
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

7:
18

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Degradation of c
College of Resources and Environment,

030801, China. E-mail: jiayangbihu@126.co

† Electronic supplementary informa
https://doi.org/10.1039/d2ra05412d

Cite this: RSC Adv., 2022, 12, 29991

Received 29th August 2022
Accepted 5th October 2022

DOI: 10.1039/d2ra05412d

rsc.li/rsc-advances

© 2022 The Author(s). Published by
iprofloxacin by persulfate
activated with pyrite: mechanism, acidification and
tailwater reuse†

Hui Liu, Peng Fu, Fenwu Liu, Qingjie Hou, Zhenye Tong and Wenlong Bi *

Residues of ciprofloxacin (CIP) in the environment pose a threat to human health and ecosystems. This

study investigated the degradation of CIP by persulfate (PS) activated with pyrite (FeS2). Results showed

that when [CIP] = 30 mM, [FeS2] = 2.0 g L−1, and [PS] = 1 mM, the CIP removal rate could reach 94.4%

after 60 min, and CIP mineralization rate reached 34.9%. The main free radicals that degrade CIP were

SO4c
− and HOc, with contributions of 34.4% and 35.7%, respectively. Additionally, compared to the

control (ultrapure water), CIP in both tap water and river water was not degraded. However, acidification

could eliminate the inhibition of CIP degradation in tap water and river water. Furthermore, acidic

tailwater from CIP degradation could be utilized to adjust the pH of untreated CIP, which could greatly

promote the degradation of CIP and further reduce disposal costs. The reaction solution was not

significantly biotoxic and three degradation pathways of CIP were investigated. Based on the above

results and the characterization of FeS2, the mechanism of CIP degradation in the FeS2/PS system was

that FeS2 activated PS to generate Fe(III) and SO4c
−. The sulfide in FeS2 reduced Fe(III) to Fe(II), thus

achieving an Fe(III)/Fe(II) cycle for CIP degradation.
1. Introduction

With the development of technology and medical advances,
antibiotics are increasingly used in a wide range of medical and
livestock farming processes.1 Fluoroquinolones are a large
group of antibiotics used in clinical treatment.2 Among these,
ciprooxacin (CIP) is a broad-spectrum antibiotic that belongs
to third-generation uoroquinolones.3,4 Due to its large molec-
ular weight and complex structure, CIP cannot be completely
absorbed by living organisms, and only a small proportion will
be used.5 The remainder will be discharged from organisms as
metabolites in the form of hydrolysates, oxidation products,
conjugated states, and so on.6 Then, they enter the natural
environment through different pathways and with other
pollutants, forming municipal wastewater, medical wastewater,
farming and waste, manure, and leachate from landlls.7,8

Human medical wastewater is the main source of CIP in
wastewater, with livestock farming and factory discharges also
accounting for a signicant proportion, and most wastewater is
discharged directly into municipal domestic wastewater
without treatment.9 Antibiotics remain in various water envi-
ronments, forming a drug concentration antibiotic wastewater
with high drug concentration, relatively complex substance
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composition, and high biological toxicity.10 Herein, antibiotic
wastewater without proper treatment can generate antibiotic-
resistant bacteria and antibiotic-resistance genes,11 which not
only causes serious environmental pollution but poses threats
to human health.12,13 Therefore, it is crucial to deal effectively
with the environmental pollution caused by antibiotic waste-
water discharge.

At present, there are various methods for treating wastewater
containing antibiotics, which can be roughly divided into three
categories: physical, biological, and chemical methods.14 Nickel
oxide nanoparticles could remove ciprooxacin by adsorption,15

but the adsorption capacity was limited and saturation tends to
occur during use. Although the activated sludge process could
effectively treat pharmaceutical wastewater contaminated with
antibiotics,16 this method would cause a potentially harmful
situation by creating a large number of resistant bacteria and
genes in the activated sludge. In recent years, advanced oxida-
tion processes (AOPs) have received increasing attention owing
to their different advantages, such as high oxidation, non-
selectivity, and fast reaction rates.17,18 Sulfate radical-based
advanced oxidation processes (SR-AOPs) are processes that
degrade large organic substances into small molecules such as
CO2 and H2O by activating persulfate (PS) or peroxymonosulfate
(PMS) to generate SO4c

−.19,20 Usually, PS can be activated to
generate SO4c

− under the conditions of heat, ultraviolet, ultra-
sound, alkali, and transition metal ions.21–25 Nevertheless, the
most common Fe(II) activated PS was limited by acid conditions
and can generate iron sludge.26,27 Therefore, it is necessary to
RSC Adv., 2022, 12, 29991–30000 | 29991
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nd an environmentally friendly activator for SR-AOPs to treat
wastewater containing antibiotics.

As reported, metal suldes are used as co-catalysts in catalytic
reactions, reducing Fe(III) to Fe(II) and having the ability to
promote the regeneration of Fe(II).28–30 Pyrite (FeS2) was a sulde
mineral with high iron ion content and could activate PS to
degrade organic pollutants.31 Pyrite-activated PS system could
degrade p-chloroaniline, and both SO4c

− and HOc played
a signicant role in the degradation.32 Pyrite-activated PS could
degrade tris(2-chloroethyl) phosphate, and the acidic environ-
ment favors the generation of free radicals.33 Pyrite could activate
PS to degrade 2,4-dichlorophenol (2,4-DCP), and reductive sulfur
species were important electron donors in Fe(II)/Fe(III) cycle.34

Moreover, FeS2 was a low-cost and readily available mineral, and
it was a high potential and promising activator.35 However, there
are few studies on the FeS2 activated PS for the degradation of
antibiotics in different water substrates. In this study, FeS2 was
selected as the activator to investigate the effect of FeS2-activated
PS to degrade CIP. Considering that in practical applications,
livestock farming processes mostly use tap water, and livestock
wastewater is directly discharged into river water, we further
simulated the degradation of CIP in different water substrates in
FeS2/PS system. Furthermore, post-reaction biotoxicity, miner-
alization and intermediates were investigated to explore the
mechanism of antibiotic degradation by FeS2/PS system.
2. Materials and methods
2.1. Chemicals and materials

Ciprooxacin (CIP, >99%) was purchased from Sigma-Aldrich,
and its physicochemical properties are shown in Table S1.†
Pyrite (FeS2) was purchased from Hebei, China. Sodium per-
sulfate, methanol (MeOH), tert-butanol (TBA), ferrous sulfate
(FeSO4$7H2O), sulfuric acid, and sodium hydroxide were all
analytically pure reagents. All aqueous solutions were prepared
using ultrapure water, except for river water (Uma River in
China) and tap water (laboratory) (Table S2† showed physico-
chemical properties of river water and tap water).
2.2. Experimental procedures

Degradation experiments were performed in a photoreactor
(XPA-7(G8)). The reaction was initiated by adding 50 mL of CIP
(30 mM) reaction solution to a quartz tube and adding the
desired FeS2 and PS in a photoreactor. At designed intervals,
1 mL of the reaction solution was passed through a 0.45 mm
lter membrane and mixed with a rapid addition of 150 mL of
methanol to quench the reaction, and then the post-reaction
CIP concentrations were measured.

Free radical contribution experiment was probed by adding 1
mL MeOH or 1 mL TBA to the CIP solution. In pH effect experi-
ments, the pH of 30 mM CIP solutions were adjusted to 2, 4, 6, 8
and 10 with 0.5 mol L−1 sulfuric acid and 0.5 mol L−1 sodium
hydroxide, and FeS2 and PS were added for subsequent experi-
ments. CIP solutions were prepared using ultrapure water, tap
water, and river water for degradation experiments with different
29992 | RSC Adv., 2022, 12, 29991–30000
water substrates, and the other experimental procedures were the
same as above.
2.3. Analytical methods

CIP concentrations were measured by High Performance Liquid
Chromatography (HPLC, LC-20AD, Japan) equipped with a C18
column (150 mm × 4.6 mm, 5 mm). The mixture of 0.1% formic
acid and acetonitrile (1 : 1, v/v) was employed as the mobile phase
at a ow rate of 1 mL min−1 with a detection wavelength of
279 nm. The minerals before and aer the reaction were qualita-
tively analyzed by X-ray diffractometer (XRD, MiniFlex II, Ger-
many), and the functional groups of minerals before and aer the
reaction were determined by Fourier Transform Infrared Spec-
trometer (FTIR, Tensor 27, Germany). Scanning electronic micro-
scope observed the mineral characteristics and performed the
spectrum analysis (SEM & EDS, JSM-7001F, Japan), minerals
surface elements were analyzed by Al-Ka monochromatic X-ray
photoelectron spectroscopy (XPS, AXIS ULTRA DLD, Britain). The
mineralization of the solution aer the reactionwas determined by
a total organic carbon analyzer (TOC, Multi N/C-3100, Germany).
The intermediates of CIP were analyzed by Liquid Chromatograph
Mass Spectrometer (LC-MS, Agilent 1290 II-6470, USA).
3. Results and discussion
3.1. Optimal concentration of FeS2 and PS for CIP
degradation

3.1.1 Optimization of FeS2 and PS concentrations using
response surface methodology. Aer analyzing the results of
CIP removal using different concentrations of FeS2 and PS
(Fig. S1†), the concentrations of FeS2 and PS were optimized
using the response surface methodology.36 Fig. 1a shows the
results of the analysis. When [FeS2]= 2.0 g L−1, the removal rate
of CIP increased with the increase of PS concentration. Simi-
larly, when [PS] = 1 mM, the removal rate of CIP increased with
the increase of FeS2 concentration. Moreover, when [PS] =

1 mM and [FeS2] = 2.0 g L−1, the removal rate of CIP ranged
from 80.6% to 100% aer 60 min.

3.1.2 Degradation of CIP in different reaction systems. To
verify the degradation results of CIP by the above optimized
optimal concentrations of FeS2 and PS, the degradation of CIP in
different reaction systems was investigated. Fig. 1b shows that
the removal of CIP by FeS2 alone was only 11.3% at 60 min. The
removal of CIP by FeS2 was 10.1% in the rst 5 min, and only
increased by 1.2% aer 60 min. This result indicated that the
adsorption of FeS2 on CIP was small, and reached adsorption
equilibrium in the early stages, and then uctuated up and
down. The removal of CIP increased with increasing PS
concentration (Fig. S1b†), but the removal of CIP by 1mMPS was
only 13.3% aer 60 min, which proved the weak oxidation effect
of PS on CIP. However, when [CIP] = 30 mM, [FeS2] = 2.0 g L−1,
and [PS]= 1mM, the removal rate of CIP was 94.4% aer 60min,
which was consistent with the optimized results. In addition, the
ultraviolet and visible spectra of CIP before and aer FeS2/PS
process (Fig. S2†) showed that CIP was also gradually degraded
over time. Thismight be due to the slow dissolution of Fe(II) from
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Analytical results of CIP with FeS2/PS after 60 min of response surface methodology (a) and degradation of CIP in different reaction
systems (b) ([CIP] = 30 mM, [FeS2] = 2.0 g L−1, [PS] = 1 mM).
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FeS2, which reacted with PS to generate SO4c
− and HOc for the

degradation of CIP (eqn (1)–(3)).37–39

2FeS2 + 7O2 + 2H2O / 2Fe(II) + 4SO4
2− + 4H+ (1)

Fe(II) + S2O8
2− / Fe(III) + SO4

2− + SO4c
− (2)

SO4c
− + H2O / H+ + SO4

2− + HOc (3)

3.2. Determination of reactive oxygen species and system
concentration

3.2.1 Determination of reactive oxygen species. The reac-
tive oxygen species in FeS2/PS system were explored by adding
MeOH and TBA. The reaction rate constants of MeOH with HOc
© 2022 The Author(s). Published by the Royal Society of Chemistry
and SO4c
− were 1.9 × 109 M−1 s−1 and 1.6 × 107 M−1 s−1

respectively,40,41 so MeOH could scavenge both HOc and SO4c
−

when the concentration of methanol was much higher than that
of the target compound. Moreover, the reaction rate constants
of TBA with HOc and SO4c

− were 3.8–7.6 × 108 M−1 s−1 and 4.0–
9.1 × 105 M−1 s−1 respectively,42,43 so TBA could scavenge HOc
but not SO4c

− by the same way. Aer the addition of TBA, the
degradation rate of CIP in FeS2/PS system was 60.7% aer
60 min. The addition of MeOH hindered the reaction of SO4c

−

and HOc with CIP, and the degradation of CIP was only 28.2%
within 60 min (Fig. 2a). The calculation of the free radical
contribution showed that the contribution of HOc to the
degradation of CIP was 35.7% and the contribution of SO4c

− to
the degradation of CIP was 34.4%. In summary, the main free
RSC Adv., 2022, 12, 29991–30000 | 29993
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Fig. 2 Determination of reactive oxygen species (a), PS concentration (b), Fe(II) and total Fe concentration (c) and validation of FeS2 interface
effect (d) in degradation of CIP by FeS2/PS system ([CIP] = 30 mM, [FeS2] = 2.0 g L−1, [Fe(II)] = 4 mg L−1, [PS] = 1 mM).

Fig. 3 Effect of pH on the degradation of CIP by FeS2/PS system ([CIP]
= 30 mM, [FeS2] = 2.0 g L−1, [PS] = 1 mM).
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radicals for the degradation of CIP by FeS2/PS systemwere SO4c
−

and HOc.
3.2.2 Determination of PS, Fe(II), and total Fe concentra-

tions. In FeS2/PS system, the PS content gradually decreased with
time (Fig. 2b), which fully proved that PS was continuously acti-
vated by Fe(II) to generate SO4c

−. Besides, the total Fe concen-
tration was less than 4 mg L−1 and the Fe(II) concentration was
less than 1 mg L−1 (Fig. 2c), probably because Fe(II) dissolved
from FeS2 immediately reacted with PS to form SO4c

− and Fe(III),
resulting in a slightly higher concentration of Fe(III) than Fe(II).44

To further investigate the interface effect of FeS2, 1mMPS and
4 mg L−1 Fe(II) (FeSO4$7H2O) were added to CIP solution to form
the Fe(II)/PS homogeneous system. The degradation rate of CIP at
60 min in Fe(II)/PS system was 67.0%, and it was presumed that
the sulde in FeS2 promoted the degradation of CIP (Fig. 2d).
FeS2 might react with Fe(III) (eqn (4)),45 leading to dynamic
changes in Fe(III) and Fe(II) concentrations. Therefore, FeS2 could
reduce Fe(III) to Fe(II), and further react with PS to degrade CIP.

FeS2 + 14Fe(III) + 8H2O / 15Fe(II) + 2SO4
2− + 16H+ (4)
29994 | RSC Adv., 2022, 12, 29991–30000 © 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3. Effect of pH on the degradation of CIP by FeS2/PS system

The effect of different pH on the removal of CIP by FeS2 acti-
vated PS was shown in Fig. 3. When the pH was 10, the degra-
dation of CIP in FeS2/PS system decreased slowly with time, and
the removal of CIP aer 60 min of reaction was only 62.4%. The
dissolution of Fe(II) was inhibited under alkaline conditions,
allowing only small amounts of SO4c

− to be generated at low
Fe(II) concentrations. When pH were 8 and 6, the degradation
rate of CIP was rst fast and then slow, but the degradation rate
of CIP was slightly lower than that of control, which might be
due to the addition of H2SO4 and NaOH when adjusting the pH.
When the pH was 4, the CIP was rapidly degraded within the
rst 45 min, and the removal rate reached 95.7% aer 60 min.
This result might be due to acidic conditions prompting the
dissolution of Fe(II) from FeS2, PS in the presence of high
concentrations of activator to rapidly generate large amounts of
SO4c

− and HOc.46 The degradation trend of CIP was slow at pH
was 2, with 83.8% of CIP removed at 60 min, which was lower
than the removal of CIP at pH = 4. Although large amounts of
Fe(II) were generated under acidic conditions, the excess Fe(II)
Fig. 4 Full spectrum of XPS measurements of fresh and used pyrite (a),

© 2022 The Author(s). Published by the Royal Society of Chemistry
could consume SO4c
− and HOc, which affected the degradation

of the CIP.
As can be seen in Table S3,† there was a varying degree of pH

decrease aer 60 min of reaction. Except for pH = 2 (pH
remained at 1.98 aer 60 min of reaction), the other pH systems
had a pH between 2.94 and 3.07 aer 60 min of reaction. Fig.
S3† shows the pH of the control at different reaction times. The
results showed that pH degraded rapidly and then slowly, with
a pH of 2.93 aer 60 min. Weak acidic environment further
promoted FeS2/PS degradation of CIP. In addition, the reaction
of FeS2 with PS to generate H+, Fe(III), and SO4

2− caused the
solution pH to be low.47
3.4. Characterization of pyrite before and aer reaction

XPS spectrometer was used to determine the binding energy of
pyrite before and aer the reaction to identify the chemical
properties and composition of the sample surface. As shown in
Fig. 4a, FeS2 before and aer the reaction consists mainly of S,
C, O, Fe, and Na. Fig. S4† shows the EDS energy spectrum of
FeS2 before and aer the reaction whose main elements were in
XRD spectrum (b), high-resolution Fe 2p (c), high-resolution S 2p (d).

RSC Adv., 2022, 12, 29991–30000 | 29995
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accordance with the above results. C, O, and Na elements may
be FeS2 in contact with non-metals and metals in air.48 The FeS2
surface elements were signicantly lower aer use, especially Fe
and S, probably due to leaching from FeS2 into the water. XRD
(Fig. 4b) and FTIR (Fig. S5†) results showed that the diffraction
intensities and functional groups of fresh and used FeS2 had
changed slightly accordingly.

Fig. 4c shows the high-resolution Fe 2p spectra of FeS2 before
and aer the reaction. The t revealed three peaks in the Fe 2p3/
2 orbitals at 707.2, 709.8, and 712.1 eV for Fe(II)–S, Fe(II)–O, and
Fe(III)–O.49 The pre-reaction ratios were 35.6%, 26.5%, and
37.9%. Aer the reaction, the Fe(III)–O peak increased by 17.2
percentage points, and the Fe(II)–S peak reduced by 19.5
percentage points. Fig. 4d shows the high-resolution S 2p
spectra of FeS2 before and aer the reaction. The tted peaks of
S 2p3/2 and S 2p1/2 orbitals of S2

2− were 162.6 and 163.9 eV,
respectively,50,51 with the pre-reaction ratio of 64.9% and post-
Fig. 5 Effect of different water substrates without pH adjustment (a) and
different water substrates (c) and the Fe(II) and total Fe concentration of so
([CIP] = 30 mM, [FeS2] = 2.0 g L−1, [PS] = 1 mM).

29996 | RSC Adv., 2022, 12, 29991–30000
reaction ratio of 32.5%. Besides, the S 2p3/2 and S 2p1/2
orbitals for SO4

2− peaks were 168.5 and 169.8 eV with a post-
reaction ratio of 31.5% and a post-reaction ratio of 67.5%.
This result indicated that the S2

2− in FeS2 was oxidized to SO4
2−

during the oxidation process. Moreover, as the proportion of
elemental S decreased much more than elemental Fe aer the
reaction, S2

2− could promote the Fe(III)/Fe(II) cycle.52

3.5. Effect of different water substrates on the degradation
of CIP by FeS2/PS system

In practical applications, livestock farming processes mostly
use tap water, and livestock wastewater is directly discharged
into river water. Hence, this study investigated the degradation
of CIP by FeS2/PS in tap water and river water, and the results
were compared with that in ultrapure water.

As shown in Fig. 5a, the CIP was not effectively degraded in
either tap or river water. At 60 min, the degradation rates of CIP
pH= 2 (b); acidic tailwater after reaction to the adjustment of pH to 3 of
lution before reaction (d) on the degradation of CIP by FeS2/PS system

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in tap water and river water were 85.6 and 82.3 percentage
points lower than that in ultrapure water. It was possible that
the anions in tap water and river water reacted with SO4c

− and
HOc to generate low reactive radicals,53 thus slowing down the
degradation rate of CIP. Furthermore, the presence of organic
matter in river water and tap water competed with CIP for the
reaction with SO4c

− and HOc, resulting in ineffective degrada-
tion of CIP. In addition, the greater degree of inhibition in river
water than that in tap water may be due to the high concen-
tration and more complex composition of anions in river water.

The physicochemical properties of tap water and river
water (Table S2†) indicated that tap water and river water
contain high concentrations of HCO3

− and Cl−. Higher
HCO3

− and Cl− could react with SO4c
− and HOc to form low-

activity free radicals and affect the degradation of CIP.
According to the latest distribution diagram of CO2, CO3

2−,
and HCO3

− at different pH values, only free CO2 is found in
the water when pH < 4. Furthermore, the pH experiment
(Fig. 3) shows that the weak acid nature promoted the degra-
dation of CIP, thereby accelerating the dissolution of Fe(II) and
speeding up the reaction process. Therefore, acidication
could greatly weaken the inhibition of water substrates to CIP.
The pH of different water substrates was adjusted to 4 for the
experiment (Fig. S6†), but no effective treatment effect was
achieved. Therefore, the pH of different water substrates was
adjusted to 2 for further experiments (Fig. 5b). The degrada-
tion rates of CIP in ultrapure water, tap water, and river water
at 60 min were 83.8%, 83.4%, and 74.4%, respectively. The
degradation rate of CIP in river water was 8.4 times that in
unadjusted pH, and that in tap water was 6.9 times that in
unadjusted pH. It was possible that the inhibitory effect of the
anions was weakened in the more acidic environment, so we
chose pH 2 for CIP degradation by different water substrates.
Therefore, acidication (pH = 2) of FeS2/PS system could
promote degradation of CIP in different water substrates.

To progress a reduction in disposal cost, the pH of the
untreated CIP was adjusted by replacing the acid with degraded
tailwater. As shown in Fig. 5c, aer 60 min of reaction, the CIP
degradation rates of river water, tap water, and ultrapure water
were 86.1%, 87.7%, and 92.1%, respectively. The CIP removal
Fig. 6 Effect of biotoxicity (a) and mineralization (b) of CIP degradation

© 2022 The Author(s). Published by the Royal Society of Chemistry
rate was higher than that in Fig. 5b. In addition, the pH of the
reaction solution was approximately 2.6, and this tailwater was
adjusted to pH 3 for the untreated CIP for the second cycle. Aer
60 min of reaction, the CIP degradation rates of river water, tap
water, and ultrapure water were 84.0%, 86.8%, and 89.7%,
respectively. The pH of the solution aer reaction was about 2.5.
The tailwater was adjusted to pH 3 of the untreated CIP solution
for the third cycle. Aer 60 min of reaction, the CIP degradation
rates were 80.0%, 86.0%, and 87.2% for river water, tap water,
and ultrapure water, respectively. The reason may be due to the
weak anion interference in the system at pH < 4 and the tail-
water still contained a small amount of ferrous iron to promote
the FeS2/PS system. In summary, the reuse of tailwater three
times still has a good degradation effect on CIP.

To investigate the mechanism of tailwater reuse, Fe(II) and
total Fe concentrations of the reaction solutions were measured
before cycling in different water substrates (Fig. 5d). The
concentrations of Fe(II) and total Fe in the solution generally
increased with increasing number of cycles. The total Fe
concentration before the rst cycle was less than 1.5 mg L−1 and
the Fe(II) concentration was less than 0.5 mg L−1. Before the
second cycle, the total Fe and Fe(II) concentrations were
generally higher than those in cycle 1, but did not exceed 3 mg
L−1. The total Fe and Fe(II) concentrations in cycle 3 were
slightly higher than those in cycle 2. Therefore, the increase in
the concentration of Fe(II) in solution was also responsible for
promoting the rapid degradation of CIP (Fig. 5c).
3.6. Effect of biotoxicity and mineralization of CIP
degradation by FeS2/PS system

To investigate the changes in biotoxicity before and aer
treatment, the solution before and aer the reaction was added
to the bacterial culturemedium and the absorbance value at 600
nm (OD600) was measured to characterize the growth of soil
microorganisms, so as to determine the biotoxicity of each
treatment system.54 Fig. 6a shows that microbial growth was
slow from 3 to 6 h and probably in the acclimatization phase,
and became rapid from 6 to 24 h. At 24 h, the OD600 values for
the H2O, CIP, FeS2/PS/H2O, and FeS2/PS/CIP treatments were all
in FeS2/PS system ([CIP] = 30 mM, [FeS2] = 2.0 g L−1, [PS] = 1 mM).
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around 2.0, with no signicant differences between each treat-
ment compared to the blank (H2O). Although chemicals were
added to generate SO4c

− to degrade CIP, no signicant toxicity
was present compared to H2O. Therefore, the FeS2/PS system
Fig. 7 Proposed degradation of CIP pathways (a) and mechanism (b) in

29998 | RSC Adv., 2022, 12, 29991–30000
could effectively remove CIP without increasing toxicity and has
good potential for application.

Fig. 6b shows the mineralization of CIP in FeS2/PS system.
The removal of TOC increased slowly in the rst 30 min and
FeS2/PS system.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increased rapidly aer 30 min. The TOC removal was 34.9%
aer 60 min. This result may be due to the slow release of Fe(II)
from FeS2 in the early stages and the start of a large amount of
Fe(II) dissolution aer 30min, producingmore SO4c

− to degrade
CIP and increase the TOC removal.
3.7. Proposed degradation of CIP pathways and mechanism
in FeS2/PS system

The intermediates of CIP degradation were analyzed by LC-MS
(Fig. S7 and Table S4†). The result shows that quinolones may
be degraded at the cyclopropyl, piperazine ring, quinolone ring,
and F atomic structures.55,56 Fig. 7a shows three proposed
degradation pathways according to the structure of intermedi-
ates. As shown in pathway-I, P1 (m/z = 330.1) was the product of
substitution reaction, decarboxylation (–COOH) of quinolone
ring further formed P2 (m/z = 285.2), and P3 (m/z = 260.1) was
the product of piperazine ring destruction, and then degraded to
CO2, H2O, and other small molecular products. In pathway-II, P4
(m/z = 292.1) was formed by SO4c

− and HOc oxidizing the
cyclopropyl group of CIP, then the quinolone ring was decar-
boxylated and the piperazine ring was broken to form P5 (m/z =
178.1). P6 (m/z = 170.1) was the product of the continued
breakage of the quinolone ring, followed by decarboxylation and
deamination to form P7 (m/z = 127.1) and P8 (m/z = 112.1).
Finally, it was degraded to form small molecular products such
as CO2 and H2O. As shown in pathway-III, the piperazine ring of
CIP was de-ethylation to obtain P9 (m/z = 306.1), then the
piperazine ring continued to be broken to form P10 (m/z =

263.1), then decarboxylation of the quinolone ring to form P11
(m/z = 219.1), and further decyclopropyl to give P5. The rest of
the degradation process was as in pathway-II. Based on these
results, Fig. 7b shows the presumed degradation mechanism of
CIP in the FeS2/PS system.
4. Conclusion

This study showed that CIP could be removed effectively in FeS2/
PS system. Both SO4c

− andHOcwere themain contributors to the
degradation of CIP. Furthermore, FeS2/PS system could effec-
tively degrade CIP in a wide pH range, and acidication (pH = 2)
could eliminate the inhibition of CIP degradation in tap water
and river water. Besides, reaction tailwater could be used to
adjust the pH of untreated CIP in different water substrates to 3,
which could promote the degradation of CIP in FeS2/PS system.
Aer 3 cycles of pH adjustment of the acidic tailwater aer the
reaction, the degradation of CIP was accelerated and signicant.
The mechanism of the degradation of CIP in FeS2/PS system was
that FeS2 activated PS to generate Fe(III) and SO4c

− to degrade
CIP. The sulde in FeS2 reduced Fe(III), thus achieving the Fe(III)/
Fe(II) cycle and continuously and effectively activating PS to
degrade CIP. This work might bring valuable insights into the
treatment of antibiotic wastewater by FeS2/PS system.
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