinolone (i.e., ciprofloxacin (CIP) and norfloxacin (NOR)) antibiotics. In
●
addition to SO●−
4 and OH, Fe(IV) was identified as another reactive species by using methyl phenyl sulfoxide
(PMSO) and methyl phenyl sulfone (PMSO2) as probe compounds. Although Fe(IV) participated in antibiotic
degradation, the contribution of Fe(IV) was smaller than that of SO●−
4 due to its low redox potential and weak
competition ability. Efficient degradation of antibiotics was achieved in the FeS/PMS system within 120 min
using 6 mM PMS and 0.6 g/L FeS at initial pH of 7.0, with removal percentages of 93.5%, 98.5%, 100% and
100% for CAP, TAP, CIP and NOR, respectively. The S2− acted as an electron donor to facilitate continuous Fe(III)
reduction and Fe(II) regeneration. Based on the degradation intermediates of antibiotic, the reaction pathways
were proposed to involve side chain cleavage, hydroxylation, denitration, deoxygenation, decarboxylation and
dehalogenation. In addition to its performance in simulated waters, the FeS/PMS system also presented effective
antibiotic degradation in real surface water. This study provides new insights into the mechanism of multiple
reactive species generation in the FeS-activated PMS process and extends the potential engineering applications
in antibiotic degradation and in situ water quality remediation.

1. Introduction
In recent decades, antibiotics have been widely used to control
human and animal diseases in clinical prescription, livestock and
aquaculture applications [1]. Chloramphenicols and fluoroquinolones,
as two classes of broad-spectrum antibiotics, are highly active against
many Gram-positive and Gram-negative bacteria [2,3]. These antibi
otics are poorly absorbed by organisms and approximately 60% of the
intake is excreted through urine into the ecosystem [4]. Consequently,
they have been frequently detected in rivers, sediments and soils [5]. For
example, the concentrations of thiamphenicol (TAP, chloramphenicol
antibiotic) and ciprofloxacin (CIP, fluoroquinolone antibiotic) were
observed to be as high as 276.8 ng/L and 1729.0 ng/L, respectively, in
China [6]. The antibiotics may pose a serious threat to human health due
to their potential carcinogenicity and produce an adverse effect on

ecological safety by inducing the production of antibiotic resistant
bacteria/genes [7]. Many antibiotics in waters are stable and poorly
degraded by traditional treatment technologies in wastewater treatment
plants, which is a major source of antibiotics in the aquatic system [8].
Therefore, developing effective techniques to eliminate antibiotics is
crucial to maintain water quality safety in ecosystems.
Sulfate radical (SO●−
4 )-based advanced oxidation processes (SRAOPs) is a widely used technique for removing refractory organic con
taminants from wastewater and groundwater because of the strong
oxidation capacity (2.5–3.1 V), high pH independence (2–10) and long
lifetime (30–40 μs) [9]. Typically, SO●−
4 is generated through persulfate
(i.e., peroxymonosulfate (PMS) or peroxydisulfate (PDS)) activation.
Iron-based catalysts have been widely used for persulfate activation due
to their high activity, cost-effectiveness, environmental friendliness and
easy storage [10]. Generally, the peroxide bond of persulfate is cleaved
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by accepting one electron from the Fe(II) to produce SO●−
4 . As hetero
geneous catalysts, Fe3O4 [11], Fe2O3 [12] and zero valent iron (ZVI)
[13] can serve as sources of Fe(II) to activate persulfate and avoid dis
solved iron ion accumulation in solutions. However, it is difficult to
maintain a high catalytic activity because of slow Fe(II) generation rate.
As the first formed iron sulfide, mackinawite (tetragonal FeS) is the
metabolic product of sulfate-reducing bacteria in ambient conditions
and commonly exists in sediments and groundwater repositories [14].
Due to its versatile chemical nature and electronic structure, FeS can act
as both a source of Fe(II) and electron donor; thus, it is expected to be
used for persulfate activation [15]. Previous reports experimentally
demonstrated the hypothesis that FeS showed a high catalytic reactivity
in persulfate activation, and SO●−
4 was recognized as the main reactive
species [16]. For example, the FeS/persulfate system was efficient for
the oxidation of p-chloroaniline [17] and trichloroethene [18]. Actually,
not only SO●−
4 but also Fe(IV) could be generated in the Fe(II)/persulfate
process, and Fe(IV) is also a powerful oxidant and participates in the
oxidation of contaminants [19]. Previous studies confirmed the exis
tence of the Fe(IV) in the homogeneous process [20]. However, studies
on the occurrence of Fe(IV) in the heterogeneous persulfate activation
process by FeS remain limited. Although many antibiotics such as
chlortetracycline could be oxidized in the iron/persulfate process [21]
few studies focus on the degradation of chloramphenicol and fluo
roquinolone antibiotics in the FeS/persulfate system.
This study aims to (1) investigate the degradation performance of
fluoroquinolone (i.e., CIP and norfloxacin (NOR)) and chloramphenicol
(i.e., TAP and chloramphenicol (CAP)) antibiotics in the FeS/PMS sys
tem; (2) examine the effect of the PMS concentration, FeS dosage, initial
pH value and dissolved oxygen (DO) on antibiotic degradation; (3)
identify the reactive species and their contribution to antibiotic degra
dation in the FeS/PMS system; and (4) propose an underlying mecha
nism of PMS activation by FeS and a possible antibiotic degradation
pathway. This study would extend the utilization of natural sulfurcontaining minerals in antibiotic degradation and engineering applica
tions for in situ water quality remediation.

degradation experiments were conducted with the addition of PMSO
(1000 μM), PMS (6 mM) and FeS (0.6 g/L) under the initial pH = 7.0. For
the recycling experiments, after PMS activation, the FeS was separated,
washed with ultrapure water and dried at 60 ◦ C for the next cycle. This
process was repeated four times. The real surface water was collected
from Guangdang River (Yantai, China), filtered with a 0.45 μm micro
filtration membrane and then used as the reaction matrix for antibiotic
degradation. For the Fe(II)/PMS system, a certain amount of FeCl2
(containing 382 mg/L Fe(II), which was equal to that in FeS) was added
to the solution in the presence of 6 mM PMS and 30 μM CAP with an
initial pH of 7.0. All the experiments were conducted in triplicate.
2.3. Analytical methods

Commercial FeS was purchased from the Aladdin Reagent Co.
(Shanghai, China) and was ground to obtain uniform FeS particles. CAP,
TAP, CIP (in the form of ciprofloxacin hydrochloride), NOR, Oxone
(PMS, KHSO5⋅0.5KHSO4⋅0.5K2SO4), methyl phenyl sulfoxide (PMSO)
and methyl phenyl sulfone (PMSO2) were obtained from Sigma-Aldrich
(purity > 99%). Methanol and acetonitrile (HPLC grade) were provided
by the Oceanpak Co. (Sweden). Other reagents were of analytical grade
or higher. All solutions were prepared using Milli-Q water (18.2 MΩ
cm).

The target antibiotics were analyzed on a Waters Acquity UPLC HClass system with a diode array detector. Chromatographic separations
were performed using an XBridge BEH C18 column (4.6 × 150 mm, 2.5
μm). The mobile phases for CAP and TAP consisted of methanol and
water with ratios of 65:35 and 40:40, respectively. The mobile phases
for CIP and NOR consisted of acetonitrile and water (containing 0.1%
formic acid) with ratios of 25:75 and 30:70, respectively. The detection
wavelengths for CAP, TAP, CIP and NOR were 275, 225, 280 and 275
nm, respectively, with a flow rate of 0.2 mL/min. The oxidation products
of antibiotic were identified using an Ultimate 3000 UPLC-Q-Extractive
Orbitrap mass spectrometry (MS) system (Thermo Scientific, USA)
equipped with a heated electrospray ionization source. Chromato
graphic separations were performed using a Waters BEH C18 column
(100 mm × 2.1 mm, 1.7 μm particle size) using methanol and water
(containing 0.1% formic acid) as the mobile phase at a flow rate of 0.3
mL/min. The mobile phase ratios of methanol/water for gradient elution
are shown in Table S1. PMSO and PMSO2 were measured using UPLC at
wavelengths of 230 nm and 215 nm, respectively, with a flow rate of 0.2
mL/min. The mobile phase consisted of acetonitrile and water (con
taining 0.1% acetic acid) with a ratio of 30:70. The concentrations of
dissolved Fe(II) and total Fe were measured using the 1,10-phenanthro
line method as described previously [22]. The absorbance was deter
mined by a UV–vis spectrometer (DR 5000, Hach, USA) at a wavelength
of 510 nm. The concentration of the residual PMS was determined by an
ABTS colorimetric method [23]. The total organic carbon (TOC) was
determined using a vario TOC analyzer (Elementar, Germany). X-ray
diffraction (Ultima IV, Japan) was used to investigate the components
and structures of FeS. The chemical states of the elements were deter
mined using X-ray photoelectron spectroscopy (XPS, Thermo Escalab
250 XI, Thermo Fisher Scientific, USA) with an Al-Kα X-ray source.
Electron spin resonance (ESR) spectra were obtained on a Bruker
EMXmicro spectrometer (Germany). Fourier transform infrared spectra
(FTIR) were obtained using a Thermo Fisher Nicolet iS 10 FTIR system.
The zeta potential of the FeS in aqueous suspension was measured by a
Zetasizer Nano ZS90 (Malvern, UK).

2.2. Experimental procedure

3. Results and discussion

All the degradation experiments were conducted in 250 mL serum
vials at 25 ◦ C. Typically, 100 mL of solution containing the selected
antibiotic (30 μM) was prepared and adjusted to the desired pH. Then, a
certain amount of FeS was added into the above solution and stirred
magnetically. The reaction was initiated by adding a predetermined
dosage of PMS. For comparison, control experiments were conducted
without the addition of PMS or FeS under identical conditions. Aqueous
samples (1 mL) were withdrawn at different time intervals and rapidly
quenched with methanol (100 μL) and Na2S2O3 (50 μL). The residual
concentration of antibiotics was determined within 24 h using ultraperformance liquid chromatography (UPLC). The quenched samples
were filtered with a 0.22 μm polytetrafluoroethylene syringe filter and
stored at 4 ◦ C before analysis. For the N2 purging mode, the solutions
were continuously purged with N2 in the degradation experiment. PMSO

3.1. Degradation performance of antibiotics in the FeS/PMS system

2. Materials and methods
2.1. Chemicals and materials

The degradation of chloramphenicol and fluoroquinolone antibiotics
in FeS/PMS as well as in FeS or PMS alone systems were investigated,
and the results are shown in Fig. 1. The removal of TAP (3.4%) was
negligible, but obvious removals of CAP (10.5%), CIP (28.6%) and NOR
(44.5%) were observed within 120 min in the FeS system. It has been
reported that FeS favors the reductive transformation of organic con
taminants because Fe(II) and S2− species can both act as reductant,
which may account for the removal of antibiotics in the FeS alone system
[24]. The PMS alone system achieved an appreciable degradation for
CIP and NOR, with removal percentages of 51.9% and 52.9%, respec
tively. In comparison, CAP and TAP were resistant to PMS oxidation,
and less than 7.9% and 10.8% of CAP and TAP were respectively
2
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Fig. 1. Degradation of four antibiotics in the FeS/PMS, PMS and FeS systems. Experimental conditions: [CAP]0 = [TAP]0 = [CIP]0 = [NOR]0 = 30 μM, [PMS]0 = 6
mM, [FeS]0 = 0.6 g/L, initial pH = 7.0.

removed under the same conditions. This selective removal of CIP and
NOR suggested that PMS is more reactive with fluoroquinolones than
chloramphenicols, possibly because the fluoroquinolones have a piper
azine ring that is easily cleaved by PMS attack [25]. After the simulta
neous introduction of PMS and FeS, the removal percentage of CAP
reached 93.5% within 120 min, which increased by 8.9-fold and 11.8fold compared with those in FeS or PMS alone system, respectively.
Meanwhile, the FeS/PMS system also exhibited efficient degradation for
TAP with a removal percentage of 98.5% within 120 min, which was
remarkably enhanced compared to the controls. Similar results were
also obtained in our previous study, in which the degradation perfor
mance of chloramphenicol antibiotics in the catalyst/PMS system was
much better than that in the PMS and catalyst alone systems [26].
Furthermore, the complete removal of CIP (100%) and NOR (100%)
were achieved within 120 min in the FeS/PMS system, indicating that
the FeS/PMS system displayed higher oxidation capacity for fluo
roquinolone antibiotics than the PMS and FeS alone system. These re
sults suggested that chloramphenicol and fluoroquinolone antibiotics
could be effectively degraded in the presence of reactive species.
Overall, the FeS/PMS system accomplished a much better degrada
tion performance towards all four antibiotics than the FeS or PMS alone
system, indicating that PMS could be effectively activated in the pres
ence of FeS. In addition, the CAP degradation performance in the Fe(II)/
PMS system was investigated under similar conditions (i.e., 382 mg/L Fe
(II), 6 mM PMS, 30 μM CAP, and initial pH = 7.0). As shown in Fig. S1,
less than 16.7% of CAP was removed in 120 min in the Fe(II)/PMS
system, which was much lower than that in the FeS/PMS system. This
inferior degradation performance could be explained by the neutral pH
and high Fe(II) concentration. It is known that the Fe(II)/PMS process is
dependent on an acidic pH [27] and excess Fe(II) may destroy SO●−
4
[28]. Hence, under same conditions, the heterogeneous FeS/PMS pro
cess may be more feasible than the homogeneous Fe(II)/PMS process for
antibiotic removal in water treatment. Similarly, Fan et al. [17] also
found that employing FeS to activate persulfate achieved a better

degradation performance than that employing Fe(II). Since the reaction
properties of CAP with different reactive species have been well studied,
CAP was chosen as a target antibiotic to investigate the effect of water
quality parameters on antibiotic degradation in the Fe(II)/PMS system
in the following experiments.
3.2. Effects of water quality parameters on CAP degradation
3.2.1. Effect of the initial pH
The initial reaction pH is a crucial factor in SR-AOPs because it will
affect the generation and reactivity of reactive species, and thus, it is of
great importance to evaluate the effect of the initial pH on CAP degra
dation in the FeS/PMS system. Fig. 2(a) shows an obvious effect of
different initial pH values on CAP removal despite the final pH values
were similar (Fig. S2). The FeS/PMS system displays a similar degra
dation performance of CAP at initial pH values of 6.0, 7.0 and 8.0, with
removal percentages of 97.8%, 93.5% and 92.7%, respectively. When
the initial pH decreased to 3.0, the CAP removal capacity declined. This
could be explained by the stabilization of H+ on HSO−5 induced by
excessive H+, which would result in an adverse effect on PMS activation
[29]. In addition, the released Fe(II) might react with PMS and convert
to Fe(IV) (Eq. (1)). A massive amount of Fe(IV) was generated that
resulted in more PMS consumption and less SO●−
generation under
4
acidic conditions in Fe-based catalyst/persulfate systems [30].
Furthermore, the redox potential of Fe(IV) (0.87 V, vs. SHE) is lower
than that of SO●−
(2.5–3.1 V, vs. SHE) under acidic conditions [31].
4
However, the degradation efficiency sharply decreased with increasing
the initial pH to 9 (73.1%) and 10 (47.1%). This remarkably declined
performance might be attributed to the decreased PMS decomposition
by FeS and self-decomposition of PMS leading to less SO●−
4 generation
[29]. Furthermore, at pH > 9, a massive amount of ●OH would be
generated through the pH dependent redox reaction between SO●−
4 and
OH− (Eq. (2)) [32]. Furthermore, the pHzpc of FeS is approximately 6.1
(Fig. S3). Increasing the initial pH above the pHzpc would increase the
3
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Fig. 2. Effects of the initial solution pH (a), dissolved oxygen (b), PMS concentration (c) and catalyst dosage on CAP degradation. Experimental conditions: [CAP]0 =
30 μM; initial pH = 3–11, [PMS]0 = 6 mM, [FeS]0 = 0.6 g/L for (a); initial pH = 7, [PMS]0 = 6 mM, [FeS]0 = 0.6 g/L for (b); [PMS]0 = 2–10 mM, initial pH = 7,
[FeS]0 = 0.6 g/L for (c); and [FeS]0 = 0.4–0.8 g/L, initial pH = 7, [PMS]0 = 6 mM for (d).

amount of negative surface charge of FeS, which might reinforce the
electrostatic repulsion between the catalyst surface and PMS and thus
lead to a decline in CAP degradation [33].
Fe(II) +

S2 O2−8

IV

2+

+ H2 O→Fe O

+ OH− →SO2−4 +
SO∙−
4

∙

OH

+

2SO2−4

( + 2H

+

)

(1)

SO∙−
+ O2 →SO∙−
3
5

(4)

Fe(II) + O2 →Fe(III) + ∙O−2

(6)

+

→SO∙−
4 + H2 O + O2

(7)

3.2.3. Effect of the PMS concentration
The impact of the PMS concentration on antibiotic degradation was
evaluated (Fig. 2(c)). The results demonstrated that increasing the PMS
concentration stimulated CAP degradation, with the removal percentage
increasing from 51.0% to 79.2% as the PMS concentration was increased
from 2 mM to 4 mM. Increasing the PMS concentration to 6 mM further
enhanced CAP degradation (93.5%). However, increasing the PMS
concentration to 8 mM (94.8%) did not lead to a significant increase in
the removal efficiency. kobs increased from 0.0055 min− 1 to 0.0282
min− 1 as the PMS concentration increased from 2 mM to 10 mM
(Fig. S5), suggesting that a high PMS concentration would accelerate the
CAP degradation rate due to the increased amount of reactive species. In
addition, the variation of PMS concentration was monitored (Fig. S6)
and results shows that PMS was completely consumed after 120 min
treatment at initial PMS concentrations of 2 mM and 4 mM, respectively.
When the initial PMS concentrations increased to 6 mM, 8 mM and 10
mM, the residual PMS concentrations were 0.85 mM, 2.90 mM and 4.68
mM, respectively. Therefore, considering the balance of cost and
degradation performance, the optimal PMS concentration was 6 mM.

3.2.2. Effect of DO
It has been reported that DO may affect the degradation performance
of contaminants by influencing radical formation in SR-AOPs [34].
Nevertheless, some studies found that the degradation kinetics were
hardly affected by DO in SR-AOPs [35]. Therefore, the degradation of
CAP with different oxygen contents (i.e., no N2 and N2 purging modes)
was explored in the FeS/PMS system (Fig. 2(b)). The removal percentage
of CAP slightly decreased from 93.5% at high DO to 83.3% at low DO.
Accordingly, the observed apparent rate constant (kobs) also decreased
from 0.0219 min− 1 to 0.0141 min− 1. The oxygen contents under no N2
and N2 purging modes were approximately 8.2 and 0 mg/L, respectively
(Fig. S4). These results indicated that the degradation of CAP is slightly
DO dependent. Generally, during the iron sulfide-activated PMS process,
different sulfur intermediates will be formed such as SO2−
3 , which was
unstable and actively involved in SO●−
4 generation in the presence of DO
according to Eqs (3)-(5) [36]. Furthermore, DO can accept one electron
from Fe(II) to generate superoxide radical intermediates, and it rapidly
reacts with PMS to produce SO●−
4 (Eqs. (6) and (7)) [10]. Hence, mod
erate DO could stimulate reactive species generation. Conversely,
excessive DO acting as an electron quencher may obstruct PMS activa
tion [36].
(3)

(5)

∙O−2 + HSO−5 + H

(2)

Fe(III) + SO2−3 →SO∙−
+ Fe(II)
3

2−
∙−
2−
SO∙−
5 + SO3 →SO4 + SO4

3.2.4. Effect of the catalyst dosage
For the activation of PMS, the catalyst dosage has a direct influence
on the degradation of contaminants. Therefore, different dosages of FeS
were added into the solution to activate PMS. As shown in Fig. 2(d), the
CAP degradation performance was gradually promoted when the FeS
dosage was increased from 0.4 g/L to 0.6 g/L. This effect was mainly
attributed to the increased FeS available for PMS activation and
4
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consequent generation of more reactive species. The CAP degradation
rate was accelerated in the initial stage with the FeS dosage was further
increased to 0.7 g/L and 0.8 g/L, while it was retarded in the later stage
with removal percentages of 76.4% and 72.9% within 120 min,
respectively, which were lower than that observed with a dosage of 0.6
g/L. The likely reason is that the excess FeS catalyst caused invalid
reactive species consumption [37]. In addition, the ratio of the leached
amount of total Fe to Fe loading amount in FeS was lowest when the FeS
dosage was 0.6 g/L, but the ratios of the leached Fe(II) to Fe loading
amount were comparable under different FeS dosages (Fig. S7 and
Table S2), further indicating that the optimal FeS dosage was 0.6 g/L.

powerful oxidant that can directly attack organic compounds via atom
or electron transfer mechanisms [19]. This phenomenon implied that Fe
(IV) might also participate in CAP degradation in addition to SO●−
4 and
●
OH. Therefore, to confirm the existence of Fe(IV) in the FeS/PMS
system, PMSO oxidation experiments were performed. PMSO is
considered to be a good probe compound for Fe(IV) identification
because PMSO can be selectively oxidized to PMSO2 by Fe(IV) [41].
Fig. 3(b) shows that the complete degradation of PMSO (1000 μM) in the
FeS/PMS system was achieved in 20 min at an initial pH of 7.0. Mean
while, PMSO2 was gradually formed with the concentration reaching a
maximum of 383.3 μM in 40 min, and afterward, no further production
of PMSO2 was observed with increasing reaction time. These results
suggested that Fe(IV) was generated in the FeS/PMS system. Moreover,
little leaching Fe(II) was detected in the solutions until at the end of the
experiment with a concentration of 1.62 mg/L (Fig. S9). Nevertheless,
the concentration of total Fe was gradually increased to 111.6 mg/L in
120 min. This may be ascribed to the conversion of Fe(II) to other Fe
species such as Fe(IV) and Fe(III). Additionally, the molar ratio of
PMSO2 produced amount to PMSO degraded amount (i.e., PMSO2 yield)
was calculated to be approximately 38.3%, indicating that a majority of
PMSO was degraded by SO●−
and ●OH oxidation rather than Fe(IV)
4
oxidation. This is because PMSO preferred to react with SO●−
(KSO4,
4
8 − 1 − 1
s ) and ●OH (KOH, PMSO = 3.61 × 109 M− 1 s− 1)
PMSO = 3.17 × 10 M
rather than Fe(IV) (kFe(IV) , PMSO = 1.23 × 105 M− 1 s− 1, pH = 1) [30]. In
and
other words, Fe(IV) had a lower competition ability than SO●−
4
●
●
OH. As a result, SO●−
4 , OH and Fe(IV) were all generated and involved
in CAP degradation in the FeS/PMS system, but the contribution of
SO●−
to antibiotic degradation was greater than those of ●OH and Fe
4
(IV).

3.3. Identification of the reactive species in the FeS/PMS system
It has been reported that different reactive species, such as SO●−
4 and
OH, will be generated and participate in oxidation reactions in SR-AOP
systems [38]. To confirm the primary reactive species involved in the
FeS/PMS system, quenching experiments were performed by dosing
●
various scavengers. MeOH can scavenge both SO●−
4 and OH, while TBA
can solely scavenge ●OH. An inhibitory effect of MeOH on the degra
dation of CAP was observed in the FeS/PMS system, as shown in Fig. 3
(a). The removal percentage of CAP decreased from 93.5% to 49.3% and
20.1% with the addition of 20 mM and 100 mM MeOH, respectively.
Moreover, CAP degradation with or without scavengers followed
pseudo-first order kinetics (Table. S3), and the kobs decreased from
0.0219 min− 1 to 0.0055 min− 1 and 0.0017 min− 1when adding 20 mM
and 100 mM MeOH, respectively. However, the inhibitory effect of TBA
on CAP degradation was remarkably less than that of MeOH. The
removal percentages of CAP were 77.7% and 55.4% in the presence of
20 mM and 100 mM TBA, respectively. Moreover, the kobs values ob
tained with 20 mM and 100 mM TBA were 0.0127 min− 1 and 0.0065
min− 1, respectively, which were higher than those obtained with the
addition of an equivalent dose of MeOH. The above quenching results
suggested that the degradation of CAP in the FeS/PMS system proceeded
via the synergistic oxidation of SO●−
and ●OH, but SO●−
is a more
4
4
important reactive oxidant than ●OH.
In addition, ESR spectroscopy was also used to explore the evolution
of reactive species in the FeS/PMS system. As shown in Fig. S8, obvious
●
signals of the DMPO-SO●−
4 and DMPO- OH adducts were detected in the
●
EPR spectrum, further suggesting the coexistence of SO●−
4 and OH in
the FeS/PMS system. However, no signals were found in the PMS alone
system. In addition, the intensity of the DMPO-●OH adduct signal was
much stronger than that of the DMPO-SO●−
signal, which was in
4
accordance with previous studies [39]. This phenomenon may be
explained by the rapid transformation of the unstable DMPO-SO●−
4
adduct to the DMPO-●OH adduct [40].
Interestingly, recent studies reported that Fe(IV) is generated in the
Fe(II) activated persulfate process (as expressed by Eq. (1)) and is also a
●

3.4. Mechanism of PMS activation by FeS
To investigate the generation mechanism of reactive species, XPS
spectra of fresh and used FeS were recorded, and the results are shown in
Fig. 4. Regarding the fresh catalyst, the peaks centered at 709.96 eV and
712.93 eV can be assigned to Fe 2p3/2 of Fe(II) and Fe(III) with pro
portions of 82.8% and 17.2%, respectively. For the XPS spectra of the S
2p region, the main peaks at binding energies of 160.5 eV, 161.35 eV
and 162.42 are indicative of the presence of S2− with a total proportion
of 69.8%. In addition, the peaks at 167.76 eV and 169.2 eV are both
indexed to surface-bound SO2−
4 . These results indicated that Fe(II) and
S2− were the dominant species on the FeS surface before the reaction.
After PMS activation, Fe(II) remained the main Fe species with the
proportion slightly decreasing to 74.5%, while Fe(III) was correspond
ingly increased to 25.5%, implying that FeS retained high catalytic ac
tivity. These results were in accordance with the XRD patterns of fresh
and used FeS in that the phase and intensity changed slightly (Fig. S10).
However, the proportion of S2− significantly decreased to 43.0%,

Fig. 3. Degradation of CAP with the addition of different scavengers (a) and concentrations of PMSO loss and PMSO2 production in the FeS/PMS system (b).
Experimental conditions: [CAP]0 = 30 μM, [PMSO]0 = 1000 μM, [PMS]0 = 6 mM, [FeS]0 = 0.6 g/L, initial pH = 7.0.
5
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Fig. 4. XPS spectra of the Fe 2p region (a) and S 2p region (b) of fresh and used FeS.

suggesting that S2− acted as an electron donor and provided electrons to
reduce Fe(III), generating Fe(II) according to Eq. (8) [17]. In addition,
the Fe(II) regeneration process could also be achieved through PMS
reduction (Eq. (9)) [42]. Once S2− was exhausted, Fe(II) regeneration by
PMS reduction would be the dominant because S2− was nonrenewable in
the FeS/PMS system. Similar results were also reported by Zhou et al.
[36] in which Fe(III) was reduced by both S2−
2 and PMS in the FeS2/PMS
system. In addition, a new S species with the peak occurring at 163.23
eV was assigned to polysulfide (Sn2− ), and the proportion of surfacebound SO2−
4 increased from 30.2% to 35.4%, possibly because the lost
S2− was oxidized to intermediate and final sulfate species.
S2− + Fe(III) + 4H2 O→Fe(II) + SO2−4 + 8H
Fe(III) + HSO−5 →Fe(II) + SO∙−
5 +H

+

+

and Fe(III) (eq. (10)). In addition, aqueous Fe(II)
production of SO●−
4
released from the FeS surface reacted with PMS and contributed to Fe
(IV) formation (eq (11)) [45]. Subsequently, ●OH was generated from
−
the reaction between SO●−
4 and H2O/OH (Eqs. (2) and (12)) [38]. In
particular, the regeneration of Fe(II) by S2− enables continuous PMS
decomposition. All of these reactive species account for the degradation
of CAP.
(10)

−
Fe(II) + HSO−5 →Fe(III) + SO∙−
4 + OH

Fe(II) + HSO−5 →FeIV O2 + + SO2−4 + H

+

(8)

2−
∙
SO∙−
4 + H2 O→SO4 + OH + H

(9)

3.5. Oxidation products and reaction pathways

FT-IR analysis was also carried out to investigate the mechanism, and
the spectra of fresh and used FeS are shown in Fig. S11. The peaks at 600
cm− 1 to 1200 cm− 1 can be assigned to S-SO2−
4 on the surface of used FeS,
and the peaks at 1190, 1158, 1104 and 1044 cm− 1 were attributed to the
perturbation of sulfate symmetry by sulfate coordination with Fe(III)
and Fe(II) [43]. However, no peaks were found between 1000 cm− 1 and
1200 cm− 1 for the fresh FeS. These results indicated that the amount of
S-SO2−
4 on the FeS surface increased after reacting with PMS. Two new
peaks at 439 cm− 1 and 487 cm− 1 were observed for the used FeS, and
these peaks were related to Sn2− , elemental sulfur and disulfide species
due to S2− oxidation by PMS or Fe(III) [44]. This finding was partially in
accordance with the XPS results.
Based on the above results, a possible mechanism underlying in the
FeS-activated PMS process was proposed (Fig. 5). First, the Fe(II)activated PMS reaction proceeded at the surface of FeS with the

+

(11)
(12)

To clarify the reaction pathway of CAP degradation in the FeS/PMS
system, the oxidation products were analyzed by the UHPLC-Q-Exactive
Orbitrap MS (Table S4). Basing on the identified intermediates, two CAP
degradation pathways were proposed (Fig. 6). Pathway I: the stepwise
oxidation of the side chain occurred, and the sequence was initiated by
oxydehydrogenation with the formation of P1 (m/z 318.9894). Then, P1
was subsequently decomposed into three intermediates, i.e., P2 (m/z
334.9843), P4 (m/z 300.9788) and P9 (m/z 166.0146). P2 formation
was assigned to the hydroxylation by the ●OH electrophilic addition,
and then, P2 was further converted to P3 (m/z 121.0295) with the
denitration [46] and side chain breakage [47]. Meanwhile, P4 (m/z
300.9788) was generated by dehydration and further transformed into
P5 (m/z 126.9359) through the hydrolysis of the amide moiety of P4
[48]. P5 was oxidized to P6, P7 and P8 by the deoxygenation, decar
boxylation and dehalogenation processes, respectively. In addition, the
cleavage of the C–C bond on the side chain of P1 by reactive species
attack led to P9 (m/z 166.0146). Cao et al. [49] also found that the
asymmetric center of CAP was attacked by reactive species. Then, the
side chain of P9 was cleaved and transformed into the smaller product of
P10 (m/z 138.0197) with the loss of the “–CO” group. Pathway II was
initiated by the C–C bond cleavage on the side chain to form P11 with
losing the “nitrobenzene” group (m/z 197.9730), and P11 was further
oxidized into P12 (m/z 89.0244) and P13 (m/z 195.9574). P13 then
underwent dehalogenation to produce P14 (m/z 160.9885). Further
dehalogenation and oxidation of P14 led to P15 (m/z 60.0091). Finally,
all these intermediates were mineralized into H2O, NO−3 , HCl or other
small products. The TOC removal also suggested the good mineraliza
tion performance of the FeS/PMS system (Fig. S12).

Fig. 5. The possible mechanism of reactive species generation in the FeS/
PMS system.
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Fig. 6. Possible CAP degradation pathways in the FeS/PMS system.

3.6. Degradation stability and practical application of the FeS/PMS
system

those in ultrapure water. These results suggested that the FeS/PMS
system may be feasible in practical application, and this needs further
study in-site water environment.

The recyclability of the catalyst is essential for the long-term treat
ment of wastewater, and thus the stability of FeS was evaluated, as
shown in Fig. 7(a). The results show that the CAP removal percentage
decreased slightly from 93.5% to 85.3% over 5 runs, indicating that the
activity of FeS remained stable during long-term use. As mentioned
above, the S2− on the FeS surface promoted Fe(III) reduction and Fe(II)
regeneration, which partially endowed FeS with high catalytic activity
in the consecutive experiments of CAP degradation. As mentioned
above, the S2− was nonrenewable, and its proportion was gradually
reduced, leading to decreased CAP removal efficiency after 5 runs.
FeS commonly existed in sediments, which makes the FeS/PMS
system a candidate for in situ environmental remediation applications.
However, real surface water bodies contain anions and natural organic
matter, which may compete for reactive species with the target
contaminant. Therefore, it was necessary to investigate the potential of
the FeS/PMS system using real surface water as a reaction matrix, and
the detailed parameters of the water are shown in Table S5. As shown in
Fig. 7(b), the FeS/PMS system achieved comparable CAP degradation
performance in real surface water with a removal percentage and kobs of
88.5% and 0.018 min− 1, respectively, which were slightly lower than

4. Conclusions
In this work, FeS was used as a heterogeneous catalyst to activate
PMS for the degradation of chloramphenicol and fluoroquinolone anti
biotics. All four antibiotics, i.e., CAP, TAP, CIP and NOR, were effec
tively degraded in this system within 120 min. The initial solution pH,
FeS dosage, PMS concentration and DO content all affected the anti
●
biotic degradation. In addition to SO●−
4 and OH, Fe(IV) was identified
as another reactive species generated in the FeS/PMS system, but its
2−
contribution to antibiotic degradation was lower than that of SO●−
4 .S
on the FeS surface functioned as an electron donor to continuously boost
Fe(III) reduction and Fe(II) regeneration, which endowed FeS with a
high catalytic activity towards PMS activation. As a consequence, the
CAP was effectively degraded in the FeS/PMS system over 5 runs. Ac
cording to the degradation intermediates of the antibiotics, the possible
degradation pathways were proposed. In addition, the FeS/PMS system
maintained an excellent degradation ability towards antibiotics even in
real surface water. This study provides new insights into the mechanism
of multiple reactive species generation in the FeS/PMS process and

Fig. 7. Catalytic activity of FeS for repeated use (a) and CAP degradation in the FeS/PMS system in the presence of real surface water (b). Experimental conditions:
[CAP]0 = 30 μM, [PMS]0 = 6 mM, [FeS]0 = 0.6 g/L, initial pH = 7.0.
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extends the applications of this process in contaminant degradation and
in-situ environmental water quality remediation.
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