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ARTICLE INFO ABSTRACT

Handling Editor: Thanh Nguyen Iron nanoparticles encapsulated within boron and nitrogen co-doped carbon nanoshell (B/N-C@Fe) were syn-
thesized through a novel and green pyrolysis process using melamine, boric acid, and ferric nitrate as the
precursors. The surface morphology, structure, and composition of the B/N-C@Fe materials were thoroughly
investigated. The materials were employed as novel catalysts for the activation of potassium monopersulfate
triple salt (PMS) for the degradation of levofloxacin (LFX). Linear sweep voltammograms and quenching ex-
periments were used to identify the mechanisms of PMS activation and LFX oxidation by B/N-C@Fe, where
S04+~ as well as HO- were proved to be the main radicals for the reaction processes. This study also discussed
how the fluvic acid and inorganic anions in the aqueous solutions affected the degradation of LFX and use this
method to simulate the degradation in the real wastewater. The synthesized materials showed a high efficiency
(85.5% of LFX was degraded), outstanding stability, and excellent reusability (77.7% of LFX was degraded in the
5th run) in the Fenton-like reaction of LFX. In view of these advantages, B/N-C@Fe have great potentials as
novel strategic materials for environmental catalysis.
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1. Introduction

In recent years, the fate and impacts of pharmaceuticals and per-
sonal care products (PPCPs) have received increasing attention world-
wide which include numerous chemical classes and could pose poten-
tial risk to ecological and human health (Wang et al., 2010b).
Pharmaceuticals are commonly used to treat or prevent human and
animal bacterial infections along with promoting the growth in agri-
culture, aquaculture, and husbandry (Zhou et al., 2018a). Antibiotics
belong to the class of pharmaceuticals whose consumption has in-
creased considerably over the years (Zhou et al., 2017). With the in-
creasing abuse of these chemicals, a large volume of antibiotics are
entering the environment via discharge of sewage effluents due to in-
complete elimination during conventional wastewater treatment pro-
cesses, illegal discharge of untreated wastewater from factories, or

direct excretion and emission in husbandry and aquaculture (Tran
et al., 2018; Zhou et al., 2018a), resulting in water pollution and po-
tential threat to human and aquatic life (Wang et al., 2019). Further-
more, antibiotics could re-enter the water and human body through the
food chain.

The levofloxacin (LFX), a new kind of fluoroquinolones (FQs) which
is usually resistant to traditional wastewater treatment including bio-
logical and chemical processes (Liu et al., 2017; Yan et al., 2017), is a
synthetic broad-spectrum antibiotic used to treat severe or life-threa-
tening bacterial infections such as tuberculosis, acute bacterial sinusitis,
pneumonia, and even human-immunodeficiency-virus (HIV) infection
(Goodwin et al., 1994; Hamdi El Najjar et al., 2013; Van Doorslaer
et al., 2014; Xu et al., 2017). Therefore, LFX can be chosen as the target
PPCPs to determine the degradation effect using our catalytic system.
The total amount of LFX used in 2011 in human medicine was over 55
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tons, which ranked second in the FQs consumption in the U.S. (Yan
et al., 2017). In addition, it is reported that the total amount of FQs
including 8 classes consumed in China was up to 27,300 tons (Zhang
et al., 2015b). EPI Suite was used to determine the half-life of LFX in the
air, water, soil, and sediment. Although the half-life of LFX in the air is
1.29h, the half-lives in the water, soil, and sediment are 4320h,
8640 h, and 38,900 h, respectively. As LFX cannot be quickly degraded
in the natural environment, the water contaminated by LFX may pos-
sess a risk to human health and ecosystems.

Owing to the generation of highly reactive radicals such as HO-,
O,- 7, -O0H and SO4- ~ in advanced oxidation processes (AOPs), many
organic contaminants can be effectively degraded into lower molecular
compounds or even H,0 and CO, (Wang et al., 2016b; Yao et al., 2016).
Among these highly reactive radicals, SO4-~ plays a more promising
performance in decomposing some refractory hazardous organic com-
pounds compared with HO-, owing to its ability of selective oxidation
and wide pH adaptability (Anipsitakis and Dionysiou, 2003; Duan et al.,
2015a; Zeng et al., 2015; Zhao et al., 2017). The redox potential for HO
« and SO4-~ are 1.9-2.7V and 2.5-3.1V, respectively (Zeng et al.,
2015; Zhou et al., 2018b), whereas SO4+~ can be activated by ultra-
violet light, heat, and transition metals. Among these methods, transi-
tion metals (e.g., Fe?*, Co?*, and Mn**) mediated activation of po-
tassium monopersulfate triple salt (PMS, 2KHSOs-KHSO4K>SO,4) has
received considerable attention as this process can work in mild con-
ditions, produce almost no byproduct sludge after reaction (Lei et al.,
2015; Wei et al., 2015). Also, the natural reserve of transition metals,
especially iron, is abundant. The mechanisms of transition metal
mediated activation of persulfate including PMS can be described by
Egs. (1) and (2).

S,082™ + M — SO, ™ + SO,2~ + M®+D+ (€]

HSOs™ + M™* — SO, + OH™ + M®+D+ 2

Iron-based nanoparticles (Fe-NPs) as heterogeneous catalysts have
been particularly studied because Fe-NPs can perform an excellent
degradation efficiency and iron is highly accessible because iron is the
second most abundant metallic element in the earth's crust (Du and
Eisenberg, 2012; Sun et al., 2017). In addition, Fe-NPs can be easily
separated from the aqueous solutions using an external magnetic field
(Zhou et al., 2014; Lei et al., 2018), which is easy for the reuse of Fe-
NPs materials. However, conventional Fe-NPs are unstable and are
easily deactivated due to aggregation and leaching during the reaction
progress. In addition, the general preparation methods require sonica-
tion. Some of them also use argon gas, even hydrogen sulfide gas, etc.,
which increases the fabrication cost and the risk of handling (Huang
et al., 2018b; Wang et al., 2018). Novel Fe-NPs need to be developed to
solve this problem and core-shell materials are regarded as an excellent
solution. Metal-based catalysts encapsulated by a protective shell have
been proven to enhance the catalytic performance and stability (Wang
et al., 2017). The protective organic or inorganic shells are usually
prepared at lower temperatures, which limits the application of po-
tential Fe-NPs catalysts (Cui et al., 2015; Ghosh Chaudhuri and Paria,
2012; Sun et al., 2018). Thus, more efficient and stable Fe-NPs should
be developed, and doping of foreign atoms is one of the most effective
approaches.

The doping of iron-based catalysts with heteroatoms offers a prac-
tical path to adjust the properties of the catalysts by creating new states
that modify their electronic structure and to improve the catalytic
performance by enhancing the reactivity and electrical conductivity
(Ali et al., 2017; Sun et al., 2019; Yu et al., 2019). Iron nanoparticles
encapsulated within boron and nitrogen co-doped carbon nanoshell was
put forward because boron as electron acceptor and nitrogen as elec-
tron donor are one electron away from carbon. N-doped carbon nano-
tubes have recently gained a noticeable popularity as low-cost catalysts,
owing to the high abundance of catalytic sites, environmental com-
patibility, and long-term operation stability (Chen et al., 2014; Gong
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et al., 2009). N-doped materials are demonstrated to produce defects in
catalysts, which results in the formation of the O, absorption active
sites and increases the activity in oxidative dehydrogenation (Cui et al.,
2015; Xiong et al., 2017). Similarly, B-doped carbon materials can
break the electroneutrality of carbon-based materials, change the
electronic structure, and enhance the electrical properties of carbon-
based materials by creating active sites (Wang et al., 2014a). Mean-
while, the introduction of boron also increases the number of hole-type
charge carriers, which enhance the conductivity of the material (Kim
et al., 2012). Although many studies have proposed the preparation
methods of B-doped nanomaterials and N-doped nanomaterials and
applied them to oxygen reduction catalysts, lithium-ion batteries, and
sodium-ion batteries (Li et al., 2018; Wang et al., 2014a; Wang et al.,
2018; Zhang et al., 2015a), B, N co-doped nanomaterials have not been
widely used in PPCPs contaminated wastewater treatment. The most
common doping method is by direct pyrolysis, which allows for control
over the porosity and structure by choosing the right substrate and
reagents (Ratso et al., 2018). In addition, use of waste or renewable
material, less hazardous process, and less carbon footprint associated
with the resource mining are the advantages of this method of synth-
esis.

Herein, we developed a novel and simple strategy for the controlled
synthesis of iron nanoparticles encapsulated within boron and nitrogen
co-doped carbon nanoshell (B/N-C@Fe) through the direct pyrolysis of
melamine, boric acid, and ferric nitrate. The properties of B/N-C@Fe to
activate PMS in degradation of LFX and the mechanisms of degradation
were evaluated and elucidated in detail. Various characterization
techniques were applied to investigate and characterize the morphol-
ogies, compositions, and active sites of synthetic materials.

2. Materials and methods
2.1. Materials and chemicals

Melamine (C3HegNg > 99.0%) and ferric nitrate nonahydrate (Fe
(NO3)39H,0 > 98.5%), purchased from Sinopharm Chemical Reagent
Co., Ltd., and boric acid (H3BO3 > 99.5%), purchased from Shanghai
Macklin Biochemical Co., Ltd. were the precursor chemicals to synthesize
B/N-C@Fe. Levofloxacin (C;gH20FN304 > 98.0%) were purchased from
Shanghai Huzhen Biological Technology Co., Ltd. Potassium mono-
persulfate triple salt (PMS, 2KHSO5KHSO4K,SO, > 47% KHSOs basis)
were purchased from Aladdin Industrial Corporation. Fluvic acid
(C14H120g, 85%) and p-Benzoquinone (CgH;0,, 97%) were purchased
from Shanghai Macklin Biochemical Co., Ltd. The remaining chemicals,
including tricobalt tetraoxide (Co30,4), ferrous sulfate heptahydrate
(FeSO47H,0), sodium bicarbonate (NaHCOs), sodium formate
(HCOONa), sodium chloride (NaCl), disodium hydrogen phosphate do-
decahydrate (Na,HPO,12H,0), sodium dihydrogen phosphate dihydrate
(NaH,PO,42H,0), sodium sulfate (Na,SO,4), sodium acetate anhydrous
(CH3COONa), sodium nitrate (NaNOs), tert-Butanol (C4H;00), methanol
anhydrous (CH30H), hydrochloride acid (HC), and acetone (CH;COCH3),
were purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were of analytical grade and used without further purification. Ultrapure
water produced by a Milli-Q water purification system (18.25MQ2 cm) at
room temperature was used in all of the experiments.

2.2. Synthesis of B/N-C@Fe

B/N-C@Fe catalysts were fabricated via a facile thermal process
using C3HgNg as a C/N precursor, H3BO3; as a B precursor, and Fe
(NO3)39H,0 as a Fe precursor. In a typical procedure, 0.06 mol
C3HgNg, 0.12 mol H3BO3, and a designed loading (3, 4, 6, 12 mmol) of
Fe(NO3)39H,0 were dissolved in 400 mL of ultrapure water at 85 °C
with continuous stirring for 3 h to form a brown-yellow muddy mixture.
Subsequently, the resulting mixture was placed in an oven at 110 °C in
the air overnight. After drying, the resulting materials were ground into
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powders < 0.25mm in an agate mortar. The dried powders were
transferred into a quartz tube furnace to anneal at 600 °C, 700 °C,
800 °C, and 900 °C, respectively, with a heating rate of 5°Cmin~' and
held at the designated temperature for 3h under a nitrogen flow of
50 mLmin~ . After cooling down to room temperature under ambient
atmosphere, the as-obtained dark grey materials were treated with
100 mL hydrochloric acid (36 to 38, wt%) with magnetic stirring for 6 h
to remove any weakly bound, acid-accessible iron species. The mate-
rials were then washed with ultrapure water and acetone 3 times, re-
spectively. In the end, the materials were dried at 60 °C for 6 h and
ground into powders < 0.25 mm for future use. The obtained catalysts
were magnetic powders and named as B/N-C@FeX T (where T re-
presents the calcination temperature of the materials and X represents
the molar amount of Fe(NO3)39H,0 added).

2.3. Characterization of catalysts

X-ray diffraction (XRD) patterns were acquired on a Bruker D8
Advance X-ray instrument using Cu-Ka radiation with A at 1.5418 A
operating at 40 kV/40 mA and the data were acquired with a fixed di-
vergence slit of 0.02° in the range of 10-80° (20) at the scan speed of 6°
min~'. Thermogravimetric analysis (TGA) was performed using a TA
Instrument SDT Q600 within a temperature range of 50-900 °C at a
heating rate of 10 °Cmin ™! under nitrogen atmosphere. Field-emission
scanning electron microscopy (FE-SEM, SU8010, Hitachi) and field-
emission transmission electron microscopy (FE-TEM, JEM-2100F,
JEOL) were applied to investigate the morphologies of the catalysts.
Energy dispersive X-ray spectrometer (EDS, GENESIS, EDAX) analyses
were performed during the high-resolution transmission electron mi-
croscopy (HRTEM). The chemical compositions and states of the cata-
lysts were determined by X-ray photoelectron spectroscopy (XPS),
which was carried out on a Thermo Escalab 250 Xi instrument with Al-
Ka X-rays. Electrochemical characterization was carried out with
CHI760E electrochemical workstation (CH Instrument, Chenhua,
Shanghai, China) in a three-electrode cell system at ambient atmo-
sphere, using a Pt wire as the counter electrode and the B/N-C@Fe
catalyst on a glassy carbon electrode as the working electrode. The
reference electrode of linear sweep voltammetry (LSV) polarization is
Ag/AgCl electrode.

2.4. Catalytic oxidation of LFX

The catalytic oxidation was carried out in a 100 mL vial with LFX
solution (50 mgL ™!, 50 mL), the PMS (2.0gL™!) and the B/N-C@Fe
catalyst (0.2gL™!) at constant temperature (25 = 1°C) controlled
water bath under continuous stirring for the kinetic studies. The sam-
ples were taken out with a syringe at regular intervals, filtered with a
0.45 um Millipore film. The tests have compared the degradation effi-
ciency of various B/N-C@FeX T materials and then chose the best
catalytic material. Some other catalysts, such as Fe(NO3)39H,0,
FeSO47H,0, and Co304, were used to compare the degradation effects
on this aqueous system with the best synthetic material. The effects of
reaction parameters (including PMS dosage, reaction temperature,
fluvic acid, and various inorganic anions) were investigated as well. For
selective experiments, tert-butanol (TBA), methanol anhydrous
(MeOH), and p-benzoquinone (BQ) were used as probe compounds or
scavengers to distinguish the HO- and SO4-~ radicals. To prove the
recycling performance of the material, the used B/N-C@Fe catalysts
were magnetically separated and then treated by ultrasonic washing
with ultrapure water for 5min and without any further treatment. The
treated B/N-C@Fe catalysts were used in the next run at the same
conditions. The recycling experiments were repeated for another four
times. All the experiments were conducted at natural pH.
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2.5. Analytical methods

The concentrations of leaching iron ions in the aqueous solutions
were detected by atomic absorption spectroscopy (GF/FF-AAS, AA-
6880, Shimadzu). The analysis of total organic carbon (TOC) was per-
formed with a TOC analyzer (Elementar Vario TOC Cube, Elementar).
The time-concentration of LFX was analyzed by high performance li-
quid chromatography (HPLC, Agilent 1100, Agilent). Column: Agilent
HC-C18, 5um, 4.6 mm X 250 mm, at room temperature. The mobile
phase was composed of 0.01 M oxalic acid/methanol/acetonitrile
(45:20:35, V/V) mixture at 1 mLmin~ !, and the UV detector was se-
lected at A = 293 nm.

3. Results and discussion
3.1. Properties of B/N-C@Fe catalysts

Various B/N-C@Fe materials were prepared by adjusting the molar
amount of Fe(NO3)39H,0O and pyrolysis temperatures. Through the
degradation experiments of LFX with various materials (shown in
Fig. 3), B/N-C@Fe4 700 was found to be in the best efficiency in the
preliminary experiment. Thus, various characterization techniques,
including XRD, TGA, SEM, TEM, EDS, XPS and LSV, were used to
characterize the properties of B/N-C@Fe4 700.

The XRD patterns of B/N-C@Fe3 700, B/N-C@Fe4 700, B/N-C@Fe6
700, B/N-C@Fel2 700, B/N-C@Fe4 600, B/N-C@Fe4 800 and B/N-C@
Fe4 900 are presented to describe the crystallographic structures in
Fig. 1. The sharp diffraction peak at 26 of 26.4° is indexed to (002)
planes of the graphitic carbon (JCPDS 35-0772) and the intensity in-
creased with the increasing molar amount of Fe(NO3)39H,O and pyr-
olysis temperatures, compared to the graphitic carbon and carbon na-
noshell. The broad reflections centered at ca. 26° can be attributed to
the presence of intercalated N-defects in the nitrogen-doped carbon
structure (Wang et al., 2016a). The samples had a strong and sharp
peak at a 26 of 44.6°, which is assigned to (110) planes of a-Fe (JCPDS
06-0696) and demonstrates that the materials contain traces of metallic
iron as FesC (Wang et al., 2017; Sun et al., 2019). This suggests that
Fe®* was partly reduced to Fe® by as-formed carbon during the heating
process in the N, atmosphere (Yao et al., 2016). It can be concluded
from the XRD patterns that the iron nanoparticles were encapsulated in
carbon nanotubes which could be well preserved during the reaction, as
the leaching process showed that the concentration of iron ion in the
aqueous solutions is 0.47 mgL~'. Moreover, we can see from Fig. S1
that both of the two main sharp peaks at 26.4° and 44.6° were also
found in the XRD patterns after the catalytic reaction. This suggests that
the material is stable enough to be reused, which can be confirmed by
the recycling experiment below.

The TGA plots (Fig. S2) of B/N-C@Fe materials all showed a de-
creased weight tendency from room temperature to ca. 800 °C and the
majority of them showed a slight weight increase above 800 °C. The
weight loss below 200 °C can be assigned to the evaporation of ad-
sorbed water molecules on the surface of the materials, whereas the
weight loss between 600 °C and 800 °C is associated with the release of
the structure water (Wang et al., 2010a). The weight loss between
250 °C and 450 °C apart from two water loss events can be attributed to
the destruction of amorphous carbon and deoxygenation of labile
oxygenated functional groups on the surface of the materials, such as
—OH and C=O0 in the forms of H,O, CO, and CO, (Wang et al., 2014b;
Yu et al., 2019). Also, the transformation of FesC into Fe,O5 in the
range of 360 °C to 550 °C can result in a weight loss (Wang et al., 2017;
Sun et al., 2019). A slight weight increase can be observed over 800 °C,
resulting from the oxidation of iron in the air atmosphere (Shen et al.,
2015). Through the TGA plots, we can observe that the molar amount of
iron as well as the pyrolysis temperature have a significant influence on
the morphology and graphitization of carbon. In addition, the curve of
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Fig. 1. XRD patterns of various B/N-C@Fe catalysts prepared at different (a) Fe
(NO3)39H,0 dosages and (b) pyrolysis temperature.

the most effective catalyst was similar to our previous findings (Yao
et al., 2016).

As revealed in the FE-SEM and FE-TEM images (Fig. 2a, b), the
material consists of randomly orientated and entangled carbon nano-
shells, and the pea-pod dark iron carbide nanocrystals were en-
capsulated in the well-defined carbon nanoshells, suggesting an effi-
cient assembly between the Fe-NPs and the carbon nanoshell. From the
enlarged TEM image (Fig. 2b), the outer diameter of the nanotube is in
a range of 25-95 nm, with the wall thickness in a range of 3-15 nm. The
iron nanoparticles are coated with graphitic carbon by 8-12 layers. EDS
analysis (Fig. S3) shows the major element components in the synthetic
material, such as C, Fe, Cu. Such a geometric confinement of iron car-
bide with maghemite and other iron hydroxides within carbon nano-
shells can enhance their interfacial contact and suppress the dissolution
and agglomeration of core materials, thereby promoting the electro-
chemical activity and stability of the hybrids (Wu et al., 2012).

3.2. Removal of LFX by PMS in combination with B/N-C@Fe

The results (Fig. 3) showed that the structure differences between
materials have a significant impact on activating PMS in the degrada-
tion of LFX as analyzed by XRD and TGA. Owing to the specific
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structure, B/N-C@Fe4 700 exhibits a better performance with almost
80% of LFX being degraded in the first 5 min. This inferred that the B/
N-C@Fe4 700 catalyst, with wide carbon nanoshells open at both ends,
was more accessible to promote the catalytic reactions because of the
full contact of LFX molecular and FesC in a relatively restricted area
(Shi et al., 2016). We have performed the adsorption experiments (Fig.
S5) and the removal of LFX was not significant. Only 9.4% of LFX was
removed after 120-min adsorption. At the beginning of the degradation
experiments, under the action of adsorption and advanced oxidation,
LFX was rapidly degraded. As time progressed, PMS was further de-
graded to some extent during advanced oxidation. Our recent study has
revealed that PMS showed continuous decomposition with reaction
time and the amount of PMS decreased by about 40% in the first 10 min
(Kang et al., 2018).

Some frequently wused catalysts, such as Fe(NO3)39H,O,
FeSO47H,0, and Co304, were employed to compare the efficiency of
synthetic material and other Fenton-like catalysts. It can be found that
all of these catalysts showed much weaker abilities in activating PMS
for the LFX degradation (Fig. 4). However, Fe(NO3)39H,O and
FeSO4,7H,0 were able to activate PMS, leading to 26.5% and 36.1%
LFX oxidation after 20 min of reaction, respectively. This phenomenon
indirectly indicated that the redox of Fe** and Fe** has a significant
influence on the activation of PMS. The results showed that B/N-C@Fe4
700 is the most active catalyst under our experimental conditions.

X-ray photoelectron spectra (XPS) studies were carried out to fur-
ther investigate the chemical composition and electronic structure of
the B/N-C@Fe4 700 catalyst before and after the degradation experi-
ment. Fig. S4 shows the XPS spectra, in which the five elements in-
cluding Fe, O, C, B, and N existed in both catalysts before and after the
reaction. Although Fe was detected by XRD, SEM, and TEM, the XPS
spectra revealed relatively low surface contents of Fe on both catalysts,
implying the significance of catalytic reaction and subsequent leaching
of surface iron species within 5-10 nm probing depth of XPS analysis.
This result corresponded to the detected Fe leaching (0.47 mgL™%).
This further proved that the Fe3C nanoparticles were entirely en-
capsulated by carbon layers in the catalysts, which can thus survive the
catalytic process (Wang et al., 2017).

The high resolution curve-fitted elementary XPS peaks of N 1s, B 1s,
C 1s, and O 1s are displayed in Fig. 5a—d. The N 1s spectra were de-
convoluted into two peaks at 398.3, 399.1, and 400.0 eV, assigned to
pyridinic N, N—C bonds, and graphitic N, respectively. The peak at a
binding energy of 398.3 eV also includes a contribution from nitrogen
bound to the Fe metal (Fe—N), due to the marginal difference between
binding energies of Fe—N and pyridinic N (Liang et al., 2013). Pyridinic
N is regarded as the major contributor of the catalytic activity because
of its reduction of the energy barrier for adsorbing reactants on adjacent
carbon atoms and its acceleration of rate-limited first-electron transfer
(Soares et al., 2015). Because of the coverage of graphitic N layers on
the Fe;C surface, no obvious Fe signal can be detected (Xiao et al.,
2015). The peak at 399.1 eV is mainly caused by melamine containing
C=N-—C structure (Soares et al., 2015). Pyridinic N and graphitic N are
believed to play an important role in activating N species toward
oxygen reduction reaction (Peng et al., 2014).

The XPS spectra of B 1s were fitted into two components, assigned
to h-BN at 190.7 eV and C-NB group at 192.2 eV, which indicates that
boron atoms have been introduced into carbon frame (Yan et al., 2010).
This structure is attributed to the bond of BC,0O and BCO, (Zhang et al.,
2015a). The analysis of C 1s level (Fig. 5¢) identified four components
that were assigned to C—C at 284.8 eV, hydroxyl C—OH at 285.7 eV,
C—N at 287.2eV, and carbonyl C=0 at 288.4 eV, respectively (Xiao
et al., 2015; Yao et al., 2016). The O 1s spectra can be divided into four
components related to the presence of O—Fe bonds (530.3 eV), defec-
tive oxides and hydroxides (531.5 eV), O—B bonds (532.5 eV), and O—N
bonds (533.7 eV), respectively (Yao et al., 2016). It can be seen from
Fig. 5d that the peaks at 531.5eV and 532.5eV have increased while
the peak at 533.7 has decreased, due to the reduction of iron oxides
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(b)

Fig. 2. (a) FE-SEM, (b) FE-TEM and (c, d) HRTEM images of B/N-C@Fe,q0" catalyst.

(Zhang et al., 2014). Because of the redox reaction during the Fenton-
like process, a slightly positive shift of binding energies was observed
after the LFX degradation.

3.3. Effects of operating conditions and solution chemistry on LFX removal

As B/N-C@Fe4 700 displayed the best activity, the LFX degradation
efficiency under the effects of varying PMS dosage, reaction tempera-
ture, and co-existing anions are discussed for the use of B/N-C@Fe4
700. As shown in Fig. 6a, the degradation efficiency increased along
with the increasing PMS dosage up to 2 gL ™", resulting in the forma-
tion of an elevated amount of radicals during the Fenton-like process.
However, beyond 2gL~! PMS dosage, the degradation efficiency has
decreased slightly, possibly due to the self-scavenging and the increase
in turbidity of solution during the reaction (Sharma et al.,, 2015).
Hence, the optimized PMS concentration was 2 gL~ L.

Fig. 6b shows that with the increase of temperature from 25 to
60 °C, the degradation efficiency first decreased till 35°C and then in-
creased till 60 °C. When the temperature below 35 °C, the increased
turbidity of the solution may limit the reaction process; and then with
further increase in temperature, the activation by thermal energy can
counteract this negative effect. In addition, the increase in temperature
can result in the decomposition of PMS, which will enhance the gen-
eration of radicals (Yao et al., 2015b).

Fig. 6¢ shows that almost all of the studied inorganic anions have a
negative impact on the LFX degradation. In this study, the negative
effect of these inorganic anions was found to be in the following order:
HCOO™ > H,PO,~ > SO,2~ > NO;~ > CH3CO0™ > HPO,>~ > -
HCO3;~ > Cl™. The negative effect of inorganic anions is attributed to
the competitive adsorption between anions and the target organic
compounds onto the surface of the catalyst. It is believed that the
competitive adsorption or blockage of the active sites may hinder the
catalytic degradation of organic substance by oxidative species
(Eskandarloo et al., 2014). It can be vividly seen from Fig. 6¢ that when
chloride ions are present, the initial degradation rate is slightly im-
proved. The HO- generated by the reaction reacts with Cl~ to form
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CIOH- ~, and further generated Cl- under the action of H", thereby
accelerating the degradation reaction (Huang et al., 2018a). The me-
chanism can be illustrated by Egs. (3) and (4). In addition, SO4+~ can
react with C1™ to produce Cl-, which can accelerating the degradation
reaction as well (Zhang et al., 2018). HO-, SO4-~, and Cl- (E°(Cl
+/Cl7) = 2.4V) are all strong oxidants (Zhang et al., 2018). In the
presence of C17, SO4-~ and HO- can be transformed into Cl- to some
degree. There is little difference in their redox potential, while Cl- is a
more selective oxidant than HO- (Miklos et al., 2018). Even though HO
- has a slightly higher redox potential than Cl-, part of HO- may react
with the transformation products rather than LFX itself. In addition,
part of HO- is consumed by the reaction with C1~ to form Cl-. We have
also observed non-radical pathways in the LFX degradation, of which
the relative significance warrants further investigation in future studies.
All these factors may contribute to the initial improvement of LFX re-
moval. Carboxylic acid and acetic acid chemicals can adjust pH con-
ditions, form soluble surface complexes and complex with Fe, inducing
the dissolution of metal oxides and hindering the generation of radicals
(Tso and Shih, 2018). Ferrous carbonates precipitate would form on Fe
surface in carbonate-bearing water, which may block the reactive and
attachment sites on the Fe surface and reduce its reactivity (Tso and
Shih, 2015). Fe® can serve as an electron donor to reduce nitrate (Su
and Puls, 2004). Therefore, the presence of nitrate reduces the active
site of Fe® and PMS reaction, thereby reducing the generation of free
radicals.

HO + CI" - CIOH~ 3)

CIOH~ + H* — CI' + H,0 ()]

In order to better simulate the real degradation during the actual
wastewater, fulvic acid (FA) was selected as the model natural organic
matter (NOM). Because approximately 70% of NOM is composed of FA
in nature (Yao et al., 2016). As can be seen in Fig. 7, only in the first
20 min, FA of all studied concentrations has a slightly negative effect on
the LFX degradation. After 20 min, the degradation efficiency seems to
be comparable with the reaction without FA, and the final degradation
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efficiency exhibits only a little difference with or without FA. As a ty-
pical natural organic matter in water, FA was found to impose an in-
hibitory effect on the degradation of LFX under all the studied systems
because FA can compete with LFX for HO- and SO,4- ~, the former in
particular due to its low selectivity (Khan et al., 2013; Yao et al.,
2015a). This result shows that our as-synthesized B/N-C@Fe4 700
catalyst has a great potential for practical engineering applications.

3.4. Reusability of B/N-C@Fe

The LFX removal was repeated for five cycles in the same catalytic
system. As shown in Figs. 8, 77.7% of LFX could still be degraded after
five cycling runs. This indicates that the as-synthesized nanomaterial B/
N-C@Fe4 700 exhibits an excellent stability and reusability for the re-
moval of organic pollutants. As shown in Fig. 8, the slight decline of
degradation efficiency is likely due to the loss of active sites on the
surface of B/N-C@Fe4 700 through the redox cycles and dissolution of
reactive iron species on the surface (Figs. S1 and S4), oxidation of
graphitic carbons (Fig. 5¢c, d), changes of pore structures (Fig. 2), and
possible adsorption of LFX and its byproducts (Duan et al., 2015a; Lee
et al., 2016). As mentioned above, the concentration of leaching iron
was 0.47 mg L™, which is acceptable according to EU discharge stan-
dard (< 2mg L™H (Deng et al., 2008).

In addition, as can be seen from Fig. S1, compared to fresh B/N-C@
Fe4 700, the spinel crystalline form in the cubic phase appeared after
the first run, suggesting that the catalyst is still stable. Nevertheless, the
peak intensity of Fe;C decreased after the first run, suggesting that
some of the Fe3C were consumed during the catalytic process. It is
noteworthy that the reusability of B/N-C@Fe4 700 showed a better
performance than those of N-doped graphene and N-doped carbon na-
notubes (CNTs) (Duan et al., 2015b; Sun et al., 2014), implying that the
inner stability of Fe3C due to spinel crystalline formation after the first
run may play an important role in the enhanced stability of our catalyst.
Furthermore, the carbon nanoshell and iron carbide were in close
proximity, which may result in the enhanced catalytic performance
(Wang et al., 2015b). Even though the encapsulated Fe;C nanoparticles
are not in direct contact with the aqueous system, they still play a key
role in the carbocatalysis with PMS activation. This role can be ascribed
to the synergetic interaction between the iron carbide and protective
graphitic layers (Hu et al., 2014). The inner FesC can activate the
peripheral graphitic carbon layers, rendering the outer surface of the
graphitic carbon layer more reactive toward the aqueous system.

3.5. Mechanisms of PMS activation and LFX oxidation by B/N-C@Fe

From the above results, it is considered that the oxidizing species, which
are the main approach for the degradation of organic contaminants, are
produced from the B/N-C@Fe4 700/PMS system. In the presence of PMS,
S04+~ and HO- are considered to be the oxidizing species in the catalytic
process (Zhou et al., 2015). Therefore, the removal of LFX by the B/N-C@
Fe4 700/PMS system was examined in the presence of various oxidant
scavengers at the same condition. MeOH is regarded as an effective
quenching reagent for HO+ (kyo. = 1.2-2.8 X 10°M~'s™1) and SO, ~
(Ksos* — = 1.6-7.8 X 10°M s~ ). For comparison, tert-butanol (TBA) is
used as a quenching agent for HO- (kyo. = 3.8-7.6 X 103M~'s™!) but not
for S04+~ (ksos. — = 4-9.1 x 10°M~*s™ 1) (Guan et al, 2013; Zhang
et al., 2013; Zou et al., 2013).

As shown in Fig. 9a, when TBA was added to the system, the de-
gradation efficiency slightly decreased, indicating that a small amount
of HO- was generated during the catalytic process. It seems that a re-
latively low concentration of MeOH has a slightly negative impact on
the degradation (Fig. 9b). However, when the dosage of MeOH in-
creased, there was a remarkable decrease of degradation efficiency and
the inhibitory effect was greater than that of TBA. This indicates that
the catalytic process generated SO4-~ radical as the main contributor
to LFX degradation. When the concentration of MeOH increased to
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Fig. 6. Varying effects on the catalytic degradation of organic dyes: (a) different
oxidizing dosage, (b) reaction temperature and (c) different anions. The reac-
tion conditions are (unless otherwise stated): [LFX] = 50mg L’l,
[catalyst] = 0.2gL™1, T = 25°C, [PMS] = 2g L™, without pH adjustment.

10 M, the effect was nearly the same as that of 8 M. This may be at-
tributed to that MeOH failed to capture the surface-bound radicals
completely even at a high concentration. It was possible that
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Fig. 8. Recycle experiments for LFX degradation using B/N-C@Fe;o". The re-
action conditions are: [LFX] = 50 mg L_l, [catalyst] = O.ZgL_l, T = 25°C,
[PMS] = 2gL~, without pH adjustment.

hydrophilic methanol was difficult to be extensively adsorbed on the
surface of the nanomaterial, while the generated SO,- ™ radicals could
be surface-bounded (Wang et al., 2015a). Therefore, BQ was used in-
stead of MeOH, because BQ can react with surface-bound free radicals
(Yao et al., 2016). As shown in Fig. 9c, the addition of BQ inhibited the
oxidation of LFX to some degree, indicating that surface-bound radicals
played a positive impact in the degradation process.

The degradation experiments were also performed with methanol
instead of aqueous solution. We can see from Fig. S5 that 18.5% of LFX
was removed after 120 min in the MeOH experiment. It is deduced from
the adsorption and MeOH experiments that non-radical oxidation
pathway exists in the degradation of LFX. The N-doping can facilitate
non-radical pathway, in which activated PMS molecules are capable of
oxidizing LFX directly on the surface of the carbocatalysts without
producing reactive radicals (Duan et al., 2016). This process has im-
proved the effectiveness of LFX removal to some degree. However,
compared with the previous experiments in aqueous solution, the de-
gradation effect caused by non-radical oxidation was still far less than
radical oxidation. Therefore, it can be concluded that SO4-~ and HO-
are the dominant radicals during the catalytic process.

We further observed a significant current decrease toward the B/N-
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C@Fe4 700 electrode in the LSV analysis only when both PMS and LFX
existed (Fig. 10). This observation reflected that interaction between
PMS and LFX on the surface of B/N-C@Fe4 700 is essential to facile
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Fig. 10. Linear sweep voltammograms in the presence of PMS or/and LFX.

electron transfer from LFX to PMS. Also, this result is consistent with
the previous results about CNTs/PDS system based on the LSV result
using a CNT electrode (Lee et al., 2015). After the injection of PMS, a
slight decrease in current was detected due to the instant electron
movement from the B/N-C@Fe4 700 electrode to PMS when PMS came
into contact with the surface of B/N-C@Fe4 700, most likely through
the formation of charge transfer (electron donor-acceptor) complex
(Lee et al., 2016). Subsequently, upon the addition of LFX, a more re-
markable decrease in current flow was observed, as electrons may
transfer from LFX to the PMS/B/N-C@Fe4 700 complex similarly
through the formation of charge transfer complex between B/N-C@Fe4
700 and PMS (Lee et al., 2016).

From the experimental results and the analyses above, the possible
mechanisms for LFX degradation by the PMS/B/N-C@Fe4 700 system
can be illustrated in Fig. 11. It is believed that both Fe® and Fe?* can all
activate PMS to generate large amounts of SO4- ~. In comparison, Fe®
exhibits a higher activity than Fe** and iron oxides, because Fe can
activate more SO4- ~ than other forms of iron or iron oxides per mole
(Sun et al., 2012). Furthermore, the Fe®>* involved in the as-synthesized
nanomaterial B/N-C@Fe4 700 reacted with PMS to generate Fe>*, thus
promoting the production of SO4- ~. In addition, HO- radicals can be
activated in the presence of SO4- ~ radicals among such aqueous system
as well (Avetta et al., 2015).

4. Conclusions

In this study, the iron nanomaterials encapsulated within boron and
nitrogen co-doped carbon nanoshell were synthesized through a simple
and green pyrolysis process. The B/N-C@Fe/PMS system has a great
application potential in the pharmaceutical wastewater treatment
owing to its excellent catalytic performance and outstanding stability
and reusability. The characterization results showed that Fe;C nano-
crystals were well encapsulated in the B/N co-doped carbon nanoshell
and the transformation between Fe?* and Fe®" produced a large
number of radicals for the LFX degradation. Quenching experiments
suggested that SO4-~ and HO- were the major radicals (especially the
former) for the catalytic degradation. The efficiency of the synthesized
B/N-C@Fe in the fifth cycling still presented a comparable performance
despite small amount of Fe leaching from the catalyst surface, which
showed a promising potential in the practical application. Therefore,
this study developed and proposed a novel way in preparing low-cost
Fenton-like catalyst with porous carbon materials for advanced waste-
water treatment.
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Fig. 11. Possible reaction mechanism for LFX degradation by the B/N-C@Fe/PMS system.
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