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of 1 mg/mL, while g-C3 N4 were 19.0% and 27.3%, respectively. Besides, 50% g-C3 N4 /biochar
showed the highest total organic carbon (TOC) removal efficiency (65.9%). Radical trapping
experiments suggested that superoxide radical (•O2 − ) and hole (h+ ) were the main active
species in the photocatalytic process. After 4 cycles, the composite still exhibited activity
for catalytic removal of EFA.
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Introduction
The extensive use of antibiotics in agricultural production
and medical industry has allowed them to enter the environment through livestock manure, medical wastewater, and
domestic sewage. Recently, antibiotics have been detected in
water environments such as oceans, rivers, lakes, groundwater and even tap water all over the world (Zhang et al.,
2020b). Although the concentration is very low (ng/L to μg/L),
antibiotics residue still leads to the emergence of a variety of drug-resistant bacteria, affecting the aquatic ecosystem, and threatening human health through drinking water
and food chains (Zhang and Huang, 2005; Zhao et al., 2019).
Enrofloxacin (EFA) (Appendix A Fig. S1) as a synthetic fluoroquinolone antibiotic is widely used to prevent and treat
bacterial infections, which is subject to strict animal husbandry regulation due to its adverse effects on human health
(Yang et al., 2016). To effectively remove EFA, several techniques involves adsorption, biodegradation, photocatalysis,
electrochemical treatment and chemical treatment have been
applied (Peng et al., 2019; Santos et al., 2019; Wang et al.,
2017). Among these methods, photocatalysis, which realized
the conversion of solar energy and possessed a economical, effective and green properties, has become a promising strategy
(Anirudhan et al., 2017; Guo et al., 2019). Composite materials,
which can expand the light absorption range of material and
achieve efficient redox capability, usually are chose as photocatalysts to remove pollutants (Jing et al., 2020). For example,
Guo et al. (2019) fabricated p-n heterostructure photocatalysts
Ag2 O/ZnFe2 O4 , which displayed outstanding photoactivity for
bisphenol A degradation under visible light irradiation. However, some photocatalysts (e.g., titanium dioxide (TiO2 )-based
photocatalysts and novel semiconductor photocatalysts) have
several drawbacks, such as complex synthetic steps, expensive chemicals, poor stability and metal ion leaching, which
limit their practical application in realistic wastewater decontamination (Guo et al., 2020b).
Nowadays, exploring a sustainable and environmentally
friendly photocatalysts has become a hot spot in the field of
photocatalysis. As a metal-free organic semiconductor photocatalyst, graphitic carbon nitride (g-C3 N4 ) has received much
concern because of its low cost, good visible light response,
excellent thermal and chemical stability (Luo et al., 2019). The
g-C3 N4 has a layered structure with a bandgap of 2.7 eV, which
enables it visible light-active photocatalyst for both water oxidation and reduction reactions (Masih et al., 2017; Mo et al.,
2019). Nevertheless, giant exciton effect, sluggish charge migration and inferior electronic conductivity makes single gC3 N4 difficult to satisfy the real application (Guo et al., 2020a).
To overcome the limitation, many methods including chemical functionalization, metal/nonmetal doping and couple it
with other materials have been employed (Inagaki et al., 2019;
Yi et al., 2020).
Biochar, a carbon-rich material obtained from the pyrolysis of biomass, has been considered as a promising material on the environmental remediation because of its excellent physicochemical properties, such as large surface
area, abundant oxygen functional groups and pore structures
(Aamer et al., 2020; Lyu et al., 2020a, 2020b). In addition to out-

standing adsorption performance, biochar can act as electron
shuttle and join the transfer process of electrons (Lyu et al.,
2020c; Xu et al., 2019). Moreover, the high stability and semiconductor characteristics enable biochar an excellent support
for photocatalysts (Liu et al., 2015). Zheng et al. (2019) prepared
graphitic carbon nitride modified biochar by one-pot pyrolysis
of urea and hickory chips and found that the synergistic adsorption and photodegradation ability of composite enhanced
the removal ability of aqueous dye. Kumar and coworkers
demonstrated that the hybridization between the two semiconductors (Fe3 O4 /BiVO4 ) promoted charge separation and
visible light absorption, in which the biochar matrix provided
support, surface area and an adsorbent base to degrade the
pollutants more efficiently (Kumar et al., 2017b). However, the
preparation and synthesis of these biochar-based photocatalysts often require multiple steps, which will consume a lot of
time and resources, thus limiting their large-scale production
and application. Compared with conventional chemical synthesis, ball milling is a green and easy-to-operate processing
technique, which can avoid chemical pollution, damage choke
point of the oxide layer, and reduce particle size to increase reactivity (Li et al., 2020; Wang et al., 2019; Wei et al., 2020). In addition, ball milling can also be used to compound multiple materials to enhance the interaction between the carrier material and carrier to promote surface dispersion (Yu et al., 2020).
Until now, many studies have confirmed that ball milling enhanced the adsorption capacity of biochar (Lyu et al., 2018,
2020b; Zhang et al., 2019), but no studies have been reported
about applying ball milling into the synthesis of photocatalyst
from biochar and g-C3 N4 .
The main objective of this work is to investigate the potential of synthesizing g-C3 N4 /biochar composites through ballmilling and evaluate the removal of EFA by g-C3 N4 /biochar
by both adsorption and photocatalysis. The specific objectives were as follows: (1) characterize the physicochemical
properties of g-C3 N4 /biochar; (2) evaluate the adsorption and
photocatalytic degradation of EFA by g-C3 N4 /biochar; and (3)
study the mechanisms that govern removal of EFA by gC3 N4 /biochar.

1.

Materials and methods

1.1.

Materials

All chemicals used in this study were of analytical grade.
EFA (> 99%) and melamine (99%) were obtained from Beijing
Bailingwei Technology Co., Ltd. (Beijing, China). Concentrated
hydrochloric acid (HCl) and sodium hydroxide (NaOH) were
obtained from Tianjin Sanjiang Technology Co., Ltd. (Tianjin, China). Tert-butanol, benzoquinone (BQ), and ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) were all purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China).
Poplar woodchips were obtained from the Taiyuan Lumber
Factory (Tianjin, China). They were pretreated before pyrolysis, including washing, drying, and passing through a
100-mesh sieve. Deionized water was used to prepare all
solutions.
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1.2.

Preparation of g-C3 N4 /biochar composites

Biochar was prepared according to an approach developed by
our previous study (Xiao et al., 2020), which is detailed in Appendix A Section S1. The resultant biochar was labeled as
BC300, collected and stored in the dark before use. g-C3 N4 was
prepared by calcined 10 g melamine at 550°C for 4 hr with
the heating rate of 5°C/min in a muffle furnace. The obtained
light-yellow agglomerates were milled into powder in a mortar and collected.
The g-C3 N4 /biochar was synthesized by a ball-milling process. Typically, 2 g of g-C3 N4 and biochar mixture and 100 g
of agate balls (diameter of 3 mm-to diameter of 5 mm-to diameter of 15 mm mass ration of 3:5:2) were put into a 500 mL
agate jar. The jar was fixed in a ball mill machine (F-P2000,
Focucy, Hunan, China). After that, the ball mill was operated
with a speed of 200 r/min for 12 hr at room temperature, and
the rotation direction was changed every 3 hr (the preliminary experiment results showed that a biochar-to-balls mass
ratio of 1:50 and a milling time of 12 hr were the optimal ball
milling conditions for EFA removal, data not shown). The samples with different g-C3 N4 -to-biochar mass ratio were labeled
as X g-C3 N4 /biochar (X = 40%, 50%, 60% and 70%). For comparison, ball-milled BC300 (BMBC300) were also prepared under
otherwise identical conditions.

(50 mL, 10 mg/L) solutions and were mechanically stirred at
25°C for 12 hr in the dark. The initial solution pH was 6.6 (not
modified). At different time intervals, the solution was collected and filtered through a 0.45 μm nylon syringe filter for
EFA concentration determination. To evaluate the adsorption
ability of sample, adsorption isotherms were conducted using
various initial EFA concentrations from 5 to 25 mg/L and were
equilibrated for 12 hr.
A 500 W Xe lamp (GXZ500, Shanghai Jiguang Special Lighting Co., Ltd., China) equipped with a UV cut-off filter (FU420ZDLGP-F70, Shenzhen Fuyu Technology Co., Ltd., China)
was used as visible light. For the photocatalytic degradation
of EFA, 50 mg of the samples were mixed with 50 mL EFA solutions (10 mg/L) and stirred for 12 hr under irradiation, and
the determined irradiation intensity was 23.20 mW/cm2 (CELNP2000, Beijing CEL Tech. Co., Ltd., China).
To discuss the effect of initial solution pH, 50 mg of 50% gC3 N4 /biochar was mixed with 50 mL of 10 mg/L EFA solutions
both in the dark and light condition. HCl (0.5 mol/L) and/or
NaOH (0.5 mol/L) were used to adjust the initial solution values from 3 to 11, moreover, the final pH was measured and
discussed.
All experiments were conducted in duplicate and the average values were reported.

1.5.
1.3.

Analytical methods

Characterization

The field emission scanning electron microscope (SEM) (JSM7800F, Rigaku, Japan) was used to characterize the structure
of samples. Transmission electron microscopy (TEM) images
were obtained using a field emission transmission electron
microscope (TalosF200X, American FEI company, USA). The
contents of carbon (C), hydrogen (H) and nitrogen (N) in samples were analyzed by an Elemental analyzer (Vario EL cube,
Elementar Analysensysteme GmbH, Germany). The textural
properties of samples were investigated on the basis of the
N2 adsorption-desorption method (ASAP2460, Micromeritics,
USA). The particle sizes of the catalysts were measured by a
Mastersizer 2000 laser diffraction particle analyzer (Malvern
Instruments Ltd., UK). The Fourier-transform infrared spectroscopy (FTIR) spectra were performed on a FTIR spectrometer (FTS6000, Bio-Rad, USA) in the region of 400–4000 cm−1
with a resolution of 4 cm−1 . The C, N and O bonding states
of samples were determined by X-ray photoelectron spectroscopy (XPS) (PHI-5000, ULVAC-PHI, Japan). The X-ray diffraction (XRD) patterns of all samples were conducted on an X-ray
powder diffractometer (TTR-III, Rigaku, Japan). A Malvern Zetasizer Nano instrument (ZEN3690, Malvern Instruments, UK)
was used to determine zeta potential. UV-Visible spectrophotometer (UV–Vis) diffuse reflectance spectra were taken on
a Lambda 750 spectrophotometer (Lambda 750, PerkinElmer,
USA). Photoluminescence (PL) spectra were obtained by using
a fluorescence spectrophotometer (F4600, Hitachi, Japan).

1.4.
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Adsorption and photocatalytic experiments

The adsorption and photocatalytic removal of EFA were carried out in a photochemical reactor. For the adsorption experiment, 50 mg g-C3 N4 /biochar composites were added into EFA

The aqueous EFA concentration was continuously monitored
by a UV–Vis spectrophotometer at a wavelength of 271 nm
(UV-754, Beijing Purkinje General Instrument Co., Ltd., China).
A total organic carbon (TOC) analyzer was used to test the
residual TOC (Multi N/C 3000, Analytik Jena AG, Germany).

2.

Results and discussion

2.1.

Characterization of the samples

The morphologies of the as-prepared materials are demonstrated in Fig. 1. The pure g-C3 N4 showed a multi-layer structure with pleats on the edges and the ball-milled biochar
showed an irregularly spherical shape (Fig. 1a and b). In
Fig. 1c-f, the irregular spherical biochar and the flaky g-C3 N4
were combined closely, which confirmed the formation of gC3 N4 /biochar composites. The SEM analysis suggested that gC3 N4 and biochar were completely connected in the composite and the g-C3 N4 was broken but still remained layer structure after ball milling. Moreover, the EDS of g-C3 N4 and 50%
g-C3 N4 /biochar is shown in Appendix A Fig. S2, which further demonstrated that we have obtained pure g-C3 N4 , and
g-C3 N4 and biochar have successfully achieved compounding. The BET surface areas of samples were presented in
Table 1. The surface area of BC300, BMBC300 and pure gC3 N4 were 1.21, 7.92, and 11.4 m2 /g, respectively. The pure gC3 N4 had the highest surface area among the samples. After
the combination of biochar and g-C3 N4 , the surface areas of
g-C3 N4 /biochar composites decreased with the increasing gC3 N4 addition amount (4.59, 3.83, 3.50 and 2.68 m2 /g for 40%
g-C3 N4 /biochar, 50% g-C3 N4 /biochar, 60% g-C3 N4 /biochar and
70% g-C3 N4 /biochar, respectively), which was consistent with
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Fig. 1 – Scanning electron microscope (SEM) images of (a) g-C3 N4 , (b) ball-milled biochar, (c) 40% g-C3 N4 /biochar, (d) 50%
g-C3 N4 /biochar, (e) 60% g-C3 N4 /biochar and (f) 70% g-C3 N4 /biochar. X g-C3 N4 /biochar (X = 40%, 50%, 60% and 70%): samples
with different g-C3 N4 -to-biochar mass ratios X.

Table 1 – Physicochemical properties of g-C3 N4 and g-C3 N4 /biochar.
Measured (wt.%)
Samples
BC300
BMBC300
g-C3 N4
40% gC3 N4 /biochar
50% gC3 N4 /biochar
60% gC3 N4 /biochar
70% gC3 N4 /biochar

C/N molar
ratio

BET surface area
(m2 /g)

0.18
0.09
60.1
23.4

389
713
0.68
2.25

43.4

28.0

40.5
37.9

Particle size
D10 (μm)

D50 (μm)

D90 (μm)

1.21
7.92
11.4
4.59

13.2
0.73
0.60
1.18

40.7
3.65
9.14
6.42

187
13.1
50.4
20.9

1.80

3.83

1.05

7.18

22.7

32.9

1.44

3.50

1.01

7.45

23.1

37.4

1.18

2.68

0.88

7.90

24.0

C

N

60.1
55.0
34.9
45.1

The parameters D10 , D50 , and D90 represent the 10th, 50th, and 90th percentiles of the total volume, respectively. BC300: biochar pyrolyzed at
300°C; BMBC300: ball-milled BC300; g-C3 N4 : graphitic carbon nitride; X g-C3 N4 /biochar (X = 40%, 50%, 60% and 70%): samples with different
g-C3 N4 -to-biochar mass ratios X.

previous studies (Li et al., 2019a). These results suggested that
ball milling could damage the bulk structure of g-C3 N4 , and
block the pore structure of biochar after compound, thereby
making the surface areas of composite lower than g-C3 N4 and
biochar. Measurement of the average particle size confirmed
that the BMBC300 was altered with particle size down from
millimeter to submicron scale (from 187 to 13.1 μm) (Table 1).
The particle size of g-C3 N4 /biochar composite ranged from
20.9 to 24.0 μm, lower than that of the pure g-C3 N4 (50.4 μm).
The reduced particle size of the composite facilitates its reaction with EFA.
The TEM images of the samples further demonstrated the
successful construction of g-C3 N4 through the dispersion effect of biochar during the ball milling process (Fig. 2). The cor-

responding energy dispersive X-ray spectroscopy (EDX) elemental mappings of the TEM images revealed that C, N, and O
are present in the ball-milled biochar, 50% g-C3 N4 /biochar and
recycled EFA laden 50% g-C3 N4 /biochar (50% g-C3 N4 /biocharEFA) (Fig. 2d-o). No oxygen element was observed for the pure
g-C3 N4 (Fig. 2a-c). Interestingly, the EDX elemental mappings
in Fig. 2m-o showed that more oxygen elements were captured for the recycled g-C3 N4 /biochar-EFA (Fig. 2o), indicating
that EFA and its oxygen-containing products were degraded
and stably adsorbed on the surface of g-C3 N4 /biochar composite.
The results of elemental analysis of samples are presented
in Table 1. The mass ratios of C and N were 34.9% and 60.1%
in g-C3 N4 , respectively, and the calculated C/N molar ratio
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Fig. 2 – Transmission electron microscopy (TEM) images and corresponding C, N, and O energy dispersive X-ray
spectroscopy (EDX) elemental mappings of (a-c) g-C3 N4 , (d-g) ball-milled biochar, (h-k) 50% g-C3 N4 /biochar, and (l-o) recycled
enrofloxacin (EFA) laden 50% g-C3 N4 /biochar (50% g-C3 N4 /biochar-EFA).

was 0.68, which was lower than theoretical value of 0.75, suggesting that the condensation of melamine was uncompleted.
Similar report found that g-C3 N4 with good crystal structure
and moderate degree of condensation could be obtained at
550°C (Li et al., 2019b). The C/N molar ratio of our prepared
g-C3 N4 was 0.68, which was similar or slightly higher than the
values in the reported work (Pi et al., 2015). In addition, the C
contents increased from 37.9% to 45.1% and the N contents decreased from 37.4% to 23.4% with the increasing biochar proportion from 40% to 70% in g-C3 N4 /biochar composites.
The XRD patterns of prepared materials are shown in
Fig. 3a. For g-C3 N4 , two obvious peaks belong to g-C3 N4 were

observed. The strong peak at 27.2° was derived from the characteristic interlayer-stacking of aromatic systems (002) with
an interlayer space of 0.32 nm, while the weak peak at 13.1°
was caused by the in-planar repeated tri-s-triazine units (100)
with the repeatable hole to hole distance 0.65 nm in the basal
plane (Gong et al., 2019). According to previous studies, no
diffraction peak could be observed for the pristine biochar due
to its amorphous state (Li et al., 2019a; Pi et al., 2015). The
main peaks of g-C3 N4 /biochar composites were all around at
27.2° with reduced peaks intensity and the peaks at 13.1° disappeared compared to the g-C3 N4 , suggesting that the addition of biochar masked the peak of g-C3 N4 and aggravated
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Fig. 3 – (a) X-ray diffraction (XRD) patterns and (b) Fourier-transform infrared spectroscopy (FTIR) of g-C3 N4 and
g-C3 N4 /biochar. X-ray photoelectron spectroscopy (XPS) spectra of g-C3 N4 and 50% g-C3 N4 /biochar: (c) survey spectra, (d) C
1 s region, (e) N 1 s region, and (f) O 1 s region.

the amorphous degree of g-C3 N4 , which was common for
the g-C3 N4 /biochar composites (Li et al., 2019b; Zheng et al.,
2019). In addition, except for the diffraction peaks of g-C3 N4
and biochar, no other impurity phase was found in the gC3 N4 /biochar samples, reflecting the presence of two-phase
composite.
The chemical structure of samples is investigated by FTIR
spectra and the results are presented in Fig. 3b. For biochar,

the band peaks at 1078 and 3000–3700 cm−1 were originated
from the C–O–C and OH stretching vibration (Xiao et al., 2020).
For g-C3 N4 , the band in the range of 3000–3500 cm−1 represented the residue N–H group (She et al., 2016). The bands at
1639, 1571, 1419 cm−1 were attributed to the skeleton vibration
of the aromatic C–N, and the bands at 1325 and 1251 cm−1
were assigned to the stretching vibration of the fully condensed N-(C)3 and partially condensed C–N–H linking units,
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respectively (Li et al., 2019b). These strong bands corresponding to the typical characteristic absorption peaks of CN heterocycles (Han et al., 2016). In addition, the absorbance at
810 cm−1 came from the intense bending vibration mode of
the tri-s-triazine unit (Tang et al., 2017). Comparing to g-C3 N4 ,
a wider absorption region between 3000 and 3700 cm−1 was
observed for the g-C3 N4 /biochar composites, which was related to the stretching vibrations of N–H and O–H. It was worth
noting that composites had the characteristic peaks of both
biochar and g-C3 N4, and no other characteristic peaks were
found, which was in accordance with the XRD results, indicating that the g-C3 N4 and biochar comprised the composites.
To investigate the chemical states, XPS measurement of
g-C3 N4 and 50% g-C3 N4 /biochar is performed. As shown in
Fig. 3c, the contents of C, N and O were 39.8%, 57.8%, and 2.4%
for the g-C3 N4 , while they were 65.6%, 24.4% and 10.0% for the
composite, respectively. The higher contents of C and O in 50%
g-C3 N4 /biochar were derived from the introduction of biochar.
The C1s spectra was deconvoluted into three peaks centered
at 284.8, 286.3 and 288.4 eV (Fig. 3d). The peak at 284.8 eV was
ascribed to the surface adventitious carbon species or sp2 hybridized C–C bonds from the graphite, while the peak at 286.3
and 288.4 eV were originated from C–O and sp2 -hybridized
carbon in N–C=N groups of triazine rings (Fang et al., 2014;
Zhang et al., 2020c). The percentage of C–C/C=C increased
from 9.1% to 62.4% after compounding, suggesting that the
part of introduced biochar was in the form of amorphous carbon and/or plane graphene carbon, which correlated with the
XRD results (Meng et al., 2020). In Fig. 3e, the N 1 s spectra
showed four peaks at 398.7, 400.2, 401.2 and 404.3 eV, corresponding to sp2 -hybridized nitrogen (C=N–C), tertiary nitrogen N-(C)3 , C–N–H groups originated from the incomplete
thermal condensation of the tri-s-triazine-based structure,
and π -excitation (Chang et al., 2013; Li et al., 2017). In these
peaks, N–C=N and N-(C)3 groups formed the heptazine heterocyclic ring unites and built the fundamental g-C3 N4 structure (Pi et al., 2015). Owing to the introduction of biochar, the
percentages of C=N–C and C–N–H in the composite slightly
increased from 67.2% and 5.5% to 76.2% and 8.5%, while N(C)3 and π -excitation decreased from 21.2% and 6.1% to 15.3%
and 0%, respectively. Moreover, the intense peak at 532.4 eV
in O 1 s spectra (Fig. 3f) was attributed to the adsorbed oxygen (Yang et al., 2009). And there was a new peak at 531.2 eV
corresponding to C–O–C for the composite (Meng et al., 2020).
In summary, the XPS result suggested that the g-C3 N4 /biochar
was obtained successfully.
The UV–Vis diffuse reflectance spectra of samples are
shown in Fig. 4a. It could be obviously observed that g-C3 N4
exhibited a typical semiconductor light absorption at 200–
450 nm, which could be ascribed to the electron transition
from the valence band (VB) populated by the N 2p orbit to
the conduction band (CB) formed by the C 2p orbit (Li et al.,
2019a). The light absorption of g-C3 N4 was significantly improved over the whole measured wavelength range after compounding with biochar. Obviously, the light absorption intensity of composites generally increased with the addition
amount of biochar, which demonstrated that biochar could
reduce light reflection and make photocatalyst absorb more
photos wavelengths among a more extensive range, thereby
producing more electron-hole pairs for photochemical reac-
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tion (Meng et al., 2020). Similar result has been reported in the
previous photocatalytic study about the biochar-based composites (Lu et al., 2019).
The separation efficiencies of electron-hole pairs of samples are determined by PL measurements. As presented in
Fig. 4b, all samples showed similar emission spectra with the
strongest peak at 533 nm. Compared with g-C3 N4 , the addition of biochar could reduce the intensity of emission band,
indicating that the recombination of electron-hole pairs was
effectively suppressed and the transition of photogenerated
electrons was improved from g-C3 N4 to biochar by the construction of g-C3 N4 /biochar composite. As shown in Fig. 4c, the
recycled 50% g-C3 N4 /biochar-EFA had slightly increased PL intensity in comparison to 50% g-C3 N4 /biochar, demonstrating
that the recycled catalyst maintained high recombination rate
of photoexcited electron-hole pairs and good photocatalytic
activity.

2.2.

Adsorption and photocatalytic performance

2.2.1.
ments

Adsorption kinetic and adsorption isotherm experi-

The adsorption kinetic experiments of samples within 12 hr
were carried out and shown in Fig. 5a. It could be observed that
the direct EFA degradation was ignored in the adsorption process. The g-C3 N4 exhibited very low adsorption capacity to EFA
with a removal rate of 19.0%. When incorporated with biochar,
the adsorption capacity improved for all g-C3 N4 /biochar and
the adsorption performance of composites increased with the
increasing biochar addition. Though the trend of EFA removal
by composites was consistent with the results of specific surface area (Table 1), the specific surface area of pure g-C3 N4
was higher than that of composites, indicating that the specific surface area was not the main mechanism of adsorption.
It was reported that electrostatic attraction play an important
role in the removal of EFA (Guo et al., 2017). The formation relative to EFA was in the order of EFA+/- > EFA+ > EFA− at pH = 6.6
(Sayen et al., 2018). Based on the zeta potential measurement
(Fig. 5b), the pure g-C3 N4 and g-C3 N4 /biochar composite basically presented negatively charged surface within the pH
range from 5 to 11. The stronger negatively charged surface
of the composites (from −3.18 to 32.6 eV for g-C3 N4 /biochar
composite vs. from −0.01 to −3 eV for g-C3 N4 ) facilitated the
removal of EFA+ via electrostatic attraction (Pi et al., 2015;
Zheng et al., 2019). Furthermore, the chemical bonds of aromatic rings and phenol groups in biochar favored the removal
of EFA (Li et al., 2018). The kinetic data of adsorption was
simulated by pseudo first-order kinetic model, the figure was
displayed in Appendix A Fig. S3a and the fitted model parameters were listed in Table 2. All adsorption curves followed the pseudo first-order kinetic model with R2 above 0.88,
which indicated the presence of physical surface adsorption
in the removal mechanism of EFA. A faster EFA adsorption was
achieved by 40% g-C3 N4 /biochar as indicated by the constant
rate k value (0.0520 ± 0.008 min−1 ), which was about 10 times
that of g-C3 N4 (0.0053 ± 0.001 min−1 ).
In order to determine the adsorption capacity of samples,
adsorption isotherms of EFA on samples are conducted and
depicted in Fig. 5c. The l-shaped isotherms suggested that all
samples have limited adsorption capacity and the adsorption
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Fig. 4 – (a) UV-Visible (UV–Vis) diffuse reflectance spectra and photoluminescence (PL) spectra of (b) g-C3 N4 , g-C3 N4 /biochar
and (c) recycled 50% g-C3 N4 /biochar-EFA.

Table 2 – Pseudo-first-order kinetic model parameters for
g-C3 N4 and g-C3 N4 /biochar.

Sample

Dark
k (min−1 )

R2

Light
k (min−1 )

R2

g-C3 N4
40% g-C3 N4 /biochar
50% g-C3 N4 /biochar
60% g-C3 N4 /biochar
70% g-C3 N4 /biochar

0.0053±0.001
0.0520±0.008
0.0548±0.004
0.0430±0.002
0.0261±0.002

0.93
0.88
0.97
0.98
0.96

0.0181±0.003
0.0559±0.009
0.1007±0.019
0.0725±0.003
0.0485±0.002

0.91
0.88
0.87
0.99
0.99

k: the rate constant of the pseudo-first-order kinetic model.

capacity increased from 4.4 to 10.1 mg/g with the increasing
biochar addition amount for composite. However, the adsorption capacity of pure g-C3 N4 only was 2.4 mg/g. Considering
the following photocatalytic capacity of samples, the adsorption isotherms data of EFA on g-C3 N4 and 50% g-C3 N4 /biochar
were fitted by Freundlich, Langmuir, and Redlich-Peterson
models (Fig. 5d), and the corresponding fitting parameters
were summarized in Table 3. All three models described the
adsorption isotherms well, as indicated by the correlation coefficients (R2 = 0.95–0.99). A good fit of Langmuir model re-

flected monolayer adsorption existed in the adsorption process, and the theoretical maximum adsorption capacity (qm )
obtained from the model were 4.6 and 12.7 mg/g for g-C3 N4
and 50% g-C3 N4 /biochar, respectively. However, the RedlichPeterson model performed much better with R2 values larger
than 0.97. The Redlich-Peterson model combines elements
from both Langmuir and Freundlich equations, suggesting
that the adsorption of EFA on samples is a hybrid chemical
reaction-sorption process (Açıkyıldız et al., 2015; Lyu et al.,
2017).

2.2.2.

Photocatalytic experiment

As presented in Fig. 5e, all samples enhanced the removal performance of EFA after light irradiation and the photocatalytic
activities of sample in the sequence of 50% g-C3 N4 /biochar
(81.1%) > 40% g-C3 N4 /biochar (67.6%) > 60% g-C3 N4 /biochar
(66.6%) > 70% g-C3 N4 /biochar (52.5%) > g-C3 N4 (27.3%). It
could be concluded that the introduction of biochar could
promote photocatalytic performance of g-C3 N4 . On the one
hand, the introduction of biochar could enhance the absorption of light and excite more photons to generate electron
hole pairs, on the other hand, biochar could promote the
electron transfer efficiency to enhance the separation efficiency of electron-hole pairs. Nevertheless, excessive biochar
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Fig. 5 – (a) Adsorption kinetics, (b) zeta potential, (c) adsorption isotherms, (d) adsorption isotherms fitting curves (g-C3 N4
and 50% g-C3 N4 /biochar), and (e) photocatalytic kinetics of g-C3 N4 and g-C3 N4 /biochar. Experimental conditions of (a, e):
initial EFA concentration of 10 mg/L, sample dosage of 1.0 g/L, solution pH of 6.6, and reaction time of 12 hr under dark
conditions and 12 hr under light conditions; Experimental conditions of (c): initial EFA concentration of 5–30 mg/L, sample
dosage of 1.0 g/L, solution pH of 6.6, and reaction time of 12 hr under dark conditions. CK: control check; Qe : adsorption
capacity at equilibrium; C: concentration at time t; C0 : initial concentration.
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Table 3 – Best-fit parameters of various adsorption isotherm models for EFA adsorption on 50% g-C3 N4 /biochar (Errors
given as standard deviation).
Freundlich model
Samples
g-C3 N4
50% g-C3 N4 / biochar
Langmuir model
Samples
g-C3 N4
50% g-C3 N4 / biochar
Redlich-Peterson model
Samples
g-C3 N4
50% g-C3 N4 / biochar

KF (mg1- n •Ln /g)
0.46±0.13
3.64±0.45

n
0.60±0.12
0.42±0.07

R2
0.95
0.97

qm (mg/g)
4.59±0.07
12.71±0.42

KL (mg/L)
14.68±0.03
19.23±0.05

R2
0.96
0.99

KR
0.21±0.02
2.66±0.34

α
<0.01
0.07±0.04

n
4.68±0.36
1.45±0.25

R2
0.98
0.99

qm : the maximum adsorption capacity of samples; KF : the Freundlich affinity coefficient; n: the exponential coefficient; KL : the single langmuir
constant; KR and α: the coefficients of Redlich-Peterson.

addition would hinder the absorption of light on the g-C3 N4 ,
thereby reducing the photodegradation of EFA. Obviously, 50%
g-C3 N4 /biochar exhibited the best photocatalytic performance
to EFA, which was in accordance with the UV–Vis and PL results. The pseudo first-order kinetic model also well described
the photocatalysis process (R2 > 0.87). Moreover, the pseudofirst order rate constants of g-C3 N4 /biochar composites were
higher than that of pure g-C3 N4 during photocatalysis process
(Table 2), demonstrating that the formation of g-C3 N4 /biochar
accelerated the removal reaction to EFA. Therefore, 50% gC3 N4 /biochar with the best photocatalytic performance was
chose as a typical catalyst for subsequent study.
The 50% g-C3 N4 /biochar offered much higher EFA removal
capacity (9.21 mg/g) than other reported photocatalysts,
such as Fe3 O4 @TiO2 -GO (4.50 mg/g), TiO2 /g-C3 N4 (6.64 mg/g),
and TiO2 (6.32 mg/g) (Paul et al., 2007; Yu et al., 2017;
Zhang et al., 2020a) (Appendix A Table S1). According to the
previous reports, g-C3 N4 /biochar was often synthesized by
thermal condensation. For example, Pi et al. (2015) prepared
g-C3 N4 /biochar through a thermal polycondensation process
from melamine and chestnut leaves biochar, and the adsorption and photocatalytic performance of composite toward MB
were 85% and 91%, respectively. Compared with this synthetic
method, g-C3 N4 /biochar prepared by ball milling also exhibited excellent adsorption and photocatalytic properties to EFA,
which indicated the possibility of ball milling in the photocatalytic composite preparation. Therefore, g-C3 N4 /biochar is not
only easy to synthesis, but also effective to remove pollutant.

2.2.3.

Effect of pH

Solution pH is a key factor for adsorption and photocatalytic
process which can affect both of the surface potential of sample and the presence form of EFA (Yan et al., 2012). EFA has
two different acid dissociation constant (pKa ) values, exists in
cationic form at pH < 6.20, zweitter anion species at 6.20 < pH
< 7.80 and anion form at pH > 7.80 (Anirudhan et al., 2017).
A series of experiments were conducted in which the initial
solution pH was adjusted to 3.00–11.0 to investigate the effect
of pH on the EFA adsorption and photodegradation by 50% gC3 N4 /biochar (Fig. 6a-b), and these two processes showed similar trend to EFA removal. The removal of EFA was inhibited at

pH = 3.09, while the highest EFA removal efficiency was obtained at pH = 5.01 (50.7% and 79.1% for adsorption and photocatalysis, respectively), and further increase of pH result in
a reduction in removal efficiency. According to the zeta potential of 50% g-C3 N4 /biochar (Fig. 5b), electrostatic repulsion
between EFA+ and positively charged 50% g-C3 N4 /biochar contributed to the comparatively lower removal efficiency when
pH lower than 4. Previous study claimed that the formation of
H bonds induced from –OH in material and the electronegative
atoms in EFA facilitated the removal of EFA (Chowdhury et al.,
2019). Therefore, the protonation of –NH, –OH, and –FH was
responsible for the reduction of removal efficiency. When pH
rose to 5.00, the presence of strong electrostatic attraction
between EFA+ and negatively charged material favored the
removal of EFA. However, because of the neutral charge of
EFA zwitterion at pH between 6.20 and 7.80, the decrease of
EFA solubility in water result in the lower removal efficiency
(Roca Jalil et al., 2015). Then, as the pH increased, the EFA−
dominated in the solution, so the electrostatic repulsion established between the EFA− and more negatively charged surface of the material, which leaded to a significant decrease in
the removal of EFA. Similar finding on pH influence for the removal of EFA was reported by Chowdhury et al. (2019).
In addition, the pH values after the reaction were monitored and presented in Appendix A Table S2. For the adsorption process, the solution pH remained stable during the reaction with a variation no more than 1.5. For the photocatalytic
process, there was no significant changes before and after the
reaction when the initial solution pH was below 9.00, whereas
the pH decreased after the reaction when the solution pH was
9.00 and 11.0 (from 9.11 and 11.0 to 6.97 and 8.95, respectively),
which could be attributed to the formation of small molecules
of acid during the photodegradation (Peng et al., 2019).

2.2.4.

Cycling photocatalytic test

Considering the practical application of photocatalysts, the
recyclability of 50% g-C3 N4 /biochar was estimated. After the
photocatalytic experiments, the sample was filtered and
washed by deionized water, and then dried at 60°C. The recycled sample was used for the subsequent photocatalytic runs
under the same experiment condition. In Fig. 6d, the recycled
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Fig. 6 – Effects of pH on (a) adsorption and (b) photocatalytic degradation of EFA by 50% g-C3 N4 /biochar and (c) cycling
photocatalytic test of 50% g-C3 N4 /biochar. Experimental conditions: initial EFA concentration of 10 mg/L, sample dosage of
1.0 g/L, and reaction time of 12 hr.

sample showed a good stability for the photocatalytic removal
of EFA, and it achieved 55.3% after four cycles. The reduction
of photocatalytic activity in subsequent experiments might be
due to the accumulation of intermediates and the decrease of
reaction active sites (Fig. 4c) (Kumar et al., 2017a).

2.3.

Mechanisms

To explore the adsorption mechanism of EFA, the FTIR of 50%
g-C3 N4 /biochar before and after the adsorption reaction was
carried out and discussed. As showed in Appendix A Fig. S4,
all peaks decreased after the adsorption reaction, especially
C–O and O–H bond at 3000–3700 cm−1 , indicating that oxygen
functional groups play a part in the adsorption process, which
was similar to the adsorption of norfloxacin by activated carbon (Xie et al., 2011). Combined with the discussion about solution pH and adsorption isotherm, we concluded that the adsorption of EFA by sample is a limited and hybrid process, in
which surface adsorption related to electrostatic interaction,
H-bonding and adsorption through oxygen-containing functional group and surface pores were all involved.

For the purpose of identifying the contribution of active
species in the EFA photocatalytic removal process, radical
trapping experiments were conducted. In this study, 0.2 mol/L
t-butanol, 1 mmol/L BQ, and 2 mmol/L EDTA-2Na were used to
quench hydroxyl radical (•OH), superoxide radical (•O2 − ), and
hole (h+ ), respectively (Lu et al., 2019). As shown in Fig. 7a, the
removal efficiency of EFA decreased from 81.1% to 32.1% and
46.7% in the presence of BQ and EDTA-2Na, respectively. However, a slight reduction occurred for EFA removal after the addition of t-butanol. These results suggested that •O2 − and h+
were the dominant active species in the photocatalytic process, while •OH had almost no contribution to EFA removal,
which was consistent with our previous study.
The change of TOC in the degradation process reflects the
mineralization degree of catalysts towards organic contaminants. In this work, the removal of EFA and TOC are compared in Fig. 7b. The result showed that all g-C3 N4 /biochar
composites exhibited higher TOC removal rate than pure gC3 N4 (57.1%, 65.9%, 53.0%, 38.1% and 16.0% for 40%−70% gC3 N4 /biochar and g-C3 N4 , respectively). Apparently, 50% gC3 N4 /biochar had the highest TOC removal rate of 65.9%,
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Fig. 7 – (a) Effects of scavengers on the removal rate of EFA by 50% g-C3 N4 /biochar and (b) EFA and total organic carbon (TOC)
removal rate of 50% g-C3 N4 /biochar. Experimental conditions: initial EFA concentration of 10 mg/L, sample dosage of 1.0 g/L,
and reaction time of 12 hr. BQ: benzoquinone; EDTA-2Na: ethylenediamine tetraacetic acid disodium salt.

Fig. 8 – Possible photocatalytic mechanism of enrofloxacin (EFA) by g-C3 N4 /biochar. CB: conduction band; VB: valence band;
•OH: hydroxyl radical; •O2 − : superoxide radical; h+ : hole; e− : electron; hv: photon energy.

which was higher than that of 40% g-C3 N4 with higher adsorption ability. This result suggests that EFA might be removed
mainly through photocatalytic mineralization rather than adsorption. Furthermore, due to the generation of intermediate
products, the TOC removal rate was lower than the removal
rate in the EFA photocatalytic process.
Based on the above analysis, a possible mechanism of photocatalysis by 50% g-C3 N4 /biochar was proposed and shown
in Fig. 8. Under visible light irradiation, g-C3 N4 could generate electron-hole pairs with sufficient photons energy. In the
composite, biochar can act as electron acceptor and induce the
photoelectrons jump from the conduction band to the surface
of biochar to suppress the recombination of photogenerated
charge carriers and promote visible light absorption (Li et al.,
2019b). Then the photoinduced electrons could react with dissolved oxygen or oxygen adsorbed on the surface to yield •O2 − .
This species as well as holes stayed in the valence band could
effectively degrade EFA due to its strong oxidative properties.

Moreover, the high EFA adsorption contributed to the accumulation of EFA molecules, which was beneficial to the removal of EFA. In summary, the synergistic effect of increased
adsorption capacity on EFA, effective charge separation, more
light absorption and high local EFA concentration resulted in
the enhancement of photocatalytic activity by g-C3 N4 /biochar
composite.

3. Conclusions
In the present study, g-C3 N4 /biochar composites were successfully synthesized by ball milling based on the preparation of g-C3 N4 by a process of thermal poly-condensation
of melamine. The resultant g-C3 N4 /biochar composites exhibited more oxygen functional groups and optical absorption, which contributed to the improvement of adsorption
and photocatalytic activity to EFA (40.0%−65.5% for adsorp-
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tion and 52.5%−81.1% for photocatalysis). The photocatalytic
process was dominated by •O2 − and hole oxidation. In addition, 50% g-C3 N4 /biochar showed the highest EFA and TOC removal rate (81.1% and 65.9%, respectively). After four cycles,
a slight decrease of photocatalytic activity occurred, demonstrating that further study was needed to improve the photocatalytic utilization performance of composite. In conclusion,
g-C3 N4 /biochar can be prepared through a simple ball milling
method, and the obtained composite can not only achieve
a value-added utilization of waste biomass, but also realize
a simultaneous process to effectively degrade organic pollutant by adsorption and photocatalysis. Therefore, ball-milled
g-C3 N4 /biochar composite can be considered as a potential
material applied in the environmental remediation.
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comparative examination of the adsorption mechanism of an
anionic textile dye (RBY 3GL) onto the powdered activated
carbon (PAC) using various the isotherm models and kinetics
equations with linear and non-linear methods. Appl. Surf. Sci.
354, 279–284.
Anirudhan, T.S., Shainy, F., Christa, J., 2017. Synthesis and
characterization of polyacrylic acid- grafted-carboxylic
graphene/titanium nanotube composite for the effective
removal of enrofloxacin from aqueous solutions: adsorption
and photocatalytic degradation studies. J. Hazard. Mater. 324,
117–130.
Chang, C., Fu, Y., Hu, M., Wang, C., Shan, G., Zhu, L., 2013.
Photodegradation of bisphenol A by highly stable
palladium-doped mesoporous graphite carbon nitride
(Pd/mpg-C3 N4 ) under simulated solar light irradiation. Appl.
Catal. B-Environ. 142-143, 553–560.

105

Chowdhury, S., Sikder, J., Mandal, T., Halder, G., 2019.
Comprehensive analysis on sorptive uptake of enrofloxacin by
activated carbon derived from industrial paper sludge. Sci.
Total. Environ. 665, 438–452.
Fang, G., Gao, J., Liu, C., Dionysiou, D.D., Wang, Y., Zhou, D., 2014.
Key role of persistent free radicals in hydrogen peroxide
activation by biochar: implications to organic contaminant
degradation. Environ. Sci. Technol. 48, 1902–1910.
Gong, Y., Li, H., Jiao, C., Xu, Q., Xu, X., Zhang, X., et al., 2019.
Effective hydrogenation of g-C3 N4 for enhanced
photocatalytic performance revealed by molecular structure
dynamics. Appl. Catal. B-Environ. 250, 63–70.
Guo, H., Ke, T., Gao, N., Liu, Y., Cheng, X., 2017. Enhanced
degradation of aqueous norfloxacin and enrofloxacin by
UV-activated persulfate: kinetics, pathways and deactivation.
Chem. Eng. J. 316, 471–480.
Guo, H., Niu, C.G., Feng, C.Y., Liang, C., Zhang, L., Wen, X.J., et al.,
2020a. Steering exciton dissociation and charge migration in
green synthetic oxygen-substituted ultrathin porous graphitic
carbon nitride for boosted photocatalytic reactive oxygen
species generation. Chem. Eng. J. 385, 123919.
Guo, H., Niu, H.Y., Liang, C., Niu, C.G., Liu, Y., Tang, N., et al., 2020b.
Few-layer graphitic carbon nitride nanosheet with
controllable functionalization as an effective metal-free
activator for peroxymonosulfate photocatalytic activation:
role of the energy band bending. Chem. Eng. J. 401, 126072.
Guo, H., Niu, H.Y., Liang, C., Niu, C.G., Huang, D.W., Zhang, L., et al.,
2019. Insight into the energy band alignment of magnetically
separable Ag2 O/ZnFe2 O4 p-n heterostructure with rapid
charge transfer assisted visible light photocatalysis. J. Catal.
370, 289–303.
Han, Q., Wang, B., Gao, J., Cheng, Z., Zhao, Y., Zhang, Z., et al., 2016.
Atomically thin mesoporous nanomesh of graphitic C3 N4 for
high-efficiency photocatalytic hydrogen evolution. ACS Nano
10, 2745–2751.
Inagaki, M., Tsumura, T., Kinumoto, T., Toyoda, M., 2019. Graphitic
carbon nitrides (g-C3 N4 ) with comparative discussion to
carbon materials. Carbon 141, 580–607.
Jing, L., Xu, Y., Liu, J., Zhou, M., Xu, H., Xie, M., et al., 2020. Direct
Z-scheme red carbon nitride/rod-like lanthanum vanadate
composites with enhanced photodegradation of antibiotic
contaminants. Appl. Catal. B-Environ. 277, 119245.
Kumar, A., Kumar, A., Sharma, G., Naushad, M., Stadler, F.J.,
Ghfar, A.A., et al., 2017a. Sustainable nano-hybrids of
magnetic biochar supported g-C3 N4 /FeVO4 for solar powered
degradation of noxious pollutants- Synergism of adsorption,
photocatalysis & photo-ozonation. J. Clean. Prod. 165, 431–451.
Kumar, A., Shalini, Sharma, G., Naushad, M., Kumar, A., Kalia, S.,
et al., 2017b. Facile hetero-assembly of superparamagnetic
Fe3 O4 /BiVO4 stacked on biochar for solar photo-degradation
of methyl paraben and pesticide removal from soil. J.
Photochem. Photobiol. A 337, 118–131.
Li, J., Yu, G., Pan, L., Li, C., You, F., Xie, S., et al., 2018. Study of
ciprofloxacin removal by biochar obtained from used tea
leaves. J. Environ. Sci. 73, 20–30.
Li, K., Huang, Z., Zhu, S., Luo, S., Yan, L., Dai, Y., et al., 2019a.
Removal of Cr(VI) from water by a biochar-coupled g-C3 N4
nanosheets composite and performance of a recycled
photocatalyst in single and combined pollution systems.
Appl. Catal. B-Environ. 243, 386–396.
Li, M., Zhang, L., Fan, X., Wu, M., Wang, M., Cheng, R., et al., 2017.
Core-shell LaPO4 /g-C3 N4 nanowires for highly active and
selective CO2 reduction. Appl. Catal. B-Environ. 201, 629–635.
Li, X., Qian, X., An, X., Huang, J., 2019b. Preparation of a novel
composite comprising biochar skeleton and
“chrysanthemum” g-C3 N4 for enhanced visible light
photocatalytic degradation of formaldehyde. Appl. Surf. Sci.
487, 1262–1270.

106

journal of environmental sciences 103 (2021) 93–107

Li, Y., Zimmerman, A.R., He, F., Chen, J., Han, L., Chen, H., et al.,
2020. Solvent-free synthesis of magnetic biochar and
activated carbon through ball-mill extrusion with Fe3 O4
nanoparticles for enhancing adsorption of methylene blue.
Sci. Total. Environ. 722, 137972.
Liu, W.J., Jiang, H., Yu, H.Q., 2015. Development of biochar-based
functional materials: toward a sustainable platform carbon
material. Chem. Rev. 115, 12251–12285.
Lu, L., Shan, R., Shi, Y., Wang, S., Yuan, H., 2019. A novel
TiO2 /biochar composite catalysts for photocatalytic
degradation of methyl orange. Chemosphere 222, 391–398.
Luo, Y., Deng, B., Pu, Y., Liu, A., Wang, J., Ma, K., et al., 2019.
Interfacial coupling effects in g-C3 N4 /SrTiO3 nanocomposites
with enhanced H2 evolution under visible light irradiation.
Appl. Catal. B-Environ. 247, 1–9.
Lyu, H., Gao, B., He, F., Zimmerman, A.R., Ding, C., Tang, J., et al.,
2018. Experimental and modeling investigations of ball-milled
biochar for the removal of aqueous methylene blue. Chem.
Eng. J. 335, 110–119.
Lyu, H., Tang, J., Cui, M., Gao, B., Shen, B., 2020a. Biochar/iron
(BC/Fe) composites for soil and groundwater remediation:
synthesis, applications, and mechanisms. Chemosphere 246,
125609.
Lyu, H., Tang, J., Huang, Y., Gai, L., Zeng, E.Y., Liber, K., et al., 2017.
Removal of hexavalent chromium from aqueous solutions by
a novel biochar supported nanoscale iron sulfide composite.
Chem. Eng. J. 322, 516–524.
Lyu, H., Xia, S., Tang, J., Zhang, Y., Gao, B., Shen, B., 2020b.
Thiol-modified biochar synthesized by a facile ball-milling
method for enhanced sorption of inorganic Hg2+ and organic
CH3 Hg+ . J. Hazard. Mater. 384, 121357.
Lyu, H., Zhang, Q., Shen, B., 2020c. Application of biochar and its
composites in catalysis. Chemosphere 240, 124842.
Masih, D., Ma, Y., Rohani, S., 2017. Graphitic C3 N4 based
noble-metal-free photocatalyst systems: a review. Appl. Catal.
B-Environ. 206, 556–588.
Meng, L., Yin, W., Wang, S., Wu, X., Hou, J., Yin, W., et al., 2020.
Photocatalytic behavior of biochar-modified carbon nitride
with enriched visible-light reactivity. Chemosphere 239,
124713.
Mo, Z., Xu, H., Chen, Z., She, X., Song, Y., Lian, J., et al., 2019.
Construction of MnO2 /Monolayer g-C3 N4 with Mn vacancies
for Z-scheme overall water splitting. Appl. Catal. B-Environ.
241, 452–460.
Paul, T., Miller, P.L., Strathmann, T.J., 2007. Visible-light-mediated
TiO2 photocatalysis of fluoroquinolone antibacterial agents.
Environ. Sci. Technol. 41, 4720–4727.
Peng, G., Li, T., Ai, B., Yang, S., Fu, J., He, Q., et al., 2019. Highly
efficient removal of enrofloxacin by magnetic
montmorillonite via adsorption and persulfate oxidation.
Chem. Eng. J. 360, 1119–1127.
Pi, L., Jiang, R., Zhou, W., Zhu, H., Xiao, W., Wang, D., et al., 2015.
g-C3 N4 modified biochar as an adsorptive and photocatalytic
material for decontamination of aqueous organic pollutants.
Appl. Surf. Sci. 358, 231–239.
Roca Jalil, M.E., Baschini, M., Sapag, K., 2015. Influence of pH and
antibiotic solubility on the removal of ciprofloxacin from
aqueous media using montmorillonite. Appl. Clay Sci. 114,
69–76.
Santos, F., Mucha, A.P., Alexandrino, D.A.M., Almeida, C.M.R.,
Carvalho, M.F., 2019. Biodegradation of enrofloxacin by
microbial consortia obtained from rhizosediments of two
estuarine plants. J. Environ. Manag. 231, 1145–1153.
Sayen, S., Ortenbach-López, M., Guillon, E., 2018. Sorptive removal
of enrofloxacin antibiotic from aqueous solution using a
ligno-cellulosic substrate from wheat bran. J. Environ. Chem.
Eng. 6, 5820–5829.

She, X., Liu, L., Ji, H., Mo, Z., Li, Y., Huang, L., et al., 2016.
Template-free synthesis of 2D porous ultrathin
nonmetal-doped g-C3 N4 nanosheets with highly efficient
photocatalytic H2 evolution from water under visible light.
Appl. Catal. B-Environ. 187, 144–153.
Tang, L., Jia, C.T., Xue, Y.C., Li, L., Wang, A.Q., Xu, G., et al., 2017.
Fabrication of compressible and recyclable macroscopic
g-C3 N4 /GO aerogel hybrids for visible-light harvesting: a
promising strategy for water remediation. Appl. Catal.
B-Environ. 219, 241–248.
Wang, C., Yin, L., Xu, Z., Niu, J., Hou, L.A., 2017. Electrochemical
degradation of enrofloxacin by lead dioxide anode: kinetics,
mechanism and toxicity evaluation. Chem. Eng. J. 326, 911–920.
Wang, K., Sun, Y., Tang, J., He, J., Sun, H., 2019. Aqueous Cr(VI)
removal by a novel ball milled Fe0 -biochar composite: role of
biochar electron transfer capacity under high pyrolysis
temperature. Chemosphere, 125044.
Wei, X., Wang, X., Gao, B., Zou, W., Dong, L., 2020. Facile
ball-milling synthesis of CuO/biochar nanocomposites for
efficient removal of Reactive Red 120. ACS Omega 5,
5748–5755.
Xiao, Y., Lyu, H., Tang, J., Wang, K., Sun, H., 2020. Effects of ball
milling on the photochemistry of biochar: enrofloxacin
degradation and possible mechanisms. Chem. Eng. J. 384,
123311.
Xie, H., Liu, W., Zhang, J., Zhang, C., Ren, L., 2011. Sorption of
norfloxacin from aqueous solutions by activated carbon
developed from Trapa natans husk. Sci. China Chem. 54,
835–843.
Xu, Z., Xu, X., Tao, X., Yao, C., Tsang, D.C.W., Cao, X., 2019.
Interaction with low molecular weight organic acids affects
the electron shuttling of biochar for Cr(VI) reduction. J.
Hazard. Mater. 378, 120705.
Yan, W., Hu, S., Jing, C., 2012. Enrofloxacin sorption on smectite
clays: effects of pH, cations, and humic acid. J. Colloid Interf.
Sci. 372, 141–147.
Yang, D., Velamakanni, A., Bozoklu, G., Park, S., Stoller, M.,
Piner, R.D., et al., 2009. Chemical analysis of graphene oxide
films after heat and chemical treatments by X-ray
photoelectron and micro-Raman spectroscopy. Carbon 47,
145–152.
Yang, Y., Wang, Y., Niu, R., Lu, J., Zhu, X., Wang, Y., 2016.
Preparation and characterization of chitosan microparticles
for immunoaffinity extraction and determination of
enrofloxacin. Int. J. Biol. Macromol. 93, 783–788.
Yi, J., El-Alami, W., Song, Y., Li, H., Ajayan, P.M., Xu, H., 2020.
Emerging surface strategies on graphitic carbon nitride for
solar driven water splitting. Chem. Eng. J. 382, 122812.
Yu, Q., Li, J., Wei, C., Zeng, S., Xu, S., Liu, Z., 2020. Role of ball
milling during Cs/X catalyst preparation and effects on
catalytic performance in side-chain alkylation of toluene with
methanol. Chin. J. Catal. 41, 1268–1278.
Yu, Y., Yan, L., Cheng, J., Jing, C., 2017. Mechanistic insights into
TiO2 thickness in Fe3 O4 @TiO2 -GO composites for enrofloxacin
photodegradation. Chem. Eng. J. 325, 647–654.
Zhang, H., Huang, C.H., 2005. Oxidative transformation of
fluoroquinolone antibacterial agents and structurally related
amines by manganese oxide. Environ. Sci. Technol. 39,
4474–4483.
Zhang, Q., Wang, J., Lyu, H., Zhao, Q., Jiang, L., Liu, L., 2019.
Ball-milled biochar for galaxolide removal: sorption
performance and governing mechanisms. Sci. Total. Environ.
659, 1537–1545.
Zhang, R., Yu, Y., Wang, H., Du, J., 2020a. Mesoporous TiO2 /g-C3 N4
composites with O-Ti-N bridge for improved visible-light
photodegradation of enrofloxacin. Sci. Total Environ. 724,
138280.

journal of environmental sciences 103 (2021) 93–107

Zhang, S.X., Zhang, Q.Q., Liu, Y.S., Yan, X.T., Zhang, B., Xing, C.,
et al., 2020b. Emission and fate of antibiotics in the Dongjiang
River Basin, China: implication for antibiotic resistance risk.
Sci. Total. Environ. 712, 136518.
Zhang, Z., Pan, Z., Guo, Y., Wong, P.K., Zhou, X., Bai, R., 2020c.
In-situ growth of all-solid Z-scheme heterojunction
photocatalyst of Bi7 O9 I3 /g-C3 N4 and high efficient degradation
of antibiotic under visible light. Appl. Catal. B-Environ. 261,
118212.

107

Zhao, J., Liang, G., Zhang, X., Cai, X., Li, R., Xie, X., et al., 2019.
Coating magnetic biochar with humic acid for high efficient
removal of fluoroquinolone antibiotics in water. Sci. Total.
Environ. 688, 1205–1215.
Zheng, Y., Yang, Y., Zhang, Y., Zou, W., Luo, Y., Dong, L., et al., 2019.
Facile one-step synthesis of graphitic carbon nitride-modified
biochar for the removal of reactive red 120 through adsorption
and photocatalytic degradation. Biochar 1, 89–96.

