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Abstract

The increased use of antibiotics and the discharge of antibiotic wastewater have
caused severe pollution, and there is an urgent need for innovative treatment
technologies. In this study, a novel catalyst derived from two low-cost materials natural
pyrite (FeSz) and rice straw biochar (BC) for the heterogeneous Fenton degradation of
ciprofloxacin (CIP) was prepared, namely natural pyrite modified rice straw biochar
(FeS2/BC). The catalyst was synthesized by grinding and calcinatign without adding
any chemical reagents. The effects of catalyst dosage, pH Va@gmgen peroxide
concentration, different anions and reusability on CIP ion were investigated.
Under the optimal conditions, the FeS,/BC system &grade 96.8% of CIP (30 mg/L)
within 20 min, thereby realizing the rapi tion of CIP. Except HCO3™, common
anions in water including CI, d SO4* displayed no impact on the CIP
degradation. Excellent degre@p erformance was owed to the synergy of attack by
free radicals and adgorpyy®. Hydroxyl radical(*OH), superoxide radical (O>") and
sulfate radical (S%Xisted in the system at the same time and *OH was the dominant
active species for degrading CIP. Both biochar and S(—II) promoted the conversion of
Fe species. This work provides a novel heterogeneous Fenton catalyst from the resource

utilization of solid waste, and realizes waste elimination and pollution reduction

simultaneously, which has good scientific and practical value.

Keywords: Pyrite; Biochar; Fenton; Advanced oxidation; Wastewater treatment
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1. Introduction

Alongside the growing evolution of biological and chemical technology,
antibiotics are generally applied in therapy of diseases including human and nonhuman
(Michael et al., 2013; Oberoi et al., 2019). Since most antibiotics cannot be fully and
thoroughly metabolized in organisms, vast quantities of antibiotics are injected into the
environment through wastewater discharge from breeding industry, pharmaceutical
factory, and domestic activities (Chen et al., 2020a; Nguyen et al., 320; Zhang et al.,
2021). Ciprofloxacin (CIP) is a broadly used fluoroquinolone @gcs, and besides
it often occurs as the degradation product of anotifcyAgoNmonly used antibiotic
enrofloxacin (He et al., 2022; Zhou et al., & As the second-generation
fluoroquinolone, ciprofloxacin has st ical structure and is difficult to
biodegrade and transform in system The conventional technology in
wastewater treatment plant Qnltrlﬁcatlon/demtrlﬁcatlon has limited removal
rate of ciprofloxacingVa orslaer et al., 2014). The concentration of ciprofloxacin
residual in aqua&rl\vironment, ranges from ng/L to mg/L, with a maximum of 31
mg/L. The residual ciprofloxacin causes severe pollution and ecological risk, such as
inhibiting the normal activity of microorganisms in the original environment and
leading to the continuous diffusion of antibiotic resistance (Girardi et al., 2011; Hanna
et al., 2018). Therefore, removal of ciprofloxacin in the environment is particularly

necessary and urgent.

Advanced oxidation processes (AOPs), which remove organic pollutants by

3
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producing active free radicals, have been successfully used in wastewater treatment
(Wang and Xu, 2012; Tian et al., 2020; Wang and Zhuan, 2020). Fenton process is a
well-established AOP, which degrades contaminants through the oxidation of hydroxyl
radicals (*OH) generated by the reaction between Fe*" and H»0,. In view of the
threshold of the traditional homogeneous Fenton processes, such as strict reaction
conditions, the follow-up treatment of iron-containing sludge, and difficult recovery of
catalysts (Li et al., 2019), the heterogeneous Fenton processes using solid catalyst
instead of soluble divalent iron salts have attracted wide attenti g solid catalyst

can effectively achieve the catalyst recovery, reduce t Qludge production and

broaden the application range (Wang and Tang, 20ang and Tang, 2021b).
Biochar (BC) is a kind of carbon-rich @al, which is obtained by pyrolysis of

biomass (plant, animal or sludge) i‘%%ree or oxygen-limited environment (Khan

et al., 2013; Dong et al.@QZhou et al., 2020). With the advantages of

environmentally frie cteristic, low cost, good adsorption and stable structure,
biochar is broadl%m dealing with wastewater (Premarathna et al., 2019; Pan et al.,
2021; Song et al., 2022b), and has made achievements in the treatment of many
pollutants such as antibiotics (Krasucka et al., 2021; Qin et al., 2022a; Qin et al., 2022b),
pesticides (Varjani et al., 2019), dyes (Lyu et al., 2018) and heavy metals (Inyang et al.,
2016). However, due to the shortcomings of the original biochar, such as limited
specific surface area, weak catalytic activity and adsorption-dominant removal (Lyu et

al., 2020; Yi et al., 2020), it usually needs to be modified before being used as
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heterogeneous Fenton catalyst (Pan et al., 2021). For example, Deng et al. (2018)
loaded nanometer zero-valent iron on corn straw biochar (nZVI/BC) and applied it for
the removal of sulfamethazine by Fenton-like reaction, and the removal capacity of the
nZVI/BC was nearly twice that of the original biochar. Park et al. (2018) prepared iron
modified biochar by impregnating bagasse in ferrous sulfate solution and the catalyst
was applied to remove Orange G from water by Fenton-like reaction, and the removal
rate of Orange G could be maintained over 89.3% after four sequential uses. It can be
found that the catalytic performance of biochar is greatly im% fter combining
with iron element. (b.Q

Pyrite (FeS.), one of the sulfides commonly @on earth, is a kind of mining
waste with little value (Murphy and Stron@o%. In addition to its low price and
wide sources, pyrite itself can re& Fe** produced by Fenton reaction as a
reducing agent, and H" can b d during the reaction to meet the low pH demand
for Fenton processes (gal., 2013; Zhu et al., 2020), which has gradually been
accepted as an e% heterogeneous Fenton material in the past few years. Zhang et
al. (2014) used natural pyrite to degrade nitrobenzene in heterogeneous Fenton system
and obtained a degradation rate of 80%, while that of classical Fenton system was only
30% in the same reaction time. Wang et al. (2021) applied natural pyrite to the
heterogeneous Fenton treatment of dye wastewater, and achieved remarkable
degradation effects on different dyes and mixed dyes.

However, to the best of our knowledge, there are few studies combining natural
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pyrite with biochar as composite for heterogeneous Fenton reactions. In our assumption,
when natural pyrite is loaded onto biochar, the latter can capture pollutants by virtue of
its adsorption capacity and improved the weakness of poor adsorption capacity of
natural pyrite, and pyrite can effectively catalyze the Fenton reaction to degrade
pollutants. Furthermore, biochar can slow down Fe?" releasing as a carrier and promote
Fe’" reduction as an electron donor (Diao et al., 2017; Qin et al., 2017; Wang et al.,
2019), so as to achieve the cooperation of mutual advantages. As a big agricultural
country, China produces about 2x10® t of waste straw eve@ Turning these
agricultural wastes into biochar realizes waste utilizatiiz%ource utilization, and
rice straw biochar has been proven to be a material @od performance for removing

antibiotics from water (Krasucka et al., 202 léefore we decided to choose rice straw

as the raw material for biochar. @ice straw and natural pyrite as the raw

materials of heterogeneous F@Qalyst can realize waste elimination and pollutant

degradation at the sa Qg The preparation process of the composite is planned to
adopt the metho irst grinding and then pyrolysis, and no additional chemical
reagents are added during the preparation process to avoid waste. Hence, the aims of
this paper are to: (1) synthesize natural pyrite modified rice straw biochar (FeS2/BC)
catalyst; (2) explore the performance of the Fenton system catalyzed by FeS,/BC for
degradation of CIP and the influence of reaction conditions on the degradation
efficiency; and (3) elucidate the degradation mechanisms involved in the Fenton system

catalyzed by FeS,/BC.
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2. Materials and methods
2.1. Materials

The natural pyrite (1-3 mm) was obtained from a mining area in Hengyang City,
Hunan Province of China. Ciprofloxacin (CIP, Ci7HisFN3Os, purity>99.0%), tert-
butanol (TBA), hydrogen peroxide (H202, 30%) and other reagents used were at least

analytical grade. Ultra-pure water was used throughout the experiment.

2.2. Synthesis and characterization of FeS2/BC catalyst ‘

Rice straw was pyrolyzed at 500 °C, the preparati d was consistent with
our previous work (Song et al., 2022a), and the bio@roduct was ground and sieved
through a 100-mesh sifter. Natural pyritﬂ@pretreated the same as biochar for
subsequent experiments. The synt ggof the FeSo/BC were as follows: Firstly,
BC and FeS: were fully ml@Qndlng in an agate mortar together. According to
the preliminary test, Q) ratio of biochar to pyrite was set at 3:1, which was the
ratio of the best ation performance. Then, the ground mixture (FeS>+BC) was
calcined at 600 °C for 2 h in a nitrogen atmosphere. The final product after calcination
was named as FeS,/BC.

The surface morphology and structure of FeS>, BC and FeS2/BC were observed
by scanning electron microscopy (SEM, TESCAN MIRA4, Czech). The element
distributions of FeS,, BC and FeS,/BC were characterized by an energy dispersion

spectrometer (EDS) loaded on SEM. The specific surface area, pore volume and pore
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size distribution of BC and FeS»/BC were measured by the automated gas sorption
analyzer (Quantachrome AUTOSORB 1Q, USA), the material samples used for
characterization were all passed through a 100-mesh sifter to maintain similar particle
size. The surface functional groups of the catalysts were identified by Fourier transform
infrared spectrometer (FTIR, Bruker VERTEX 70 & ALPHA, Germany). The phase
structure of materials was characterized by X-ray diffractometer (XRD, Bruker D8
Advance, Germany). Valence states of elements on the surface of FeS>/BC before and
after reaction were identified by X-ray photoelectron spect@ (XPS, Thermo
Scientific K-Alpha, USA). Zeta potential was meaq, Q Zetasizer (Malvern

Zetasizer Nano ZS90, UK). Linear sweep Volta (LSV) was carried out by

electrochemical workstation (CHI 760E, Chroceedlng in a three-electrode system.
Electrochemical Information: The &%/as loaded on a glassy carbon electrode as
the working electrode. Pt and Ag/AgCl electrode were used for counter

electrode and referen Qc)ode respectively. 0.2 M NaSO4 solution (pH=3.0) was

used as electroly%mn.

2.3. Experimental method

All degradation experiments were performed at conical flasks (250 mL) with
magnetic agitation at room temperature, and the solution volume was 100 mL. The
FeS»/BC and H»0; were put into the CIP solution at the same time to initiate the
reaction. Unless otherwise stated, the conventional reaction conditions were set as: the

initial concentrations of CIP, FeSo/BC and H,O; were 30 mg/L, 1.5 g/L and 5 mM,
8
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respectively. The initial concentration of CIP in the total organic carbon (TOC)
experiment was the same as above, which was also 30 mg/L. The initial pH of CIP
solution was 3.0, and the reaction lasted for 20 min. One milliliter solution was sampled
at each predetermined time. The sample was filtered by a nylon filter membrane of 0.45
pm, and 20 pL of tert-butanol (TBA) were added as a quenching agent. All the
experiments were performed in triplicate.

To ascertain the optimum reaction conditions for the CIP degradation by
heterogeneous Fenton reaction catalyzed with FeS2/BC, a ser eriments were
proceeded under various FeS»/BC dosage (0.5-3.0 g/L%;QQsage (1-20 mM) and
initial pH of solution (3-9). To comparatively ex@ the performance of different

systems for CIP degradation, the total amou‘atalyst in each system was controlled

at 1.5 g/L. &@
2.4. Analytical method g

The high- ﬁrf ce 11qu1d chromatography system (HPLC) (Agilent 1100,

USA) was used to¥Mdetermine the concentration of CIP which equipped with a C18
column. The mobile phase was comprised of methanol and 0.1% formic acid (Liu et al.,
2017b; Liu et al., 2021). The intermediates that might exist in the degradation process
were detected by ultrahigh-performance liquid chromatography system (UPLC)
(Agilent 1290, USA) in tandem with mass spectrometry system (MS) (Agilent QTOF
6550, USA) (Details is provided in Text S1). TOC was analyzed by TOC analyzer

(TOC-V, Shimadzu, Japan). The concentrations of Fe(Il) and total Fe in solution was
9
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detected by 1,10-phenanthroline spectrophotometry at 510 nm (Zhu et al., 2020). The
free radicals generated from the Fenton system catalyzed by FeS»/BC were identified

by electron spin resonance (ESR, Bruker A300, Germany).
3. Results and discussion
3.1. Characterization of catalysts

SEM images of catalysts are displayed in Fig. 1. The BC presented a loose and
porous structure, and the shape of FeS; was fragments or particle &an be seen from
Fig. Ic, FeS, was observed on the surface of biochar, an@reparation process of
FeS»/BC made the surface of biochar rougher. The ding EDS spectra showed
the composition of surface elements, and t@s‘[ence of Fe and S peak (Fig. S1(c))
further proved the successful loadi&%e The element mass fraction of different
materials was presented in Tab@Fe accounted for 15.59 wt% in FeS»/BC, which
basically accorded with @gﬁng ratio. Given by Table S2, the specific surface area
of FeS2/BC was gz/g, which was nearly 3 times that of BC. The pore volume
also got promoted from 0.026 to 0.037 cm?/g. According to studies of Pan et al. (2021)
and Tang et al. (2021), grinding of biochar and calcination at higher temperature
contribute to the increase of specific surface area and pore volume, which was
consistent with our experimental results. The increase of these parameters was helpful
to the adsorption of ciprofloxacin during degradation. As shown in Fig. S2, most of the

pores of BC and FeS,/BC were 3-9 nm mesopores, and the existence of H3 hysteresis

10
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210 loop also proved the mesoporous structure (Thommes et al., 2015).

S ol
211 ‘
212 Fig. 1. SEM images of BC (a), FeS, (b) and FeS,/BC (c).
213 FTIR was adopted to ascertain main functional groups, and the results of

214  different materials were shown in Fig. 2 (clear picture around 4O§n1 wavenumber
215  can be seen in Fig. S3). For BC, the stretching vibration of| C/C=0, C-0, C-
216  H, and Si—O could be confirmed by the peaks at 33 @ 93, 795 and 456 cm™!,
217  respectively (Yangetal., 2019). For FeS», t eakgo cm ! matched the stretching
218  vibration of S=S (Tang et al., 2021). T t 417 cm! was acknowledged as one
219  of'the peaks in the standard FTI &\ of pyrite (Sun et al., 2017). Compared with
220  BC, the peaks at -OH %C=O of FeS2/BC were decreased, and the peaks at
221  1080-1093 cm ¢ a@nced, which might be caused by the superposition of the
222 stretching Vibrahects of C-0O and S=S. However, no peak indicating FeS, was
223  found at about 417 cm™! of the FeS,/BC spectrum. This might be due to the high content
224  of biochar in the FeS>/BC (the mass ratio of biochar to pyrite was 3:1) and its smaller
225  density than that of pyrite, and thus the volume ratio of biochar in the FeS2/BC was
226  much larger than that of pyrite, resulting in masking of the characteristic peaks of pyrite.
227  To further determine whether the pyrite had changed during calcination, XRD analysis

228  of the catalysts were performed (results are shown in Fig. S4). It can be seen that the
11
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peak of FeS»/BC was almost the same as the peak type of biochar, and no peak related
to iron was detected, which was consistent with the masked situation in the FTIR
spectra. We calcined pyrite with the same procedure of synthesizing FeS,/BC. The
peaks of calcined FeS; at 28.5°, 33.1°, 37.1°, 40.8°, 47.4°, 56.3°, 59.0°, 61.7°, 64.3°,
76.6° and 78.9° were assigned to (111), (200), (210), (211), (220), (311), (222), (023),
(321), (331) and (420) FeS, (PDF# 42—-1340) (Nie et al., 2022), which was consistent
with the original pyrite and proved that the calcination does not change the phase

structure of pyrite. ()

108 @ 56
| BC

/-/‘—_‘_\
9

FeS,/BC
E /7
FeS,/BC-used
FeS,H '\f

6@5\5 3000 2500 2000 1500 1000 50

Wavenumber (cm™)

) ]

Transmitance (%)

Fig. 2. FTIR sPectra of BC, FeS,/BC, FeS,/BC after reaction, FeS,+BC and FeS..

Fig. 3 depicts the XPS results of FeS, and FeS2/BC. Fig. 3a gives the Fe 2p
spectrum of FeS,. The peaks at 707.1 and 719.8 eV should be attributed to Fe(II)-S in
pyrite (Du et al., 2020; Nie et al., 2022), while the peaks around 710.7 eV were due to
Fe’" states from oxidation of the pyrite surface (Wang et al., 2021). The Fe 2p spectrum
of FeSo/BC is given in Fig. 3b. There were double peaks of Fe(Il) and Fe(Ill), and it

was in line with the study of Yang et al. (2019), who also calcined pyrite. The presence
12
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of S2*” and S»>™ could be confirmed by the peaks at 162.6 and 163.9 eV, respectively
(Du et al., 2020). The peaks at 168.7 and 169.8 eV corresponded to SO4>~, which could
be derived from alkaline-earth sulfates existed in pyrite (Wang et al., 2021). For
FeS»/BC before and after reaction, the peaks of S>>~ and S»*~ were basically consistent

with those of pyrite, which suggested that the structure of pyrite was hardly changed.

Fe2p (a) Fe 2p (b) Fe 2p (c)
Fe(I)-S

- — - Fe(ll) -
= = Fe(Ill) =
«< < «<
N N N
z Fe £ z
w w w
= = H
et 3 et
- ] -
= = =
L L L

FeS) FeSy/BC before reaction

740 735 730 725 720 715 710 705 740 735 730 725 720 715 710 705 30 725 720 715 710 705
Binding Energy (eV) Binding Energy (eV)

S2p ) S2p

Binding Energy (eV)

®

Intensity (a.u.) .

Intensity (a.u.)
Intensity (a.u.)

FeSZ/BC e reacti FeS,/BC after reaction

FeS,
174 171 168 165 2 159 174 171 168 165 162 159
Binding Energy (eV) Qndmg Energy (eV) Binding Energy (eV)

Fig. 3. XPS spectra of Fe % eS,/BC before (b and e) and after (¢ and f) reaction.

3.2. Comparison moval in various systems

The performance of various systems on CIP removal in 20 min are shown in Fig.
4a, and the total amount of catalyst in all systems was 1.5 g/L. When BC was added
alone, the removal rate of CIP was 30%, depending on the adsorption capacity of BC.
When adding H>O3, the removal rate was almost unchanged, indicating the poor ability
of BC to activate H2O,. The removal rate was 48.6% when FeS,/BC was added alone,
which could take credit to the attack of *OH and SO4™ generated during reaction (the

13
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reaction mechanism was detailed in section 3.5) and the adsorption capacity enhanced
by the increased specific surface area (Yang et al., 2019). The degradation rate of CIP
by Fenton system catalyzed by FeS, was 83.2%, while that by the Fenton system
catalyzed by FeS2/BC reached 96.8%. The above data showed that compared with other
systems, the degradation rate of the FeS,/BC was greatly improved, which proved the
success of the coupling. The catalyst used in FeS;+BC+H20: system was a grinding
mixture of BC (1.125 g/L) and FeS> (0.375 g/L), and its degradation rate of only 41.3%.
This group was similar to the study by Zhu et al. (2020), whi@ proves that the
idea of combining biochar with natural pyrite as a material for Fenton
degradation was correct and effective. Grinding cination made biochar and
pyrite closely bound, which may be more c@ve to adsorption and degradation. For
a more intuitive observation of the %eudo—ﬁrst—order model (Eq. (1)) was used
for kinetic analysis. @Q
In(Co/Cy) = kt () (1)
where t is the re%ﬁhme, and Co and C; are the concentrations of CIP at times 0 and
t min, respectively. K represents the rate constant of pseudo-first-order. The rate
constant (K) of the FeSo/BC+H,0; system was 0.357 min!, which was absolutely
superior to BC+ H,05 (0.037 min!), FeS,+BC+ H>0; (0.058 min') and FeS; +H,0»
(0.191 min') systems (Fig. S5). This proved that the Fenton system catalyzed by
FeS2/BC can degrade CIP effectively and rapidly.

Fig. 4b shows the TOC removal efficiency in different systems, which indicates

14
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the complete mineralization of CIP. Obviously, the removal rates of TOC in the
FeS>+H>0; and BC+ H20; systems was very low (<10%). According to the degradation
rate of CIP in FeS>+H>O» system (83.2%), it could be speculated that only the molecular
structure of CIP was broken, which might be attributed to the less *OH production by
pyrite alone. The removal rate was improved in FeS»/BC and FeS;+BC+H>O; systems,
and it reached a maximum in FeS2/BC+H2O; system (nearly 45%), which was nearly 5
times that of FeS;+H20; and BC+ H20: systems. It indicated that the synergistic effect
of biochar and pyrite can produce more free radicals, and the at@ t on pollutants
was stronger. In conclusion, the Fenton system catalyz 2/BC showed the best
performance. Although the TOC removal rate was@o high, the time required was
short (only 20 min) and there was no to@ching. Considering that the original

concentration of TOC was 30 mg/%ggal degradation effect reached nearly 13.5

mg/L, which still showed a@Qplication value compared with previous studies

Q)huan, 2020).

(Luo et al., 2019; Wa

v . e, @ b emova i
Aog i R Y Romo 190
0.8 T // 5
5 0.6- g ) % ”
O 0.4 & ) / -
o 20 / 40
s /
0.2 2N % .
0.0 X / )
o 5 10 15 20

Time (min)

Fig. 4. Removal of CIP (a) and TOC (b) in various systems. Reaction conditions: [CIP]o = 30

mg/L, [catalyst]o = 1.5 g/L, [H202]o = 5 mM, and initial pH = 3.
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3.3. Effect of FeS2/BC dosage, H>O> concentration, different anions and reusability on

the CIP degradation

As the dosage of FeS»/BC increased from 0.5 to 1.5 g/L, the degradation efficiency
increased from 83.7% to 96.8%, and k also increased from 0.1937 to 0.357 min .
However, when dosage came to 2.0 and 3.0 g/L, the efficiency decreased to 75.7% (k
=0.1541 min ") and 52.0% (k = 0.0891 min '), respectively (Fig. 5a). Fenton reaction
takes *OH as the main free radical to degrade pollutants (Eq. (2)). ghis might be due
to the excessive amount of Fe?* brought by excessive catalyst lf@ to the scavenging
reaction between Fe?" and free radicals (Eq. (3)), whic sistent with the results
of others (Zhang et al., 2014). Therefore, thg best d& of catalyst was determined to
be 1.5g/L. Depicted in Fig. 5b, as the co n of H>O» increased from 1 to 5 mM,
the efficiency increased and the d ign of CIP was accelerated. The corresponding
k increased from 0.1231 to (@ 1. As it came to 10 and 20 mM, the degradation
rate decreased slightlf an Iso dropped to 0.3301 and 0.2684 min', according to the
study of Xue et%o%, it could be interpreted as the consumption of active free
radicals by high concentration of H>O» (Eq. (4)). Therefore, both in terms of cost and
degradation efficiency, the best concentration of H>O> was determined to be 5 mM.

The quality of real wastewater is complex. Considering the practical application,
the effect of common anions in water such as CI™ (Li et al., 2022), NO3™ (Bergquist et
al., 2016), HCO;™ (Santafé-Moros and Gozalvez-Zafrilla, 2010) and SO4>~ (Ao et al.,

2020) on the CIP degradation was investigated. The anion was added to the CIP
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solution before the reaction at the same concentration as the H>O,, which was 5 mM.
In Fig. 5c, it was obviously that C1-, NO;~ and SO4>" displayed little restriction on the
degradation efficiency of CIP, demonstrating that the Fenton system catalyzed by
FeS»/BC had good applicability for treating wastewater containing various anions. It
was known that ClI” could quench *OH (Eq. (5)), whereas only a slight effect was
exerted on this system, which could be explained as the generated Cle still had
relatively good reactivity (E°[Cls/C1 ] =2.55 V) to achieve the degradation of CIP, and
the result was consistent with the study of Nie et al. (2022). H@ the presence of
HCO;™ had a great inhibiting effect on degradation, wig Qd be attributed to two
aspects. One was the consumption of H" by HCOgQ&: solution (Patra et al., 2020).
As aresult of this, Fe(Il) was difficult to beed from FeS»/BC. The other was that
*OH reacted with HCO3™ to generat Ogeith weak oxidizing ability (Eq. (6)), which
hindered degradation of CIP@QI., 2020). In the actual Fenton process, the pH is
generally adjusted to S)in advance (Yuan et al., 2019), during which the HCO3™
in solution can b%ved, so the influence of this ion is limited.

On the basis that the dosage of the first catalyst was 1.5 g/L and no additional
catalyst was added, the reuse experiment was carried out. At the end of each reaction,
the catalyst was filtered through filter paper and washed briefly before being put into
the next experiment. The degradation rate of CIP of the 2", 3™, and 4" cycles decreased
to 84%, 74% and 57%, respectively (Fig. 5d). The relatively high degradation rate was
maintained in the second cycle, because the less loss of active components such as iron
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347

348

349

350

351

352

and sulfur species, which was consistent with the results of FTIR (Fig. 2) and XPS (Fig.
3¢ and 3f). The degradation rate decreased significantly in the fourth cycle, which may
be due to more loss of iron and sulfur species caused by multiple cycles, loss during

catalyst recovery, and the blocking of the active sites by residual intermediates (Li et

al., 2021).
Fe?*+H,0,+H"—Fe?*++OH+H,0 (2)
Fe’*+*OH—Fe*"+OH™ (3)

H>02+*OH—HO2++H,0 é (4)

*OH+Cl"—CIOH" " —Cl++OH" (bQ (5)
*OH+HCO3 —CO3"+H>0 Q (6)

0 5 10 15 20
Time (min)

—l— No addition

0 5 10 15 20 0 20 w P! 80
Time (min) Time (min)
Fig. 5. Effect of catalyst dosage (a), H>O: concentration (b), different anions (c) and reusability

on the degradation of CIP in the Fenton system catalyzed by FeS,/BC. Reaction conditions:

[CIP]o = 30 mg/L, [H202]o = 5 mM, and initial pH = 3.

18



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368
369

3.4. Study on pH in CIP degradation process

The pH of solution is one of the considerable factors affecting Fenton reaction. In
Fig. 6a, the degradation rate increased with the decrease of pH and reached the
maximum value at pH=3.0, which was in line with most of the Fenton reaction
phenomena (Chen et al., 2015; Diao et al., 2017). In order to further ascertain what had
happened, the changes of solution pH with the addition of FeS»/BC under different
conditions were studied (Fig. 6b). It could be observed that when Fg6,/BC was added
to the water, the pH increased rapidly from 7.0 to about 10.4, r@gat FeS,/BC was
alkaline. Known from the literature (Cantrell et al Wagas et al., 2018),
agricultural waste-derived biochar usually tends to&aline, and biochar accounted

for a large proportion of the FeS2/BC ( o of BC:FeS;=3:1), which explained

the alkalinity of FeS,/BC. When t H of FeS»/BC catalyzed Fenton system was

3.0, the solution pH rose to , which not only achieved excellent degradation

rate, but also reduced@umptlon of subsequent neutralizing acidic solution (Yuan

etal., 2019). ;

(b)

—— FeS,/BC
—@— FeS,/BC+H,0,

—A— FeS,/BC+H,0,+CIP
—¥— FeS,/BC+H,0,+CIP+Acid

0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)

Fig. 6. Study on initial pH of solution on the degradation of CIP in the Fenton system catalyzed
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by FeS,/BC (a) and changes of pH in different systems (b). Reaction conditions: [CIP]o = 30
mg/L, [catalyst]o = 1.5 g/L, [H2O2]o = 5 mM.
3.5. Reaction mechanisms

The main reaction of the change of Fe concentration in aqueous solution is shown
in the Eq. (2) and Egs. (7)—(9). When the FeS,/BC catalyst was added to the CIP
solution, Fe(Il) was released, and then the Fenton reaction occurred to generate Fe(III),
and Fe(II) was consumed. The concentration of aqueous Fe(Il) rose rapidly at the initial
stage of reaction and reached its peak in about 5 min, and the@{‘o decline (Fig.
7). The Fe(II) concentration was still relatively high wit}s Q{n to keep the reaction
going. Correspondingly, the degradation rate was@stest in the first 5 min of the
reaction, and the reaction basically reach@ end point at 10 min (degradation
rate=95.4%) (Fig. 4a). This pheno@no™®as basically consistent with the study of
Zhang et al. (2014) using na@Qe to catalyze the degradation of pollutants. When
it comes to aqueous @ unlike the continuous growth in classic Fenton, the
concentration ro ually after the reaction began and remained relatively stable.
We assumed that there were two reactions existed. On the one hand, according to Egs.
(8) and (9), there was a transition from Fe(III) to Fe(Il). On the other hand, given by
section 3.4, solution pH increased gradually to about 4.5 during the reaction, and the
solubility of Fe decreased correspondingly, which could also be responsible for the
decrease of aqueous Fe (especially Fe(Ill)) (Nie et al., 2022).

Given the FTIR comparison of the FeS2/BC before and after reaction (Fig. 2), the
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peak intensities of C=C/C=0, C—O and C—H decreased slightly, it was speculated that
these groups played roles during the reaction process. The decrease in the peak intensity
of the Si—O could be explained by providing the adsorption sites for CIP (Yang et al.,
2019). Based on XPS results (Fig. 3¢ and 3f), after reaction, the peak shape of Fe did
not change remarkably, and the obvious peak of Fe(Il) could still be clearly observed,
indicating the stability of the FeS,/BC. The content ratio of Fe(Il)/Fe(Ill) before and
after the reaction was 1.252 and 1.345, respectively. The proportion increased slightly
after the reaction, which may be due to the presence of an oxid® the surface of
the material before the reaction, so that the content @ was larger. The zeta
potential values of BC and FeS,/BC at different p illustrated in Fig. 7c and 7d.
For original biochar, except for the positive@e at pH=2, it was negatively charged

under other pH values (3—10), an S esized composite FeS,/BC were always

negatively charged when the@Qe ranged from 2 to 10, which meant that biochar

and the composite lé)ggwere negatively charged under conventional reaction

conditions (szv
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FeS,/BC (a), LSV curves in different reaction§ystems (& magnetic stirring) (b), and zeta
potential values of BC (c)and FeS.»/BC (d@e ifferent pH values. Reaction conditions:
[CIP]o = 30 mg/L, [catalyst]o = 1.5 &]o =5 mM, and initial pH = 3.

For the purpose of b%ng the active reactive species that existed during the
reaction, the q c@xperiments were proceeded with tert-butanol (TBA) and
chloroform (CF) to\qquench *OH and O>", respectively (Fig. 8a) (Bae et al., 2013; He
et al., 2021). When TBA and CF were added before the initiation of reaction, the
degradation rates of CIP were observed to drop to 57.2% (k = 0.0769 min™') and 87.6%
(k = 0.1607 min"), respectively, showing that *OH was the main active species in
Fenton reaction. Learned from the study of Yang et al. (2019), SO4™ might be produced

during the reaction due to the presence of pyrite. To further determine the types of free

radicals existed, ESR experiments were carried out without adding pollutants. DMPO
22



420  was chosen as trapping agent. As presented in Fig. 8b, the characteristic peaks of high
421  intensity corresponding to *OH and low intensity corresponding to SO4™~ could be
422  observed. The intensity of *OH increased with time, while the intensity of SO4™
423  increased inconspicuously. In Fig. 8c, the characteristic peak of O2™ could be observed
424  and the intensity increased with time. Based on the quenching results and ESR spectra,
425  three kinds of free radicals including *OH, O;" and SO4" were detected in the Fenton

426  system catalyzed by FeS,/BC, and *OH was the predominant.

1.0. (a) ® o 0H
—— without scavenger A SO}~
0.8 1 —@— with SmM TBA
—A— with SmM CF 2
-
2 0.6 z
5
o 0.4 =
0.2 .
T T ‘ T T T " T T T T T T
0.0 0 5 10 15 2 3460 m 3520 3540 3560 3460 3480 3500 3520 3540 3560
427 Time (min) agnetic field(G) Magnetic field(G)

428  Fig. 8. Effects of different free rQs engers on the degradation of CIP in the Fenton

429  system catalyzed by FeS,/ @d

430  system catalyzed Qu F&/HC (b and c). Reaction conditions: [CIP]o = 30 mg/L, [catalyst]o =

SR spectrum of free radicals generated in the Fenton

431  1.5¢g/L, [H:02]0=5 , and initial pH = 3.

432 To summary, the involved mechanism of FeS»/BC catalyzed Fenton system could
433  be divided into two aspects (Fig. 9). The one was adsorbing CIP on the material surface
434 by biochar, and the other was degrading the pollutants adsorbed on the surface by
435  generating free radicals. In the reaction, Fe(Il) released from the FeS2/BC reacted with
436  H>O to produce a large number of *OH (Eqgs. (7) and (2)). Sulfur species in FeS,/BC

437  such as S;* and S,? reacted with Fe(Ill) to reduce it to Fe(II) (Egs. (8)—(9)) (Zhao et
23
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al., 2017; Zhou et al., 2018; Yang et al., 2019). Due to the electronegativity of biochar
(based on zeta potential results), the conversion of Fe(IIl) to Fe(II) will be promoted as
well (Yang et al., 2019), which will generate more ¢OH to attack pollutants, explaining
why the TOC removal rate of the FeS,/BC was more than 5 times that of pyrite alone.
We further characterized this process using electrochemical method. Fig. 7b depicted
the LSV curves in different systems. The significant increase of current after the
addition of H>O; indicated that there was electron transfer in the solution, whereas the
current increased little with the addition of CIP, indicating tk@o of the electron
transfer existed in the reaction between Fe(Il) with Qenerate free radicals,
which could provide another evidence for the con@n of Fe species. Additionally,
Fe(II) could also react with dissolved oxyg the generated O™ continued to react
with Fe(Ill) to produce H>O», whi@ facilitated the generation of *OH (Egs.
(10)—(11)) (Diao et al., 2017, ould also explain that in Fig. 4a, the degradation
rate of FeS2/BC alon ch higher than that of BC alone. The ESR results (Fig.
8b) also demons%he continuous generation of *OH. It could be seen from the XPS
results that the FeS»/BC contained a large amount of SO4*~ . When plenty of *OH was
generated, it will react with SO4>~ to generate SO4™ to attack pollutants (Eq. (12)) (Li

et al., 2020), according with the existence of SO4 in ESR spectrum.

2FeS»+702+2H20—2Fe? +4S04> +4H" (7)
FeS>+14Fe**+8H,0—15Fe? +2S04> +16H" (8)
8Fe3"+S,2 +8H,0—8Fe? +2S04> +16H" 9)
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Fe?™+0,—Fe*™+0," (10)
Fe?+0, +2H*—Fe?*+H,0, (11)

S04* ++OH—S04 +OH" (12)

N

2
N
N

Fig. 9. Reaction mechanisms of CIP degradati@e Fenton system catalyzed by FeS,/BC.

3.6. Intermediates identification g &ﬂe degradation pathways

During the CIP d‘C%i’ the possible intermediates were detected using

UPLC-MS. Conghin®yg the detected intermediates and previous reports, the cleavage
and hydroxylation 8f the piperazine ring and the substitution or detachment of fluorine
might be the prone CIP degradation pathways, and two transformation pathways were
proposed (Fig. 10). Pathway I began with hydroxyl substitution on the piperazine ring
to form two possible product P1 (m/z 348) and P2 (m/z 348), followed by loss of carbon
and oxygen molecules to form P3 (m/z 318) (Chen et al., 2020b). Finally, P3 underwent
a decarboxylation reaction to generate P4 (m/z 274). Pathway II also first targeted the

piperazine ring. It first underwent a ring-opening reaction to become P5 (m/z 362).
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Then, the carbonyl group was removed to form P6 (m/z 334), and the carbonyl group
was lost for the second time to produce P7 (m/z 306) (Li et al., 2020). P7 was
defluorinated to transform to P8 (m/z 288) under the attack of free radicals.
Subsequently, the amine nitrogen was removed to form P9 (m/z 245) through
continuous oxidation (Deng et al., 2017). So far, the piperazine ring was thoroughly
broken. Finally, the above intermediates could be mineralized to low-molecular-weight
products such as carbon dioxide and water through further oxidation and degradation.

Information about the above intermediates was given in Table %

Fig. 10. Possible intermediates and pathways of CIP degradation in Fenton system catalyzed

by FeS,/BC.
3.7. Comparison of performance and cost with previous studies

Table 1 presents a summary of CIP degradation by different Fenton systems.
Compared with the previous Fenton process studies, the Fenton system catalyzed by

FeS>/BC in this study is superior to those reported by other studies in terms of initial
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concentration, degradation time, and degradation rate. This result indicated that
FeS,>/BC was a valuable catalyst to remove organic pollutants in water. Moreover, the
preparation of FeS2/BC required only rice straw derived-biochar and natural pyrite with
no additional chemical reagent. Campbell et al. (2018) pointed out that it was more
economically viable to use waste biomass feedstocks rather than higher-cost dedicated
biomass. On the basis of data showed by The Ministry of Agriculture and Rural Affairs,
China produces about 9x10% t of straw each year, with about 2x10% t unused. This
proved that it was economical to use rice straw as raw material@o ing to the study
of Logeswaran et al. (2020), the recycling price of rice Qs less than 18 $/t. Our
previous study showed that the price of natural py@s between 100-300 $/t (Song
et al., 2022c). According to the compoundi@o (biochar to pyrite was 3:1), the cost
of the raw material was calculated @8.5 $/t. Compared with other catalysts, it

could be found that the catal@Qded in this paper FeS2/BC had better degradation

effect at lower cost t t catalysts. Hence, FeS»/BC could be considered as an

effective catalys%w economic cost.
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505

Table 1

506  Comparison of performance and cost with other studies for Fenton degradation of CIP.
Catalyst Co Reaction time  Degradation rate Material cost References
FeS,/BC 30 mg/L 20 min 96.8% 38.5-88.5 $/t This work
HNO3 modified Luo et al.
10 mg/L 24 h 93% 60 $/t?
sludge biochar e ° $ (2019)
Fe(III) grafted . Gao et al.
10 mg/L 120 Nearly 509 About 21.7 $/kg ®
BiVOsVis mg min early 50% ou $/kg (2019)
_ Ren et al.
GLDA/Fe(III) 10 mg/L 180 min 96.5% @ 2 $/kg © (2021)

Ball-milled Fe3Oq4

. 10 mg/L 120 mi 88.99 Q 9.49 $/kg 9
nanoparticle me i /(b' Ske al. (2018)

(-FeOOH)/MWCNTSs

Hassani et

lari ct al.
& 600-800 $/kg © Sa(;g;)a

507

508

509

510

511

512

513

514

515

516

517

. 10 mg/L 136 min 8
nanocomposite E
2 This is the price of sewage sludge accordi@ report by Wzorek and Tanczuk (2015).

® This is the price of NHsVO; (raw, 13 of BiVOy) according to the report by Zhang et al.
(2022). ()Q
¢ This is the price G@)ccording to the report by Wang et al. (2022).
4 This is the price of ¥e304 nanoparticles according to the report by Cho et al. (2015).
¢ This is the price of MWCNTSs according to the report by Liu et al. (2017a)
4. Conclusions

In this paper, two low-cost materials, rice straw biochar and natural pyrite, were
ground and calcined to synthesize catalyst for heterogeneous Fenton treatment. The
physical and chemical properties of FeS2/BC were characterized. Through a series of

experiments, it was found that the Fenton system catalyzed by FeS2/BC could degrade
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CIP by 96.8% within 20 min under the optimum conditions, and the TOC removal rate
was more than 5 times that of the pyrite or biochar catalyzed Fenton system. The
degradation effect of FeS,/BC was much better than the grinding mixture of biochar
and pyrite, indicating the effectiveness of the calcination step in the synthetic process.
The FeS2/BC was alkaline in water, and the pH of the solution after Fenton reaction
was about 4.5, reducing the cost of subsequent neutralization. No sludge visible to the
naked eye was observed after the Fenton reaction catalyzed by FeS2/BC. The reaction
mechanism of CIP degradation by FeS2/BC was proposed. %s w biochar and
natural pyrite complemented each other. Both bioc Q S(-II) promoted the
conversion of Fe species. Based on quenching expt and ESR spectra, there were
three kinds of free radicals (*OH, O™ and@ in the Fenton system and *OH was
the main radicals for degrading Cl@e aid of mass spectrometry analysis, two
degradation pathways of CIP, posed. Compared with other studies, the FeS>/BC
has certain merits 1 @f performance and cost. In summary, the synthesized
FeS2/BC provid@?ﬁea for solid waste treatment and has good scientific and practical
value in the treatment of antibiotic wastewater. In summary, the synthesized FeS,/BC
provides a novel idea for both solid waste treatment and pollution elimination, and has

good scientific and practical value for the treatment of antibiotic wastewater.
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