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A B S T R A C T

Conventional Fenton reaction for the pollutant removal is restricted by incomplete H2O2 decomposition due to
the low efficient Fe(III)/Fe(II) cycle. In this study, the co-catalytic Fenton processes with g-C3N4 and the roles of
potassium doping in the diverse mechanisms were comprehensively investigated. The degradation rate of en-
rofloxacin (ENR) in g-CN-3.9 %K/Fe(III)/H2O2 was 204 times higher than that in conventional Fenton reaction.
This significant enhancement was ascribed to the readily formed complex between Fe(III) and K doped g-C3N4.

The K doping facilitated the transfer of photoexcited e− from g-CN-3.9 %K surface to Fe(III), leading to an
accelerated Fe(III) reduction to Fe(II). In addition, this complex was coordinated and oxidized by H2O2, resulting
in the formation of Fe(V) which quickly degraded ENR. Without K doping, on the other hand, only %O2 domi-
nated the degradation of ENR in g-CN/Fe(III)/H2O2 due to the lack of Fe(III) complexation. This study provides a
new perspective for regulating the transfer directions of the photoexcited e− with K doping in g-C3N4/Fenton
coupled catalytic system for water purification.

1. Introduction

Fenton reaction has received increasing interest for the removal of

recalcitrant contaminants in waters due to its excellent oxidation and
adaptability. In conventional Fenton process, the decomposition of
H2O2 by catalysts (e.g. Fe(II)) generates hydroxyl radical (%OH), which
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has strong oxidation ability towards most organic pollutants (Sedlak
and Andren, 1991; Xu et al., 2019). The rate of %OH generation is fast
(Eq. (1)) (Zheng et al., 2016), but the desired reduction of Fe(III) to Fe
(II) is much slower than the Fe(II) oxidation (Eq. (2)) (Subramanian and
Madras, 2017; Yang et al., 2018; Zheng et al., 2016), leading to a sig-
nificantly impaired decomposition of H2O2 (Xing et al., 2018). Due to
the inefficient Fe(III)/Fe(II) cycle, a massive sludge is generated due to
Fe(III) precipitation, and an excess dosage of H2O2 is demanded for
sufficient %OH (Fang et al., 2018; Hou et al., 2018; Hu et al., 2020; Li

et al., 2017).

Fe(II) + H2O2 → %OH+OH− + Fe(III) k1= 76 M−1 s−1 (1)

Fe(III) + H2O2 → Fe(II) + HO2
% + H+ k2= 0.001-0.01M−1 s−1 (2)

To expedite the Fe(III)/Fe(II) cycling, co-catalysts have been added
in Fenton process including organic (e.g. organic acid (Hou et al., 2018;
Subramanian and Madras, 2017), EDTA (Englehardt et al., 2007), cy-
steine (Zheng et al., 2016)) and inorganic (e.g. metal sulfides (Tong
et al., 2020; Xing et al., 2018), Ag/AgBr/ferrihydrite(Zhu et al., 2018),
carbon nanotube (Yang et al., 2018)) materials. However, their appli-
cation is limited due to the high cost, self-degradation with the oxida-
tion of the released %OH, as well as secondary contaminations (Jiang
et al., 2015). The photo-Fenton reaction seems to be an alternative
strategy to accelerate the Fe(III)/Fe(II) cycling where Fe(III) can be
photo-reduced to Fe(II). The intrinsic difficulty in this process is the
limited usage of sunlight in the UV region (Gligorovski et al., 2015).
Moreover, the quantum yield of %OH is relative low and thus organic
ligand (L) is usually required to form Fe(III)-L complex to facilitate the
photochemical generation of Fe(II), though the degradation of ligand by
%OH cannot be fully avoided (Yuan et al., 2018).

The emergence of graphitic carbon nitride (g-C3N4) provides a new
prospect to improve the conventional Fenton process. Due to its suitable
band gap (ca. 2.7 eV), low cost, and good chemical stability, g-C3N4 is a
promising photocatalyst for environmental remediation (Oh et al.,
2017). Under visible light irradiation, g-C3N4 generates electrons (e−)
from conduction band (CB) and holes (h+) from valence band (VB)
(Ong et al., 2016). When g-C3N4 is coupled with the Fenton system,
synergistic effects on catalysis can be expected: on one hand, photo-
generated e− from g-C3N4 promote the reduction of Fe(III), leading to
an accelerated Fe(III)/Fe(II) cycling; on the other hand, the

Fig. 1. Degradation of ENR at pH 3 under visible-light irradiation
(λ > 420 nm). The initial conditions: 50mL of aqueous solution, 30mg pris-
tine or doped g-C3N4, 0.148mM Fe(III), 0.04mM H2O2, and 10mg/L ENR.

Fig. 2. Catalytical activity comparison of various g-C3N4 and their corresponding g-C3N4/Fe(III)/H2O2 systems. The initial conditions: 50mL of aqueous solution,
30mg pristine or doped g-C3N4, 0.148mM Fe(III), 0.04mM H2O2, and 10mg/L ENR, pH=3.0.
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consumption of e− by Fenton system facilitates the separation of charge
carriers.

The key but challenging issue of this coupled catalytic system,
however, is how to efficiently transfer the photoexcited e− from the g-
C3N4 surface to Fe(III). Actually, except for the fast recombination with
h+, the photoexcited e− of g-C3N4 was considered to be either trans-
ferred to the adsorbed/bounded Fe(III) (He et al., 2017; Ma et al.,
2017), the surficial O2 (Wang et al., 2017) or both of them (Hu et al.,
2019, 2016; Qian et al., 2018), which is in controversial. The primary
factor to regulate the transfer directions of the photoexcited e− is still
unclear. Thus, it is hard to discriminate whether the improved catalytic
efficiency is the results of improved photocatalysis or Fenton processes.

In this study, we compared the pristine and K doped g-C3N4 co-
catalytic Fenton reactions for the enrofloxacin (ENR) degradation. The
K doped urea-derived g-C3N4 has been fabricated in our previous study
using a facile one-step preparation (Yan et al., 2019). Due to the sy-
nergistic effects of the K and structural O atoms, this K doped g-C3N4

exhibits promising catalytic properties such as efficient charge separa-
tion and prolonged charge lifetimes, suggesting its great application
potentials as an excellent co-catalyst in Fenton process. The role of K
doping in the redox cycles of Fe(III)/Fe(II) and underlying diverse co-

Fig. 3. Comparison of the ENR degradation in the Fe(II)/H2O2 and g-CN-3.9 %
K/Fe(III)/H2O2 systems (a), and the Fe(II) generation in Fe(III) alone and Fe
(III)/g-CN-K systems (b). Initial conditions: [ENR] =10mg/L, [Fe
(II)]= 0.148mM, [Fe(III)]= 0.148mM, [H2O2] =0.4 mM, [g-CN-K] =0.6 g/
L, pH=3.0. All experiments were carried under visible-light irradiation
(λ > 420 nm).

Fig. 4. Effects of different scavengers (100 μM AO, 100 μM TBA, 100 μM AO) on
ENR degradation kinetics in g-CN-3.9 %K alone (a) and g-CN-3.9 %K/Fe(III)/
H2O2 system (b); the DMPO spin-trapping ESR spectra with or without SOD as
O2%− scavenger in the various suspensions (c).
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catalytic mechanisms were investigated. The insights gained from the
present work paved a new avenue to explore a simple but highly effi-
cient promotor of Fenton system for the treatment of organic contain-
ments.

2. Experimental section

2.1. Chemical and materials

Urea, ENR, tert-butanol (TBA), ammonium oxalate (AO), p-benzo-
quinone (p-BQ), nitroblue tetrazolium (NBT), 1,10-phenanthroline, 5,5-
dimethyl-1-pyrolin-N-oxide (DMPO), dimethyl sulfoxide (DMSO), me-
thyl phenyl sulfoxide (PMSO), and methyl phenyl sulfone (PMSO2),
were purchased from Sigma-Aldrich. All chemicals were analytical re-
agent grade or higher and were used without further purification. All
solutions were prepared using deionized water from a Milli-Q pur-
ification system (Millipore, Billerica, MA).

2.2. Synthesis of pristine and K doped g-C3N4

Urea was applied as the precursor for the synthesis of porous doped
g-C3N4. Typically, 12 g of urea was dispersed in 50mL aqueous solution
with a known amount (1.0, 3.9, and 11.0 wt%, relative to the experi-
mentally obtained g-C3N4) of KBr. The obtained mixture was vigorously
stirred overnight at 80 °C. The prepared solid precursor was placed in a
capped alumina crucible and then transferred into a muffle furnace. The
crucible was annealed at 550 °C for 2 h with a ramping rate of
15 °Cmin−1 and maintained for 2 h. The resultant yellow K doped g-
C3N4 products (denoted as g-CN-K, specifically, g-CN-1.0 %K, g-CN-3.9
%K, and g-CN-11.0 %K) was ground in an agate mortar into powders
and collected for further use. For comparison, the pristine g-C3N4 (de-
noted as g-CN) was prepared in the same way without adding KBr.

2.3. Characterization

The morphology of prepared g-C3N4 samples were characterized by
FEI Tecnai G2 F20 S-TWIN high-resolution transmission electron mi-
croscope (HRTEM). The crystal structures were determined by powder
X-ray diffraction (XRD) using an X'Pert PRO diffractometer
(PANalytical, Netherlands) with Cu Kα radiation. The N2 adsorption-
desorption analysis was measured using an automated gas sorption
instrument (ASAP 2020, U.S.A.). X-ray photoelectron spectroscopy
(XPS) was recorded by using AXIS Supra by Kratos Analytical with an Al
Kα X-ray source (1486.8 eV). The FTIR measurements were performed
using a Thermo-Nicolet 6700 FTIR spectrometer. Each spectrum was
recorded as the average of 128 scans with a resolution of 4 cm−1 from
4000 to 600 cm−1. The ζ potential was measured using a Zetasizer
Nano ZS (Malvern Instrument Ltd., UK). UV–vis diffuse reflectance
spectra (DRS) were obtained using a UV–vis spectrophotometer (UV-
2450, Shimadzu, Japan) The photoluminescence (PL) emission spectra
were measured on a fluorescence spectrometer (Varian, Cary Eclipse) at
an excitation wavelength of 370 nm.

2.4. Co-catalytic reactions with ENR

All the batch experiments were conducted in a 50mL conical flasks
under constant magnetic stirring at 25 ± 1 ℃. For better under-
standing the co-catalytic mechanisms, 10mg/L ENR was selected.
Typically, 30 mg g-CN or g-CN-K was dispersed in 50mL ENR solution
with 0.148mM Fe(III). The pH value of the suspension was adjusted to
3.0 by adding 0.1M HCl and NaOH solution. Then, the suspension was
stirred in dark for 2 h to ensure adsorption-desorption equilibrium.
Afterwards, the suspension was placed under a 300W xenon lamp ir-
radiation (Beijing Jin Yuan Technology Co.) through a UV cutoff
(λ > 420 nm) and the reaction was triggered by adding 0.04mM
H2O2. Samples were collected at specified intervals from the reactor,
filtered through a 0.22 μm PTFE filter, and quenched by tert-Butyl al-
cohol (10 μL for 1mL sample) for the subsequent HPLC analysis. All
batch experiments were conducted in triplicates, and the average values
and standard deviations were presented.

2.5. Analytical methods

The details of all analysis are provided in Text S1-S5 in the
Supplementary Information (SI). The acute and chronic toxicity of ENR
and its degraded products was assessed by the ECOSAR program (v2.0,
USEPA). Their biodegradability was also evaluated by using a linear
MITI model Biowin5 in Biowin program (EPI suite™, 2017).

3. Results and discussion

3.1. Characterization of K doped g-C3N4

As shown in Fig. S1, g-CN displayed a silk-like layer structure with

Fig. 5. Effect of TBA (a) and DMSO (b) on ENR degradation in g-CN-3.9 %K/Fe
(III)/H2O2 system. Experimental conditions: [ENR] =10mg/L, [Fe
(III)]= 0.148mM, [H2O2] =0.4mM, [g-CN-3.9 %K] =0.6 g/L, pH=3.0,
λ > 420 nm. When DMSO was added, TBA (500 μM) was also added to avoid
the interference of generated %OH.
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wrinkles. Upon K doping, the g-CN-K layers were firmly stacked and
hard to be exfoliated probably due to the interactions of g-CN layers
and the doped K. Thus, as the doped K increased, the BET surface area
of g-CN-K was gradually decreased from 114.5 to 32.8 m2/g (Fig. S2).
Meanwhile, obvious irregular pores were observed in g-CN-K layers
(Fig. S1c–d) probably due to the incomplete polymerization of urea
molecules with K doping.

XRD patterns in Fig. S3 showed the distinct diffraction peaks of g-
CN at 27.4 (002) and 13.0 (100), corresponding to the interlayer
stacking aromatic systems and in-plane reflection, respectively (Qian
et al., 2018). As the doped K increased, the diffraction peak positions
remained unchanged but the intensities of the (100) and (002) planes
gradually weakened, indicating the deteriorated crystallinity of g-CN
upon K doping. FTIR spectra (Fig. S4) confirmed that the introduction
of K did not significantly alter the chemical structure of g-CN. XPS
analysis (Fig. S5) displayed an obvious upward shift of sp2-hybridized C
(N–C=N) and sp2-bounded N (C–N=C), indicating the interaction of
the doped K with the triazine rings. This shift is probably due to the
partial transferring of electrons from the lone electron pair of the ni-
trogen atoms to doped K, leading the electron redistribution (Hu et al.,
2017).

Due to the interaction of the doped K with the triazine rings, the
optical properties of g-CN were greatly affected and thus investigated
by UV–vis diffuse-reflectance spectra (Fig. S6a). The g-CN showed light
absorption edge around 440−460 nm. Compared to g-CN, g-CN-K dis-
played an obvious red-shifted absorption edge, indicating an extended
response to visible light and thus enhanced catalytic activity.
Correspondingly, the bandgaps estimated from Kubelka-Munk function
curves were narrowed from 2.59 to 2.40 eV (Fig. S6b). Besides, the K
doping also improved the separation and transfer of photoexcited
charge carriers in g-CN which could be verified by the PL measure-
ments. As shown in Fig. S6c, g-CN produced a high-intensity fluores-
cence peak at around 440 nm and g-CN-K had a significant decrease in
fluorescence intensity compared to g-CN. The weaken in PL emission
intensities suggested that K doping to g-CN can eff ;ectively inhibit the
recombination of photoexcited e−– h+ pairs, which provided g-CN-K a
good opportunity for further combined application with Fenton system.

3.2. Degradation of ENR in different catalytic systems

ENR (Fig. S7), a class of fluoroquinolone antibiotics extensively
used in veterinary pharmaceuticals, was used as the probe to pre-
liminarily estimate the catalytic activity of different systems. As shown
in Fig. 1, only about 9.0 % of ENR was removed within 30min in Fe
(III)/H2O2 system under visible-light irradiation (λ > 420 nm). The
poor activity of Fe(III)/H2O2 was due to the slow rate of the catalytic
decomposition of H2O2 by Fe(III) (k=0.001-0.01M−1 s−1). In addi-
tion, the photocatalytic g-CN alone only photodegraded 11.5 % of ENR
within 30min, owing to the fast recombination of the photoexcited
e−–h+ pairs (Yan et al., 2019). Although K doping with g-CN per-
formed an elevated photodegradation of ENR (from 11.5 % of g-CN to
23.2 % of g-CN-3.9 %K), the photocatalytic activity was unsatisfactory.

Notably, when g-CN-K was coupled with Fe(III)/H2O2 system, the
co-catalytic Fenton process lead to a dramatically promoted degrada-
tion of ENR (Fig. 2). The ENR degradation curves in both of the g-CN
(-K) and g-CN(-K)/Fe(III)/H2O2 systems conformed to the pseudo-first-
order kinetics (Fig. S8). The apparent ENR removal rate constant (Kapp)
in g-CN-3.9 %K/Fe(III)/H2O2 was 0.27min−1, which was 204 times
higher than that in Fe(III)/H2O2 (1.32×10−3 min−1) and 31 times
higher than that in g-CN-3.9 %K alone (8.69× 10−3 min−1). By a
systematical investigation, the optimal reaction conditions of g-C3N4/
Fe(III)/H2O2 system is 50mL of suspension at pH=3, containing
30mg g-CN-3.9 %K, 0.148mM Fe(III), and 0.4mM H2O2 (Fig. S9).

It is noteworthy that the enhanced times of Kapp in g-CN(-K)/Fe(III)/
H2O2 systems to that in g-CN(-K) alone were quite different (from 2.51
to 31.00, Fig. S10), indicating that the g-CN and g-CN with various K
contents played different roles in the co-catalytic processes.

3.3. Roles of g-CN(-K) in the co-catalytic processes

To confirm the roles of the g-CN(-K), we first compared the ENR
degradation in the Fe(II)/H2O2 Fenton systems with and without g-CN-
3.9 %K (Fig. 3a). Approximately 32.7 % of ENR was rapidly degraded
under Fe(II)/H2O2 system in the initial 2 min and then the concentra-
tion of ENR remained unchanged in the following 28min. This result
indicated that the Fe(II)/H2O2 Fenton reaction was terminated within
2min due to the fast consumption of Fe(II) and the low rate constant of
the Fe(III)/Fe(II) cycle. By contrast, the presence of g-CN-3.9 %K could

Fig. 6. HPLC chromatogram of PMSO and PMSO2 standard with UV detector (λ =271 nm, a) and HPLC chromatogram of PMSO treated by g-CN-3.9 %K/Fe(III)/
H2O2 from 0-30min (b). Insets showed the molecular ion mass spectra of PMSO and generated PMSO2 by HPLC-ESI-Q-TOF-MS in positive mode. Experimental
conditions: [PMSO]0= 100 μM, [PMSO2]0=100 μM, [Fe(III)]= 0.148mM, [H2O2] =0.4 mM, [g- CN-3.9 %K] =0.6 g/L, pH=3.0.
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significantly accelerate the Fe(III)/Fe(II) cycle, as evidenced by the
considerable and continuous descend of ENR concentration in the g-CN-
3.9 %K/ Fe(III)/H2O2 system.

To obtain the direct evidence about the g-CN(-K) as promotor for
the Fe(III)/Fe(II) cycle, we further monitored the generation of Fe(II)
species in Fe(III) alone and g-CN(-K)/Fe(III) system under visible light
irradiation (λ > 420 nm) by using a modified 1,10-phenanthroline
method (Yang et al., 2018). As shown in Fig. 3b, when the g-CN(-K) was
absent, the conversion of Fe(III) to Fe(II) was negligible within the
20min reaction time, indicating that visible light irradiation had in-
significant effect on accelerating Fe(III)/Fe(II) cycle. Upon the in-
troduction of g-CN(-K), however, the concentration of dissolved and
adsorbed Fe(II) species was continuously increased as a function of
time. The Fe(III) reduction ability of g-CN(-K) was in the order g-CN-3.9
%K > g-CN-11.0 %K > g-CN-1.0 %K > g-CN (Fig. 3b), similar to
that of Kapp values in the corresponding g-CN(-K)/Fe(III)/H2O2 systems
(Fig. S10). The poorer performance of g-CN-11.0 %K than that of g-CN-
3.9 %K in the co-catalytic systems was attributed to the decreased
specific surface areas (Fig. S2) and the deteriorated crystallinity (Fig.
S3) upon K loading in overload amount. This result strongly suggested
that the g-CN(-K) played a key role on accelerating Fe(III)/Fe(II) cycle
under visible light irradiation. Because of best performance on the ENR
degradation, g-CN-3.9 %K was selected as a representative g-CN-K to
investigate the degradation mechanisms of the g-CN-K-Fenton co-cat-
alytic process.

3.4. Reactive species in different catalytic systems

It is generally recognized that both photocatalytic reactions by g-
C3N4 and Fenton reactions can generate various reactive species such as
h+, O2

%−, and %OH. To clarify the contributions of these reactive spe-
cies in the g-CN(-K)-Fenton co-catalytic process, trapping experiments
were conducted by adding a scavenger during the catalytic process. AO,
p-BQ, and TBA were used as scavengers to trap h+, O2

%−, and %OH,
respectively.

The photocatalytic reactions with g-CN-3.9 %K alone was first in-
vestigated (Fig. 4a). The ENR degradation was slightly affected by the
addition of AO and TBA but almost disappeared upon p-BQ addition.
This result confirmed that O2

%− was the dominant active species re-
sponsible for the photocatalytic degradation of ENR, which was con-
sistent with our previous results (Yan et al., 2019).

For g-CN-3.9 %K/Fe(III)/H2O2 system (Fig. 4b), both AO and p-BQ
had no obvious effect on the ENR degradation, suggesting that h+ and
O2

%− played a negligible role in the catalytic reactions. However, the
addition of TBA obviously inhibited the ENR degradation and the Kapp

value was degreased from 0.27 to 0.07min−1, indicating that %OH ra-
dicals played a key role in the co-catalytic reaction for the ENR de-
gradation. The results from ESR spectroscopy further confirmed the
presence of %OH in this system. DMPO, a nitrogen spin trapping reagent,
was selected to capture the %OH. Considering that O2

%− is unstable in
water and can transfer to %OH, superoxide dismutase (SOD) was utilized
as O2

%− scavenger. As displayed in Fig. 4c, the ESR spectrum of g-CN
(-K)/Fe(III)/H2O2 system exhibited a strong quartet line ESR signal with
an intensity ratio of 1:2:2:1, which was ascribed to the DMPO-%OH
adducts. The addition of SOD has no observable influence on the ESR
signals. By contrast, no obvious signals were observed in g-CN(-K)
alone, Fe(III)/H2O2 and the weak DMPO/%OH signals in g-CN/Fe(III)/
H2O2 were suppressed upon SOD addition, verifying little %OH was
generated in these systems.

Interestingly, different from previous study (Yang et al., 2018), our
results demonstrated that the addition of TBA could only partly inhibit
the ENR degradation in the g-CN-3.9 %K/Fe(III)/H2O2 system (about
17.6 %), even excess TBA was added (up to 1000 μM, Fig. 5a). This
result strongly suggested that other reactive species was involved in this
co-catalytic reaction except for %OH. It has been reported that the co-
ordinated complex of Fe(II) or Fe(III) with N-based ligands could be

Fig. 7. XPS spectra of C 1s, N 1s, and Fe 2p of g-CN /Fe(III)/H2O2 and g-CN-
3.9 %K/Fe(III)/H2O2 systems before and after reaction. For C 1s and N 1s, red
lines represent the measured signals, black dash lines represent the fitting
curves (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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oxidized to produce high-valent iron-oxo species (Fe(IV) or Fe(V), re-
spectively) (Li et al., 2018; Wu et al., 2017). Considering the tri-s-
triazine-based melon structure of g-C3N4, we speculated the formation
of Fe(V) species during the co-catalytic process in g-CN-3.9 %K/Fe(III)/
H2O2 system.

To verify this surmise, sulfoxides (e.g., DMSO, PMSO) was used to
probe the presence of Fe(V) species. Sulfoxides can react with Fe(V)
species to generate corresponding sulfones (e.g., DMSO2, PMSO2)
through a 2-electron oxygen-atom-transfer mechanism (Eq. (3)), which
is totally different from the %OH involved oxidation (Eqs. (4) and (5),
R=CH3, C6H5, etc) (Pang et al., 2011). As shown in Fig. 5b, the in-
hibition of the ENR degradation was gradually enhanced (up to 49.4 %)
along with the increased DMSO. Furthermore, the HPLC-q-TOF results
testified that PMSO was oxidized to PMSO2, indicating the formation of
Fe(V) species in g-CN-3.9 %K/Fe(III)/H2O2 system (Fig. 6, S11).

RSOCH3 + FeVO2
3+ → RSO2CH3 + Fe3+ (3)

%OH+RSOCH3 → RSO2H + %CH3 (4)

%CH3 + O2 → CH3OO% → HCHO (5)

3.5. Mechanism discussion

O2
%− is the main active species with g-CN because e− generated

from the CB of g-CN (−0.97 eV vs NHE) can directly reduce the surfi-
cial O2 into O2

%− (−0.33 eV vs NHE) (Yan et al., 2019). Due to the fast
recombination of e− and h+, however, the amount of generated O2

%− is
limited by pristine g-CN alone.

In our present study, the amount of O2
%− was tested by using NBT as

probe because it could be reduced by O2
%−(k = 5.88× 104 M−1 s−1)

Fig. 8. UPLC chromatograms of ENR and its reaction products treated by (a) g-CN-3.9 %K and (b) g-CN-3.9 %K/Fe(III)/H2O2.
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(Liu et al., 2019). As shown in Fig. S12a, for g-CN alone, only a slight
decline of the absorption peak at 259 nm in photoluminescence of NBT,
suggesting quite limited formation of O2

%−. By contrast, obvious de-
cline of this peak along with reaction time was observed in g-CN/Fe
(III)/H2O2 system (Fig. S12b), indicating the increase in formation of
O2

%− in this system (the steady-state concentration of O2
%− was cal-

culated to be 2.39× 10−10 M). This increase was ascribed to the oxi-
dation of H2O2 with the photoinduced h+ in g-CN (Eq. (6)) (Nosaka and
Nosaka, 2017), which not only directly generated O2

%− but also im-
proved the charge carrier separation by the consumption of h+.
Therefore, the enhanced catalytic activity of g-CN/Fe(III)/H2O2 system
is the results of improved photocatalysis in nature.

H2O2 + h+ → O2
%− + 2H+ (6)

For g-CN-3.9 %K/Fe(III)/H2O2 system, however, %OH was the main
reactive species as evidenced by the unnoticeable difference of NBT
signals (Fig. S12 c–d) and the results of p-BQ trapping experiments
(Fig. 4b). In fact, the alkali metal doping can cause the insertion of
oxygen atoms into the g-C3N4 structure (Yan et al., 2019). Due to the
more negative electronic property of O than C and N atoms, ζ potential
values of g-CN-K remarkably decreased compared to that of the pristine
g-C3N4 (Fig. S13). The negatively charged surface of g-CN-3.9 %K at pH
3 (ζ =−28.8mV), easily attracted Fe(III) ions by electrostatic inter-
actions. Once contacted to the surface of g-CN-3.9 %K, the surface-
bound Fe(III) could capture the photoinduced e− because the reduction
potential of Fe3+-g-C3N4/Fe2+-g-C3N4 was +0.40 eV vs NHE (Chen
et al., 2009) which was more positive than that of surficial O2 (O2/
O2

%−, E°=−0.33 eV vs NHE (Zhang et al., 2018)). This hypothesis was
also supported by the ENR degradation under different atmospheres
(Fig. S14). In g-CN-3.9 %K/Fe(III)/H2O2 system, there was no change in
the Kapp under N2, air, or O2 atmospheres, indicating that the photo-
generated e− reacted with surface-bound Fe(III) rather than dissolved
oxygen. In the g-CN/Fe(III)/H2O2 system, on the other hand, the Kapp

value elevated under O2 and declined under N2 atmosphere, indicating

that the photogenerated e− reacted with the dissolved oxygen.
The binding of Fe(III) to g-CN-3.9 %K surface not only accelerated

Fe(III)/Fe(II) cycle but also formed surface perferryl species (Fe(V)). To
better understand the changes in surface chemical properties induced
by Fe(III) coordination, XPS analysis was performed (Fig. 7). For g-CN,
no change in sp2-hybridized C (N–C=N, ca. 288.0 eV) and sp2-
bounded N (C–N=C, ca. 398.5 eV) were observed when coupled with
Fe(III)/H2O2 (Fig. 7 vs Fig. S5), suggesting no Fe(III) coordination oc-
curred in this system. In comparison, an obvious shift towards the
higher binding energy (from 398.5 to 398.8 eV) in N 1s spectra was
observed for g-CN-3.9 %K, due to the formation of Fe–N by the occu-
pation of Fe free orbitals with six lone-pair electrons in the N pots of g-
CN-3.9 %K (Li et al., 2018). Moreover, after 30min reaction, a peak
shift to higher binding energy was detected in both sp2-bounded N
(398.8 eV) and tertiary N–(C)3 (399. 8 eV), implying the Fe–N moieties
changed during the 30min reaction (Fig. 7).

The Fe 2p spectra showed that the binding energy of Fe 2p3/2
(710.8 eV) in g-CN-3.9 %K/Fe(III)/H2O2 was higher than that in g-CN/
Fe(III)/H2O2 (710.4 eV), which was closed to Fe(III) porphyrin with the
metal center coordinated to tetradentate N4 ligands and Cl− (710.5 eV)
(Wang et al., 2009). These results demonstrated the successful forma-
tion of the Fe–N bond and this bounded Fe(III) could be oxidized by
H2O2 to form Fe(V) species.

Furthermore, we tried to identify the degradation mechanisms in g-
CN-3.9 %K/Fe(III)/H2O2 vis the degradation products and pathways of
ENR by using a high-resolution IT-q-TOF-MS (Fig. 8). Based on accurate
molecular ion mass, the MS2 and MS3 fragmentation pattern, the double
bond equivalent (DBE), and the previous study (Almeida Lage et al.,
2018; Feng et al., 2016, 2018; Yang et al., 2016; Zhou et al., 2018), the
reaction products of ENR are proposed in Table 1, and their MS2/MS3

fragments with detailed identification are present in Fig. S15a-i. The
tentative degradation pathways of ENR are also proposed and present
in Fig. S16 based on the identified products.

For g-CN-3.9 %K alone, only a small part of ENR has been degraded

Table 1
ENR and its depredated products with accurate mass and proposed structures.

Compound tR (min) [M+H]+ (IT-Q-TOF) [M+H]+ (theoretical) Ion formula Mass change Error (ppm) DBE Molecular structure

M1 2.28 362.1508 362.1511 C18H21N3O4F+ 2 −0.8 10

M2 2.46 306.1238 306.1248 C15H17N3O3F+ −54 −3.3 9

P1 4.14 334.1558 334.1561 C17H21N3O3F+ −26 −0.9 9

P2 4.26 332.1412 332.1405 C17H19N3O3F+ −28 2.1 10

ENR 4.36 360.1709 360.1718 C19H23N3O3F+ −2.5 10

P3 5.95 388.1309 388.1303 C19H19N3O5F+ 28 1.5 12

P4 6.36 263.0827 263.0826 C13H12N2O3F+ −97 0.3 9

P5 6.52 390.1451 390.1460 C19H21N3O5F+ 30 −2.3 11

P6 6.91 362.1506 362.1511 C18H21N3O4F+ 2 −1.9 2
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via the attack of the piperazine moiety (Fig. 8a). The main reaction
products were P1 (N-dealkylation) and P2 (cleavage of piperazine ring),
indicating a preliminary degradation by O2

%−. In comparison, the ENR
degradation in g-CN-3.9 %K/Fe(III)/H2O2 was more thorough (Fig. 8b)
due to the involvement of %OH and Fe(V). Though the same degraded
products were detected except for the additional M1 and M2, the peak
of ENR nearly disappeared and P4 (loss of whole piperazine ring) be-
came the predominant product after 30min. Furthermore, P4 could be
further degraded and finally achieve complete mineralization, as evi-
denced by the release of inorganic ions (Fig. S17a) and the growing

TOC removal rate with the protracted irradiation (180min, Fig. S17b).
The degradation pathways of ENR in this study was in line with

previous studies that high valent Fe (e.g. Fe(VI), Fe(V)) mainly attacks
the piperazine ring as the electron-rich moieties of fluoroquinolone
compound through electrophilic oxidation mechanism, similar to the
O2

%− oxidation (Feng et al., 2018). In addition, it has been reported that
the oxidation of most substrates by %OH and Fe(IV)/Fe(V) led to the
formation of identical products with an exception of the sulfoxides
(Wang et al., 2018). Therefore, it is hard to identify the degradation
mechanisms by the different degradation pathways. Nevertheless, the

Fig. 9. Schematic illustration of co-catalytic degradation process in g-CN/Fe(III)/H2O2 (a) and g-CN-3.9 %K/Fe(III)/H2O2 (b).
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generation of %OH and Fe(V) makes the g-CN-3.9 %K/Fe(III)/H2O2

system a promising and efficient treatment for the removal of fluor-
oquinolones and other organic pollutants in waters.

On the basis of the above experimental results, the diverse me-
chanisms responsible for the enhanced degradation of ENR are eluci-
dated (Fig. 9). Under the excitation of visible light, g-CN exhibits en-
hanced photocatalytic ability for ENR degradation when coupled with
Fe(III)/H2O2 (Fig. 9a) because of the oxidation of H2O2 with the pho-
toexcited h+(Eq. (6)),

For g-CN-3.9 %K/Fe(III)/H2O2 (Fig. 9a), the doping of K could also
improve the separation of photoexcited charge carriers in g-CN (Fig.
S6c). The still low catalytic activity of g-CN-3.9 %K alone
(Kapp=8.69×10−3 min−1), however, cannot totally account for the
significant enhancement of ENR degradation in the co-catalytic system
(Kapp=0.27min−1). Instead, the doping of K changes the surface charge
potential of g-CN that facilitates the capture of dissolved Fe(III) to form
Fe–N bond. Once the complex of Fe(III) with g-CN-3.9 %K forms, two
catalytic degradation pathways are proposed: 1) the surface-bound Fe
(III) captures the photoinduced e− to accelerate Fe(III)/Fe(II) cycle,
leading to an highly efficient Fenton reaction. Thus, a large amount of %

OH is generated and involved in ENR degradation; 2) the complex of Fe
(III) with g-CN-3.9 %K is directly coordinated with the OeO bond of
H2O2. Then, the heterolytic cleavage of the O−O bond oxidizes the
bound Fe(III) to form Fe(V)=O (Ghosh et al., 2008), which quickly
reacts with ENR for the following ENR degradation. Therefore, both %

OH and Fe(V) play a key role in the co-catalytic Fenton reaction for the
ENR degradation.

3.6. Toxicity and biodegradability assessment

The toxicity and biodegradability of ENR and its degraded products
were predicted by using ECOSAR and Biowin model, respectively
(Table S1). In general, the obtained degraded products are less toxi-
cities and have a better potential for biodegradation than that of their
parent compound. However, the exception of P4 showed a higher acute
and chronic toxicity to aquatic organisms. This result highlights the
urgency of further catalytic degradation and deep mineralization in
wastewater treatment.

3.7. Reusability and stability of g-CN-3.9 %K

The cyclic experiments were performed to evaluate the reusability
and stability of g-CN-3.9 %K in the coupled catalytic system. Fig. S18a
showed the satisfactory degradation rates of ENR in all five cycles
within 30min (higher than 90 %). The leaching amounts of K in solu-
tion were 0.57mg/L (2.4 wt% of K in g-CN-3.9 %K) in the first run and
lower than 0.1 mg/L in the last four runs (Fig. S18b). The low leaching
of K was mainly attributed to the ion–dipole interaction between the K
atoms and the adjacent negatively charged nitrogen atoms of g-C3N4

(Yan et al., 2019). In addition, the XRD pattern and IR spectra of the
catalyst almost remained the same after five cyclic reactions (Fig. S18c,
d). All these results demonstrate that g-CN-3.9 %K in g-CN-3.9 %K/Fe
(III)/H2O2 coupled system performs efficiently and consistently.

4. Conclusions

In summary, the co-catalytic effects of K doped g-C3N4 in Fenton
processes and the involved mechanisms were comprehensively in-
vestigated. Our results found that the degradation rates of ENR in g-CN-
3.9 %K/Fe(III)/H2O2 and in g-CN/Fe(III)/H2O2 was 204 and 12 times
higher than that in Fe(III)/H2O2, respectively. The ESR, HPLC-q-TOF-
MS, and scavenger experiments verified that %O2 dominated the de-
gradation of ENR in g-CN/Fe(III)/H2O2 while %OH and Fe(V) were the
main active species responsible for ENR degradation in g-CN-3.9 %K/Fe
(III)/H2O2. K doping in g-C3N4 improved the separation and transfer of
photoexcited charge carriers and remarkably decreased its ζ potential

values, which played a vital role in the Fe(III) reduction and the for-
mation of Fe(V) species. Due to the different degradation mechanisms,
ENR undergone more thorough degradation and finally achieved
complete mineralization in g-CN-3.9 %K/Fe(III)/H2O2 system. A better
understanding of the co-catalytic Fenton reaction from this study pro-
vides a new perspective for highly efficient removal of antibiotics and
other emerging contaminants in natural waters.
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