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Synergistic mechanisms of novel
Z-Scheme N,S co-doped biochar-based
Ag3PO4 composites for efficient removal
of norfloxacin
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Tongtong Wang 1,2 , Amit Kumar3, Gaurav Sharma3, Sen Wang4, Junchao Jia5, Jiyong Zheng2 &
Hui Shi1,6

In this study, a novel N, S-co-doped carbon-based Ag3PO4 composite photocatalyst (N,S-
Ag3PO4@ACB) was synthesized using activated biochar (ACB) as a carrier and used for the efficient
removal of norfloxacin (NOR), a typical bio-refractory antibiotic. We systematically investigated the
degradation effects, actual wastewater treatment, the impacts of environmental factors, and the
degradation pathways. The results show that N,S-Ag3PO4@ACB is essentially a p-n heterojunction
with Z-scheme of Ag2S/Ag3PO4/ACB composite containing Ag nanoparticles. After 120min of
irradiation, N,S-Ag3PO4@ACB removed 90.42% of an initial NOR concentration of 50mg L–1. The
activation of graphiticNand the lone electronpairs ofN andS, promoted rapid photogeneratedcharge
transfer. Furthermore, the surface properties of ACB promoted free radicals generation, and the
surface plasmon resonance effect of the Ag nanoparticles synergistically enhanced the photocatalytic
activity. A new degradation intermediate of NOR was identified, and the degradation dynamics were
elucidated with three main pathways.

The excessive use and unchecked disposal of antibiotics can causewater and
environmental pollution, which can hinder social and economic
development1. Norfloxacin (NOR), a third-generation quinolone antibiotic,
is widely used in the medical, aquatic, and animal husbandry industries
because of its good pharmacokinetic properties, low cost, excellent anti-
microbial properties, and ability to be used in conjunction with other
antibiotics without cross-infection2,3. However, NOR cannot be fully
metabolized in living organisms and has a long half-life in the environment,
resulting in easy accumulation especially in surfacewater, groundwater, and
evendrinkingwater4,whichhas beendetected inmanycountries around the
world3. Residual NOR is highly toxic; for example, it induces heart disease,
stroke, and other diseases, causing resistance genes and bacterial
genotoxicity5. Thus, methods for removing NOR from aqueous environ-
ments must be urgently developed6. Photocatalysis is one of the most
effective and promising technologies for the degradation of antibiotics4.
Extensive research showed that the development of semiconductors and

composite materials with a visible-light response is essential for real
applications7. Silver phosphate (Ag3PO4) is an important silver N-type
semiconductorwith strong photo-oxidation properties and a high quantum
yield under visible light irradiation and has attracted significant attention8.
Ag3PO4, from the cubic crystal system, absorbs <530 nm visible light with a
suitable band gap (2.36–2.43 eV) and a deep valence band (approximately
+2.90 eV) relative to the normal hydrogen electrode (NHE, pH= 0),
making it suitable for oxidation reactions8,9. This is attributed to the intro-
duction of p-regionGroupVAnon-metallic P elements intoAg2O, forming
stable PO4 tetrahedra in Ag3PO4 and modifying the energy band edge10.
However, the micro solubility of Ag3PO4 in water and the photocorrosion
phenomenon caused the loss of photocatalysts, which affected the activity
and stability of photocatalysis, thus limiting its large-scale application11.

Researchers have developed cost-effective methods to improve the
visible-light photocatalytic performance of Ag3PO4, including construction
of heterojunctions via composites with carbon materials9, elemental
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doping10, and structural modulation12. Biochar is a low-cost, green meso-
porous carbon material with abundant environmentally persistent free
radicals (EPFRs), surface oxygen-containing functional groups (OFGs), and
unique defects13; thus, it is used as a carrier or co-catalyst for mediating a
variety of catalytic reactions14. Wei et al.15 synthesized biochar-based
Ag3PO4 photocatalysts via the ball milling-pyrolysis-precipitation method
and explored the effects and mechanisms of synergistic adsorption-
photocatalytic removal of methylene blue. Nevertheless, this preparation
method is cumbersome and this cationic dye is highly photosensitive, and
the initial concentration selected is low, resulting in significant removal.
Wang et al.9 further found that biochar-based Ag3PO4 composites were
easily prepared using a co-precipitation method and that the porous
structure and surface properties of the carriers (biochar) contributed to the
enhancement of pollutant adsorption, hence the excellent removal of
cationic dyes at high concentrations. However, the previous research suffers
from too long degradation time for antibiotics. To further enhance the
photocatalytic activity of biochar-based Ag3PO4 composites, numerous
studies have focused on the design strategies ofmetal-ion doping16, polymer
composites17, or composites with metal-type semiconductors to construct
heterojunctions18,19. Qian et al.20 used hydrothermal impregnation to
incorporate biochar into Ag3PO4/α-Fe2O3 heterojunctions to enhance the
generation of reactive oxygen species (ROS) and application in the degra-
dation of low concentrations of tetracycline and ciprofloxacin (20mg L–1).
Unfortunately, these reports still lack a systematic elaboration of the
mechanisms of enhanced photocatalytic roles and probing evidence of the
synergistic effects of dopant ions21. Furthermore, these methods mainly
targeted non-antibiotic organic pollutants. Additionally, when investigating
the degradation of antibiotics, the environmental impact was not compre-
hensively evaluated, limiting the removal of antibiotics at high initial con-
centrations, thus limiting their industrial applications9.

Another important design strategy involves activating Ag-based
composite photocatalysts using non-metal ion doping22. However, the
studies are not comprehensive11,21; therefore, the design of composite pho-
tocatalysts based on this strategy should be further investigated to improve
the efficiency of environmental applications and promote green develop-
ment. Common non-metallic doping includes C, N, S, B, and other het-
eroatoms; these dopants may modulate the interaction forces between the
material skeleton and the molecules22. Additionally, co-doping of two het-
eroatoms may further modulate the chemical composition and porous
structure of materials23. Currently, the most remarkable applications are N
and S co-doped carbon materials, which are attributed to the synergistic
effects between N and S24. Mao et al.25 prepared an N and S co-doped
biochar-based Bi2WO6 composite that exhibited excellent performance in
reducing the band gap energy and promoting photogenerated carrier
separation. Shabir et al.26 suggested that co-doping effectively lowers the
bandgap of TiO2 and reduces the recombination rate between photo-
generated electrons and holes, while the doped material serves as an active
site for adsorbingpollutants for photodegradation23.Moreover, owing to the
synergistic effect of numerous ions in co-doping, the light absorption range
increases, thus enhancing photocatalysis. However, the synergistic
mechanism and influencing process need to be discussed in detail27. Thus
far, few studies have been conducted on N and S co-doped biochar-based
Ag3PO4 composite photocatalysts. Additionally, there are few studies on the
photocatalytic removal of NOR at high concentrations and the synergistic
mechanisms of N and S co-doping. Therefore, in this study, a novel N,
S co-doped biochar-based Ag3PO4 composite photocatalyst (N,S-
Ag3PO4@ACB) was prepared via hydrothermal synthesis and chemical co-
precipitation method using thiourea as the precursor. First, several
advanced methods were used to characterize the physicochemical and
optical properties of N,S-Ag3PO4@ACB. Thereafter, the application of N,S-
Ag3PO4@ACB for NOR degradation and wastewater treatment was
investigated, along with its recyclability and photostability. Subsequently,
the photogenerated carrier behavior of N,S-Ag3PO4@ACB was analyzed
using electrochemistry; the main active species were identified via capture
experiments. The mechanisms through which N, S co-doping

synergistically enhanced photocatalysis were elucidated. Finally, the
dynamic degradation transformation of NOR by N,S-Ag3PO4@ACB was
explored using three-dimensional excitation-emission matrix fluorescence
spectra (3D EEMs), and the possible degradation pathways of NOR were
elucidated employing high performance liquid chromatography-mass
spectrometry (HPLC-MS). This paper is expected to introduce new per-
spectives on the photocatalytic mechanisms of N, S co-doping and biochar
synergistic enhancement of Ag-system semiconductors, as well as provide
key research ideas for the degradation process of NOR and newly identified
degradation intermediates.

Methods
Chemical reagents
Silver nitrate (AgNO3), sodium phosphate dibasic (Na2HPO4), thiourea
(CH4N2S), NOR (C16H18FN3O3), potassium hydroxide (KOH), sodium
hydroxide (NaOH), hydrochloric acid (HCl), p-benzoquinone (BQ), tert-
butyl alcohol (TBA), ammonium oxalate (AO), manganese acetate (MA),
and common solvents were used in this study and were ordered from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Ultrapure water
was employed throughout the experiments. All chemicals and solvents were
of analytical grade and did not require further purification.

Preparation of N,S-Ag3PO4@ACB
To obtain biochar, Caragana korshinskii biomass (collected from Guyuan
City, Ningxia Autonomous Region, China) was sheared and pyrolyzed at
650 °C for 3 h in an argon atmosphere. Subsequently, the activated Car-
agana korshinskii biochar (ACB) was obtained via ultrasonic activation
combined with KOH pore-making treatment at 700 °C for 1 h to remove
impurities. All temperatures were increased at 5 °Cmin–1 in an argon
atmosphere.

AgNO3 (25mL, 0.2mol L–1) was added to ACB (1.00 g) and the
mixture was ultrasonicated for 1 h, andwas further stirred for 1 h. Thiourea
(0.60 g) and 100mL of ultrapure water were added and ultrasonicated for
30min. Following this, the mixture was transferred to a Teflon™ -equipped
autoclave (SLM 250, Beijing Sen Long Reactor Co., Ltd, China) with a
controlled fill ratio of ~60% and hydrothermally reacted at 105 °C for 3 h
(with stirring). After cooling, the mixture was removed from the autoclave,
and 25mL ofAgNO3was added; themixturewas ultrasonicated for 1 h and
further stirred for 1 h. In an environment protected from light, 9mL of
Na2HPO4 (0.2 mol L–1) was added dropwise to the abovementioned mix-
ture with constant stirring, followed by ultrasonication at 50 °C for 2 h and
stirring for 2 h. Finally, the mixture was suction-filtered and activated in an
oven at 80 °C to obtain the solidN,S-Ag3PO4@ACB,whichwas ground and
passed through a 0.15mm mesh sieve. The control materials Ag3PO4 and
Ag3PO4@ACB were prepared similarly. The simple N,S-Ag3PO4@ACB
preparation procedure is illustrated in Fig. 1.

Experiments and characterization
The removal effects of N,S-Ag3PO4@ACB on NOR in an aqueous solution
and actual wastewater were investigated via typical adsorption–degradation
experiments. Three parallel and control tests were set up for all experiments.
Important experimental parameters are labeled in the figure of the result
analysis. X-ray diffraction (XRD), Scanning electron microscopy (SEM),
transmission electronmicroscopy (TEM), high-resolutionTEM(HRTEM),
Fourier-transform infrared (FTIR), Raman spectroscopy, ultraviolet-visi-
ble/diffuse reflectance spectroscopy (UV–vis/DRS), X-ray photoelectron
spectroscopy (XPS), the Brunauer–Emmett–Teller (BET) specific surface
area (SBET) and pore size analysis, three-dimensional excitation-emission
matrix fluorescence spectra (3D EEMs), inductively coupled plasma mass
spectrometry (ICP-MS), steady-state photoluminescence (PL) spectro-
scopy, photoelectrochemical properties including transient photocurrent
response (PC) and electrochemical impedance spectroscopy (EIS), and
electron spin resonance (ESR) were performed in this work. The detailed
experimental procedures,material characterizations (to investigate the basic
physico-chemical properties, structure,morphology, surface characteristics,
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and optical behavior of the prepared materials, etc.), and analysis methods
can be found in a previously published paper7,9.

Results and discussions
Characterization
The XRD patterns of both Ag3PO4@ACB and N,S-Ag3PO4@ACB were
indexed to the cubic phase crystal Ag3PO4 (JCPDS No. 06-0505), and the
corresponding crystal faces were labeled (Fig. 2a). Additionally, 2θ = 25.9°,

28.9°, 31.5°, 34.4°, 40.7°, 43.4°, and 46.2° were matched to the monoclinic
phase crystal Ag2S, which corresponded to the crystal planes (–111), (111),
(–112), (–121), (–121), (031), (200), and (–123), respectively. Thediffraction
peak of Ag2Swas relatively weak compared to that of Ag3PO4,matching the
standard structure of JCPDS No. 14-007228. Moreover, the peaks of 2θ at
40.3° and 64.4° were fitted to the (200) and (220) planes of the cubic phase
crystal Ag nanoparticles (JCPDS No. 04-0783) with a space group of Fm-
3m(225). This may imply that some of the Ag+ was reduced to Ag

Fig. 1 | Schematic illustration of the synthesis of N,S-Ag3PO4@ACB in this study.

Fig. 2 | XRD patterns, FTIR, Raman spectroscopy, and adsorption-desorption isotherm of the prepared photocatalysts. a XRD patterns, b FTIR spectra, c Raman
spectra, and d adsorption-desorption isotherm of N,S-Ag3PO4@ACB.
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monomers during ternary complexation29. Diffraction peaks of ACB were
not detected because of the Ag2S/Ag3PO4 coverage, and the ACB exhibited
an amorphous state. Therefore, N,S-Ag3PO4@ACB is a Ag2S/Ag3PO4/ACB
heterogeneous photocatalyst that contains a few reduced Ag nanoparticles.
Notably, S in thiourea chemically reactswithAgvia a hydrothermal reaction
to produce Ag2S crystals.

FTIR (Fig. 2b) and Raman (Fig. 2c) spectra were employed to analyze
the surface functional group and defect structure of thematerials. The FTIR
spectra ofAg3PO4@ACBandN,S-Ag3PO4@ACBwere similar (Fig. 2b), and
the typical infrared features of both ACB and Ag3PO4 were detected. Spe-
cifically, the broad –OH stretching vibrational peak near 3420 cm–1 is
attributed to ACB, and the strong vibrational peaks near 1010 and 545 cm–1

are attributed to the P–O stretching vibration of PO4
3− from Ag3PO4.

Moreover, ACB exhibits C–O stretching vibration at 1010 cm–1, but when
ACB is complexedwithAg3PO4, this characteristic peak redshifts slightly to
1070 cm–1 owing to superposition. Additionally, the characteristic peak at
1630 cm–1 may be an O–H bending vibrational peak from the adsorbed
water of Ag3PO4, and the characteristic peak at 1384 cm

–1 may correspond
to a C=O bond from ACB19. However, all these characteristic peaks of N,S-
Ag3PO4@ACB were slightly weakened by N and S co-doping.

Therewas nomarkeddifference in the positions of theDand 2Dbands
of Ag3PO4@ACB compared with those of the characteristic peaks of ACB
(Fig. 2c). The G band, which represents graphitic carbon, was slightly blue-
shifted, probably owing to the interaction of Ag3PO4 with the graphitized
structure ofACB.The intensitiesof these peakswere significantlyweakened,
indicating the combination of Ag3PO4 with the multilayer graphitized
structure of ACB. With N and S co-doping, the D and G bands of N,S-
Ag3PO4@ACBwere strengthened considerably, and the ratio of the D peak
intensity to the G peak intensity was slightly higher than that of
Ag3PO4@ACB. This observation indicates a higher degree of defects and
disorder in the carbon crystals of N,S-Ag3PO4@ACB, which may have
facilitated the separation of photogenerated carriers therein.Mao et al.25 also
suggested that co-doping with N and S affects the degree of defects in
biochar; Smay facilitate efficient chemical reactivity,whereasNmaydirectly
interact with carbon atoms to alter electrical conductivity.

The specific surface areas, pore volumes, and pore sizes are listed in
Table 1 and Supplementary Table 1. Figure 2d shows the adsorption-
desorption isotherm, demonstrating that N,S-Ag3PO4@ACB exits a hys-
teresis loop at relative pressures of 0.60 to 0.95, which is a typical feature of
mesoporous structures. The BET-specific surface area (SBET) of
Ag3PO4@ACB was 148.19m2 g–1, which is much less than that of ACB.
When N and S were co-doped, the SBET of N,S-Ag3PO4@ACB instead
increased to 304.00m2 g–1, which also increased the pore volume to
0.162 cm3 g–1 and decreased the average pore diameter to 2.13 nm. This
suggests that the co-doping of N and S activated the pore structure of
Ag3PO4@ACB, leading to redistribution of the Ag3PO4 crystals on the
surface of ACB, and improved the active sites of N,S-Ag3PO4@ACB

30.
Field Emission Scanning Electron Microscopy (FESEM, Fig. 3) and

Transmission ElectronMicroscopy (TEM, Fig. 4) with an energy-dispersive
spectrometer (EDS, Table 1) enable the visualization of the microscopic
morphology of the materials. The ACB had a porous honeycomb structure
with a smooth surface and many exposed pore channels (Fig. 3a). Ag3PO4

displayed irregular particles and was densely embedded in the porous
structure of the ACB. The growth of cubic crystals on the inner wall of the
ACBmaybe attributed to electrostatically driven self-assembly betweenAg+

and the negatively charged ACB on the surface9. Additional FESEM images
are provided in Supplementary Fig. 1. Figure 3b indicates a similar mor-
phology, with many crystal particles deposited inside the ACB pores.
Figure 3c shows finer Ag2S microspheres stacked on Ag3PO4 particles to
form a similar core-shell structure28, which implies that the Ag2S/Ag3PO4

combination was loaded together into the porous structure of the ACB. It is
also possible that Ag2S/Ag3PO4 was most probably deposited separately on
the surface of the thin layer of ACB (Fig. 3d). This is different from the
Ag3PO4@ACBmorphology (Fig. 3a), implying that the co-doping of N and
S led to the formationofAg2S/Ag3PO4heterojunctions. To further verify the
distribution of Ag2S/Ag3PO4 in this composite, elemental mapping was
performed, as shown in Fig. 3e. It clearly shows that C, Ag, O, P, and S were
uniformly distributed in N,S-Ag3PO4@ACB, confirming the formation of a
heterojunction. Moreover, the relatively high level of S, whose distribution
was similar to that of Ag, confirmed the production of Ag2S in the hydro-
thermal reaction.

ACB existed in the form of folded sheets, and Ag3PO4 and Ag2S were
anchored on top of these folded sheets to aggregate and form deep black
lattice spots (Fig. 4a). The lattice spacings of 0.2689 and 0.2454 nm in Fig. 4b
may be assigned to the (210) and (211) planes of Ag3PO4, respectively, and
the lattice spacing of 0.2836 nm matches the (–112) plane of Ag2S. The
Ag2S/Ag3PO4 crystals were closely surrounded by the ACB interface, which
indicates that the Ag2S andAg3PO4 crystals are very close to each other and
that the ternary heterojunction of Ag2S/Ag3PO4/ACB was successfully
constructed. This was confirmed by the HRTEM images of the other
investigated regions (Fig. 4c), where the (210) plane of Ag3PO4 and the
(–112) plane of Ag2S were observed. Figure 4d displays a selected area
electron diffraction (SAED) image of N,S-Ag3PO4@ACB, which shows that
the composite photocatalyst was polycrystalline31. The (–112) and (040)
planes ofAg2S and (110), (210), and (220) planes ofAg3PO4were identified.
Thus, these micromorphological characterizations further confirm that
N,S-Ag3PO4@ACB is essentially a composite Ag2S/Ag3PO4/ACB
heterojunction.

Figure 5 shows the XPS spectra to characterize the bonded valence
structure of N,S-Ag3PO4@ACB. The survey spectra of this composite
detected P 2p, S 2p, C 1s, Ag 3d, N 1s, O 1s, and followed by typical Ag 3p
double peaks32, which further validated the co-doping of N, S into
Ag3PO4@ACB. The binding energies corresponding to the valence states of
these elements are labeled in Fig. 5a with atomic percentages matching the
EDS results (Table 1). The high-resolution spectra of C 1s (Fig. 5b) could be
deconvolved to three peaks at 284.8, 286.4, and 288.9 eV, corresponding to
the carbon material backbones C–C, C–O/C–N, and O–C=O bonds,
respectively, derived fromACB18. TheO 1s high-resolution spectra (Fig. 5c)
show two fitted peaks at 530.5 and 532.1 eV, which are attributed to lattice
oxygen and adsorbed oxygen (–OH), respectively. In Fig. 5d, Ag 3dmay be
deconvoluted into four fitted peaks, with two strong characteristic peaks
near 368.1 and 374.1 eV corresponding with Ag 3d5/2 and Ag 3d3/2 in
Ag3PO4 (or Ag2S), respectively, indicating the presence of Ag+ in the
composite28. Additionally, two weak peaks near 369.4 and 372.9 eV were

Table 1 | Basic physico-chemical properties of the prepared materials

Photocatalysts C (%)a Ag (%) O (%) P (%) N (%) S (%) SBET (m2·g−1) Pore volume c (cm3·g−1) Pore size d (nm)

ACB 85.42 –b 11.52 – 0.76 – 995.70 0.463 1.86

Ag3PO4 – 77.31 15.29 7.40 – – 21.73 0.001 11.90

Ag3PO4@ACB 72.87 12.49 12.86 1.11 0.67 – 148.19 0.092 2.49

N,S-Ag3PO4@ACB 64.37 12.41 13.86 1.79 2.03 5.54 304.00 0.162 2.13
aThese data are from EDS energy spectra.
b“–”means have not been detected or not determined.
cSingle point adsorption total pore volume.
dAdsorption average pore diameter (4V/SBET).
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attributed to nano Ag0 monomers, which is consistent with the XRD ana-
lysis of Ag/Ag2S/Ag3PO4 that is complexed to the ACB surface. In the S 2p
spectra (Fig. 5e), the S 2p3/2 andS2p1/2 peaks at ~161.2 and162.4 eV support
the valence state of S2–, and the doublet separation energy of 1.2 eV is
consistent with the valence characterization of the metal sulfides attributed
to Ag2S

33. The P 2p peak at 132.5 eV (Fig. 5f) indicates that P had a+ 5
valence state,whichwas attributed to the valence state ofP5+ inAg3PO4

32.As

shown in Fig. 5g, the N 1s separable peaks were fitted to two peaks at 398.2
and 400.8 eV, corresponding toC–Nbonds and graphitizedN, respectively.
This implies that N doping mainly activates the biochar and affects the C
atoms, all of which contribute to the defect structure of the ACB.Moreover,
graphitized N facilitates the supply of active sites to enhance photoelectron
migration in photocatalysis25. The XPS results further confirm that the N,S
co-doped Ag3PO4@ACB is a heterostructure of Ag/Ag2S/Ag3PO4/ACB.

Fig. 3 | FESEM andmapping images of the prepared photocatalysts. a FESEM image of Ag3PO4@ACB, b, c FESEM images of N,S-Ag3PO4@ACB, and d FESEM-mapping
mixed total image of N,S-Ag3PO4@ACB, followed by the distribution maps of each element as C, Ag, O, P, S, and N, respectively.
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Optical properties
As illustrated in Fig. 6a, the maximum absorbance edge of Ag3PO4 was
~534 nm, and both Ag3PO4@ACB and N,S-Ag3PO4@ACB exhibited
excellent absorption in the range of 200–800 nm.Moreover, with N and S
co-doping, the average absorbance of N,S-Ag3PO4@ACB (curve above)
was substantially than that of Ag3PO4@ACB, which facilitated the com-
plete utilization of visible light by N,S-Ag3PO4@ACB. The direct for-
bidden bands of Ag3PO4, Ag3PO4@ACB, and N,S-Ag3PO4@ACB were at
2.30, 2.04, and 1.86 eV, respectively (Fig. 6b); thus, the forbidden band of
Ag3PO4 gradually decreased with the application of ACB as a carrier and
after co-doping with N and S. This phenomenon was also confirmed by
the indirect forbidden band shown in Fig. 6c, which displays similar
results. The XPS valence band spectrum of N,S-Ag3PO4@ACB (Fig. 6d)
can be converted to valence and conduction bands at the NHE according
to Eqs. (1) and (2), as reported byWang et al.7. Thus, the valence band of
N,S-Ag3PO4@ACB is estimated to be 1.35 eV and the conduction band is
–0.51 eV. In comparison, the valence and conduction bands of Ag3PO4 in
a related study by Wang et al.9 were found to be 2.61 and 0.31 eV,
respectively.

Adsorption-photocatalytic degradation of NOR performance
The NOR removal performance of the prepared materials was evaluated
(Fig. 7). The removal of NOR at an initial concentration of 50 mg L–1 by
N,S-Ag3PO4@ACB was 90.42% after 120 min of light exposure, com-
pared with 74.17% and 35.45% for the control treatments Ag3PO4@ACB
and pure Ag3PO4, respectively (Fig. 7a). These results demonstrate that
the use of ACB as a carrier promoted the photocatalytic activity of pure
Ag3PO4 and that N and S co-doping further enhanced the degradation

efficiency of the Ag3PO4@ACB composite for NOR. The adsorption
effect of ACB on NOR was substantially higher than that of Ag3PO4

because of the influence of the specific surface area. The
adsorption–desorption equilibrium of ACB was reached within 60 min
in the dark, after which the concentration of NOR decreased insub-
stantially with increasing irradiation time. Although Ag3PO4 exhibited
limited adsorption of NOR in the dark, it could continuously photo-
degrade NOR after 120 min of irradiation. Consequently, the final NOR
removal rate by Ag3PO4 was higher than that by ACB. This result also
indicates that the removal of NOR by ACB proceeds mainly via physical
adsorption, and the removal by Ag3PO4 proceeds mainly via photo-
catalytic degradation. The removal mechanisms of NOR by N,S-
Ag3PO4@ACB and Ag3PO4@ACB included adsorption and photo-
catalysis; however, photocatalysis was dominant, judging from the
combination of removal rate and reaction time.

Figure 7b displays the pseudo-first-order degradation kinetic, and
this degradation rate constant of N,S-Ag3PO4@ACB was 0.0175min–1 at
90 min of irradiation, which is 1.73 times higher than that of
Ag3PO4@ACB (0.0101 min–1) and 5 times higher than that of Ag3PO4

(0.0035 min–1). The implies that N,S-Ag3PO4@ACB exhibited the
strongest visible-light photocatalytic activity, and the N, S-co-doped
composite design significantly enhanced the photocatalytic performance
compared to Ag3PO4@ACB and pure Ag3PO4. However, in terms of the
increased rate of pseudo-first-order kinetic degradation, the complexa-
tion of ACB as a carrier with Ag3PO4 was superior to N and S co-doping.
Additionally, the total organic carbon (TOC) removal rate can demon-
strate the mineralization ability of NOR and reflect the photodegradation
performance. The TOC removal rate of N,S-Ag3PO4@ACB after 120min

Fig. 4 | TEM and HRTEM images of N,S-
Ag3PO4@ACB. a TEM image of N,S-
Ag3PO4@ACB, b, c HRTEM images of N,S-
Ag3PO4@ACB, and d SAED of N,S-Ag3PO4@ACB.
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of irradiation was 69.67%, whereas those of Ag3PO4@ACB and Ag3PO4

were 53.72% and 36.55%, respectively (Fig. 7c). N,S-Ag3PO4@ACB dis-
played the highest TOC removal rate, which implied that N,S-
Ag3PO4@ACB degraded NOR more completely and produced more
degradation intermediates than Ag3PO4@ACB and Ag3PO4 over the
same period.

Effects of environmental factors
Generally, environmental factors may affect the photocatalytic activity. As
shown in Fig. 8a, the removal rate of N,S-Ag3PO4@ACB gradually
decreased as the initial concentration of NOR was increased from 20 to
60mg L–1, and the rate of decrease also decreased. When the NOR con-
centrationwas 20mg L–1, it was evident thatN,S-Ag3PO4@ACBwas almost

Fig. 5 | XPS spectra of N,S-Ag3PO4@ACB.
a Survey, b C 1s, c O 1s, d Ag 3d, e S 2p, f P 2p, and
g N 1s.
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completely degraded within 60min of irradiation. When the NOR con-
centration was increased to 30mg L–1, the time for complete degradation
increased to 90min. This wasmainly related to the probability of interfacial
contact between the solute composite and the reduction in effective com-
posite active sites. High NOR concentrations (e.g., 60mg L–1) inhibited
photogenerated carrier transfer and decreased the photocatalytic degrada-
tion rate. The removal rate of NOR by N,S-Ag3PO4@ACB decreased in the
following order: pH = 6.88 > pH = 8.87 > pH = 11.03 > pH = 4.91 > pH =
2.93 (Fig. 8b). This result suggests that the degradation of NOR by N,S-
Ag3PO4@ACB is best in neutral environments, and that both acidic and
alkaline environments inhibit it, even though acidic environments inhibit
the degradation ofNORmore than alkaline environments.Additionally, the
degradation rate ofNORbyN,S-Ag3PO4@ACBwas reduced by 4.72% in an
alkaline environment (pH = 11.03) compared to that at pH = 6.88, whereas
itwas reducedby14.50% inan acidic environment (pH = 2.93). This implies
that N,S-Ag3PO4@ACBmay be buffered in alkaline environments and has
little impact on the photocatalytic degradation of NOR. However, strongly
acidic environments have a significant impact, which is related to the pro-
tonation of NOR and electrostatic repulsion at the nonhomogeneous
interface25.

As shown in Fig. 8c, the NOR degradation rate by N,S-Ag3PO4@ACB
gradually increased with increasing dosage. When the dosage was 2 g L–1,
NOR was almost completely removed by irradiation for ~90min. This is
related to the larger SBET and surface-active sites of N,S-Ag3PO4@ACB; the
higher dosage of the photocatalyst significantly enhanced the adsorption of
NOR and promoted the rapid transfer of degradation intermediates on the
surface of N,S-Ag3PO4@ACB. The effect of the coexisting ions on NOR
degradation is shown in Fig. 8d. Overall, NaCl and NaNO3 treatments had

little impact on the degradation of NOR; however, Na2SO4 and Na2CO3

treatments significantly reduced the degradation rate of NOR.Moreover, in
the dark, there was little impact on the adsorption of NOR by N,S-
Ag3PO4@ACB because of the low concentrations of these coexisting ions.
The differences between the four different coexisting ions were mainly
related to the charges carried by the coexisting ions, the molecular weight
size, the crystal size of the salt ions, and the solution pH. Na2CO3 exhibited
the strongest reduction of 16.97% owing to the alkaline nature of this
treatment in solution.

Reusability and photostability
Based on the above typical adsorption-photocatalytic degradation experi-
ments, five rounds of recycling tests were conducted to study the reusability
and photostability of N,S-Ag3PO4@ACB. The degradation rate of NOR by
N,S-Ag3PO4@ACB decreased by 10.08% relative to the first cycle after five
recycling tests (in Fig. 9a). This implied that the recyclability of N,S-
Ag3PO4@ACB was moderate. To further investigate the photostability of
N,S-Ag3PO4@ACB, the samples were centrifuged after five recycling tests
and then washed with ultrapure water, and the recovered N,S-
Ag3PO4@ACBwere driedat 80 °C for 10 h before testing. XRDpatterns and
FTIR spectra were obtained of the recovered samples. As shown in Fig. 9b,
theXRDresults indicate that the crystal structure ofN,S-Ag3PO4@ACBwas
not significantly altered, except for the extra impurity peak at 2θ = 19.4°
which is not matched to the crystal. The FTIR results (Fig. 9c) indicate a
slight increase in the intensity of the –OHbroad stretching vibrational peak
at 3420 cm–1 after the recycling tests, whichmay be related to the adsorption
of degradation intermediates containing –OH functional groups. The
positions and characteristic peak intensities of the other surface functional

Fig. 6 | UV–vis/DRS spectra of prepared photocatalysts. aUV–vis/DRS spectra, b direct band gap based on Tauc plot, c indirect band gap based on Tauc plot, and d XPS
valence band of N,S-Ag3PO4@ACB.

https://doi.org/10.1038/s41545-024-00393-8 Article

npj Clean Water |            (2024) 7:97 8

www.nature.com/npjcleanwater


groups of N,S-Ag3PO4@ACB did not change significantly, indicating that
the N, S-co-doped biochar-based composites had better photostability.

Actual wastewater treatment
The degradation of NOR in wastewater 1# (from the rabbit plant) and
wastewater 2# (from the chickenplant) byN,S-Ag3PO4@ACBwas 71.80%
and 82.88%, respectively, after 180min of irradiation (Fig. 9d). Addi-
tionally, these industrial wastewaters contain interfering ions (Supple-
mentary Table 2). However, the satisfactory degradation of N,S-
Ag3PO4@ACB in NOR-containing wastewater suggests that this com-
posite photocatalyst has the potential to treat highly concentrated
wastewater.

Photogenerated carrier behavior
The photoresponsivity and photocurrent density of N,S-Ag3PO4@ACB
were considerably higher than those of Ag3PO4@ACB and pure Ag3PO4

(Fig. 10a). The photocurrent density of N,S-Ag3PO4@ACB increased with
increasing irradiation time. However, as the light exposure time increased,
the photocurrent density of pure Ag3PO4 remained constant, whereas that
of Ag3PO4@ACB decreased slightly. This implies that the separation effi-
ciency of N,S-Ag3PO4@ACB for photogenerated electron-hole pairs is
superior to that ofAg3PO4@ACBandAg3PO4,which ismainly attributed to
N and S co-doping to construct theAg2S/Ag3PO4/ACBheterojunction, and
that N enhances the electrical conductivity and defect degree of the com-
posite. EIS Nyquist plots are shown in Fig. 10b, where N,S-Ag3PO4@ACB
possesses a smaller Nyquist radius, implying that N,S-Ag3PO4@ACB has a

lower charge transfer resistance and higher charge transfer efficiency than
those of Ag3PO4@ACB andAg3PO4. This suggests that N,S-Ag3PO4@ACB
effectively prevented photogenerated carrier separation20. In addition, the
introduction of ACB enhances the charge transfer of Ag3PO4

9. Figure 10c
shows that Ag3PO4 produced a strong steady-state photoluminescence (PL)
spectrum near 550 nm. Tian et al.28 demonstrated that the strong emission
peak of Ag3PO4 is near 550 nm, indicating that the photon energy is
approximately equal to its forbiddenband energy (~2.4 eV), and is therefore
considered to be a recombination of photogenerated electrons and holes
derived from Ag3PO4. However, the spectra of N,S-Ag3PO4@ACB and
Ag3PO4@ACB exhibited significant blue shifts. This is mainly due to the
introduction of ACB and the co-doping of N and S, suggesting that there is
an intrinsic potential in the direction from Ag3PO4 to ACB and that strong
interactions may lead to a redistribution of the interfacial charge density,
that is, the electrons move from Ag3PO4 to ACB34. In summary, the elec-
trochemical analysis and PL spectra confirmed that N,S-Ag3PO4@ACB
possessed good photogenerated charge separation efficiency.

Roles of reactive species
Furthermore, the active species were identified to determine the reasons for
the excellent performance of N,S-Ag3PO4@ACB, and the role of the
dominant free radicals in the synergistic enhancement of photocatalysis.
Figure 11a shows that N,S-Ag3PO4@ACB degraded 90.42% of NOR with-
out scavenger.When the addition of a scavenger reduced the degradation to
41.08%, 45.53%, 46.24%, and 87.45% in theBQ (corresponding to ·O2

–), AO
(H+), TBA (·OH), and MA (e–) treatments, respectively. This also implies

Fig. 7 | Adsorption-photocatalytic degradation performance analysis.
aAdsorption-photocatalytic degradation ofNORusing the prepared photocatalysts.
b Pseudo-first-order kinetic curves of NOR by the prepared photocatalysts. c TOC

removal efficiency. (Experimental conditions: initial concentrations of NOR at
50 mg L–1, photocatalysts dosage of 1 g L–1, initial pH of ~7.0, 500W xenon lamp).
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that ·O2
–, H+, and ·OH play a dominant role in this photocatalytic system.

Additionally, the conduction band of N,S-Ag3PO4@ACB is located at
–0.51 eV, which is more negative than the O2/·O2

– oxidation potential
(–0.33 eV),which favors the systemtoproducemore ·O2

–. The valence band
of N,S-Ag3PO4@ACB is located at 1.35 eV, which is lower than the
OH–/·OHoxidation potential (+2.40 eV); this does not favor the generation
of ·OH. However, the surface of ACB contains several EPFRs, which could
induce the generation of ·OH35.

To further verify this result, ESR was measured. No obvious 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-·OH (fourfold peaks) and
DMPO-·O2

− (sixfold peaks) signalswere detected forN,S-Ag3PO4@ACB in
the dark (Fig. 11b, c). However, after 10min of irradiation, typical
DMPO-·O2

– and DMPO-·OH signals were observed, which indicates that
N,S-Ag3PO4@ACBwas able toproduce ·OHand ·O2

– radicalsunder visible-
light irradiation. This result is consistent with those of the free-radical
trapping experiments, suggesting that ·OH and ·O2

– radicals play an
important role in the degradation of NOR by N,S-Ag3PO4@ACB. Addi-
tionally, the co-doping of N, S could significantly enhance the DMPO-·OH
signals of Ag3PO4@ACB (Fig. 11b, c), which is closely related to the defects
and energy band structure ofN,S-Ag3PO4@ACB.Moreover, the use ofACB
as a carrier increased the intensity of the DMPO-·OH signals of Ag3PO4,
which may be attributed to the abundant EPFRs on the ACB surface35.

Synergistic mechanisms
Considering the above results, it could be inferred that the degradation
mechanisms of NOR by N,S-Ag3PO4@ACB generally included three parts.
First, NOR was adsorbed onto the surface of N,S-Ag3PO4@ACB by phy-
sisorption and chemisorption, and related adsorption mechanisms have
been reported previously9,30. Second, a non-homogeneous photocatalysis
takes place at the interfaces between N,S-Ag3PO4@ACB and NOR to

generate ROS, which gradually degrade NOR23. Finally, the degradation
intermediates detach from the surface of N,S-Ag3PO4@ACB, thus releasing
the active sites, which reabsorb the NOR and the degradedmacromolecular
intermediates to continue photocatalysis. The ROS generated during pho-
tocatalysis are strongly oxidized until NOR is gradually mineralized toH2O
and CO2

7.
The paths of the possible photogenerated carriers for N,S-

Ag3PO4@ACB are illustrated in Fig. 12. According to Tian et al.28 and Shi
et al.33 the conduction band (–0.025 eV) and valence band (0.0965 eV) of
Ag2S were estimated to have larger negative potentials than the conduction
band (0.31 eV) and valence band (2.61 eV) of Ag3PO4, respectively. Under
visible light irradiation, both Ag2S and Ag3PO4 can be excited to produce
photogenerated electrons and holes in their conduction and valence bands,
respectively. For the double silver composite system, a small amount of Ag
was inevitably produced under visible-light irradiation, as demonstrated in
the XRD patterns (Fig. 2a) and XPS analyses (Fig. 5). The surface plasmon
resonance (SPR) effect of the Ag nanoparticles enhances the photocatalytic
efficiency of Ag3PO4

31. Moreover, the Fermi energy level of Ag is more
negative than that of Ag3PO4, which facilitates the transport of photo-
generated charges between Ag2S and Ag3PO4. Ag nanoparticles act as
photogenerated carrier-binding sites with ACB during photocatalysis,
resulting in the rapid combination of holes generated by photoexcitation
near the valence band of Ag2S and photogenerated electrons near the
conduction band of Ag3PO4

36. Therefore, in this composite system, the
photocatalytic mechanism of the Z-scheme was more compatible. Addi-
tionally, a conventional Type-II heterojunction would not be favorable for
the formation of ·O2

– radicals, which contradicts the results of the free
radical trapping experiments described above. Shi et al.33 concluded that the
oxidation potential ofH+ in the valence band ofAg2S is tooweak to degrade
organic pollutants and that the conduction band potential of Ag3PO4 is

Fig. 8 | Effects of different factors on the adsorption-degradation of NOR using
N,S-Ag3PO4@ACB. a initial concentration, b initial pH, c addition dosage, and
d coexisting ions. (Except for the investigated parameter, other parameters were

fixed: initial concentration of 50 mg L–1, addition dosage of 1 g L–1, initial pH of ~7.0,
500W xenon lamp, no coexisting ions).
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more positive than the O2/·O2
– oxidation potential. Therefore, the e–

accumulated in the conduction band ofAg3PO4may not be able to generate
·O2

– radicals via adsorbed dissolved oxygen. These typical Z-scheme het-
erojunctions (Fig. 12) promote the photocatalytic activity of N,S-
Ag3PO4@ACB over Ag3PO4@ACB.

Furthermore, the mechanisms of enhanced photocatalysis by syner-
gistic N and S co-doping of biochar may include the following possible
contributions. (1) Liu et al.30 suggested that the functional group density on
the surface of metal- and heteroatom-doped biochar-based composites
increases owing to the presence ofN- and S-containing groups. This implies
that N,S-Ag3PO4@ACB has improved affinity for pollutants and better
adsorption properties than Ag3PO4@ACB. This is corroborated by the
surface properties shown inTable 1, whereN and S co-doping increased the
specific surface area of N,S-Ag3PO4@ACB, increased its pore volume, and
reduced its average pore size. Moreover, in the N,S-Ag3PO4@ACB system,
the lonepairs of electrons inNandSmay act as electrondonors. Specifically,
the electronegativity of N (3.04) is higher than that of C (2.54), which may
modify the electron transfer and affect the electron spin properties of
biochar27. Additionally, N,S-Ag3PO4@ACB contains graphitic N (Fig. 5),
which is considered the most favorable for the activation because the
nonuniform distribution of graphitic N in the hexagon tends to cleave or
dissociate the individual chemical bonds of the pollutants during their
interaction with N,S-Ag3PO4@ACB

30. The electronegativity of S (2.58) is
close to that of the carbon atom, which could induce a spin charge in the

carbon lattice of the biochar, creating more catalytic centers for N,S-
Ag3PO4@ACB

27. Moreover, Liu et al.30 reviewed many related reports and
found that S-containing composites facilitated interfacial electron transfer
between the photocatalyst andmetal atoms because S could easily oxidize to
S2–. (2) The surface porosity, defect structure, and OFGs of biochar are
potential active sites14, which are enhanced during both the adsorption stage
and the desorption-diffusion of degradation intermediates16,17. In addition,
the high electrical conductivity of ACB promotes the transfer of photo-
generated electrons7,14. Previous studies have also found that biochar sur-
faces contain many EPFRs that boost ROS generation in composites13. (3)
Ag3PO4 is an n-type semiconductor37, whereas Ag2S is a p-type semi-
conductor; thus, a p-n heterojunctionmay be formed between them, which
enhances the effective separation of photogenerated carriers38. Furthermore,
Meng et al.39 proposed the concept of a photocatalytic relative p-n hetero-
junction; N,S-Ag3PO4@ACB may behave similarly, as well as being the
Z-scheme transfer type of the p-n heterojunction, which reveals that the
noble metal Ag loading and non-metallic N, S co-doping provided endo-
genous dynamics for photogenerated carrier migration.

Degradation process and pathways of NOR
Figure 13 shows the 3D EEMs spectra of the residual NOR solutions col-
lected at different times. As shown in Fig. 13a, the initial NOR solution
before irradiation exhibited a strong fluorescence characteristic peak at Ex/
Em= 200–360/370–530 nm. This is significantly different from that

Fig. 9 | Reusability, photostability and wastewater treatment performance ana-
lysis. a Recycling performance tests of photocatalytic degradation for NOR removal
using N,S-Ag3PO4@ACB. (Experimental conditions: initial concentration of
50 mg L–1,addition dosage of 1 g L–1, initial pH of ~7.0, 500W xenon lamp). b The
XRD patterns of N,S-Ag3PO4@ACB before and after the recycling tests. c The FTIR

spectroscopy of N,S-Ag3PO4@ACB before and after the recycling tests. d Actual
wastewater tests for NOR removal using N,S-Ag3PO4@ACB. (Experimental con-
ditions: addition dosage of 1 g L–1, 500W xenon lamp, no adjustment of other
parameters).
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reported by Liang et al.29 in which the original NOR exhibited two excita-
tion/emission regions at Ex/Em= 250–300/425–475 nm and Ex/
Em= 300–350/425–475 nm. The higher concentration of NOR (50mg L–1)
used in this study caused these two peaks tomerge. NOR generates a strong
fluorescent signal related to its molecular structure, and the excitation/
emission region depends on the concentration of humic acid29. After 10min
of irradiation, the center of this large fluorescence peak was slightly red-
shifted along the emission axis, which could be a humic acid-like substance
produced by NOR photodegradation. As the photocatalytic reaction pro-
ceeded (Fig. 13b–d), this large fluorescence peak gradually divided into two
smaller fluorescence peak; the peaks flattened and their intensities gradually
decreased. Additionally, the center of this large fluorescence peak gradually
blue-shifted along the emission axis, which may be attributed to the dis-
ruption of the conjugated heterocyclic structure of NOR, decomposition of
NOR into small-molecule organics, and cleavage of specific functional
groups in the degradation process. At 120min of irradiation (Fig. 13e), the
intensities of these twofluorescencepeaksdecreased significantly, indicating
that the NOR molecules were photocatalytically degraded, and the con-
centration gradually decreased with further mineralization of the degrada-
tion intermediates. Thus, the 3D EEMs results showed that NORmolecules
may be progressively degraded via N,S-Ag3PO4@ACB visible-light photo-
catalysis until complete removal.

The possible photocatalytic degradation intermediates ofNORbyN,S-
Ag3PO4@ACB were identified using HPLC-MS. Detailed mass spectra are
shown in Supplementary Fig. 2, and the deduced intermediate degradation
products are presented in Supplementary Table 3. Based on the data for the
degradation intermediates and the results of the 3D EEMs analysis, possible
degradation pathways for NOR were proposed, as illustrated in Fig. 14.

Pathway I involved photocatalysis by the NOR transformation mechanism
of substituted F atoms, quinolone group transformation, and piperazine
ring cleavage. First, the ·OH generated via photocatalytic degradation
replaced the F atoms in the NOR, converting NOR to P1 (m/z = 318).
Subsequently, the continued addition of two hydroxyl groups to the C atom
in the NOR-unsaturated bond preferentially produced P2 (m/z = 352),
whereas P3 (m/z = 323) was produced by loss of the –HCO bond. Similar
degradation pathways have been reported by Chen and Chu40 and Shah
et al.41 in which NOR directly formed P1 and P3 by replacing F and losing
the –C=O bond42. Next, P3 was converted to P4 (m/z = 277) by the loss of
the –HCOOH bond, which was then converted to P5 (m/z = 251) by clea-
vage of the piperazine ring and loss of the –C2H2 bond. P5 extracted elec-
trons from N, and the C–N bond was cleaved, followed by the loss of the
ethylenediamine group (–NH2–CH2–CH2–NH2 chain), which in turn was
converted to P6 (m/z = 192). Finally, owing to the continuous attack of ROS
on the C atom, NOR and some of the intermediates were converted to P7
(m/z = 107) through a series of reactions. In summary, degradationpathway
I is associated with the replacement and elimination of F atoms, ring
opening, decarboxylation for quinolone group conversion, and possible
piperazine ring cleavage through the loss of the ethylenediamine group. As
indicated by degradation pathway II, the original NOR was gradually
converted to P8 (m/z = 296), mainly by decarboxylation and opening of the
piperazine ring during photodegradation, after which the alkyl group was
removed to produce P11 (m/z = 227). Additionally, the unsaturated carbon
atom in NORmay also be converted to P9 (m/z = 290) by decarboxylation
and dehydrogenation reactions, and lose O to form P10 (m/z = 276). In
summary, degradation path II is associated with decarboxylation and
dealkylation. For degradation pathway III, the original NORwas converted

Fig. 10 | Electrochemical analysis and photoluminescence spectroscopy of the prepared photocatalysts. a Transient photocurrent responses, b EIS Nyquist profiles, and
c PL spectra.
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to P12 (m/z = 336) via the addition of hydroxyl groups (·OH instead of H)
during ROS oxidation which was then converted to P13 (m/z = 352)
through the replacement of F atoms with hydroxyl groups. This was
immediately followed by conversion to P14 (m/z = 346) via dehydroxyla-
tion, deoxygenation to P15 (m/z = 332), opening of the piperazine ring to
P16 (m/z = 291), and complete removal of the remaining piperazine ring to
P23 (m/z = 234). Moreover, the degradation intermediate P12 (m/z = 336)
may also be directly converted to P17 (m/z = 350) by opening the piperazine
ring under the action of ROS, followed by deoxygenation to produce P18

(m/z = 322) or P19 (m/z = 322), two tautomers. The conversion was con-
tinued by deoxygenation to P20 (m/z = 294) and deamidation to P21 (m/
z = 279). Finally, itwas converted toP22 (m/z = 261)by replacing theF atom
and to P23 (m/z = 234) by removing the piperazine ring in the presence of
ROS.Overall, degradation pathway III involves the oxidative cleavage of the
piperazine ring by ·OH and the replacement of F. This pathway III is
supported by Li et al.6. Notably, the NOR degradation intermediate P7 (m/
z = 107) in this study has rarely been found in previous reports.

Discussion
A novel N,S-Ag3PO4@ACB composite was prepared via hydrothermal
synthesis and chemical co-precipitation. The degradation pathway of NOR
and the factors affecting the degradation were investigated, revealing the
synergistic enhancement mechanisms of biochar with N and S co-doping.
Multiple characterizations showed that N,S-Ag3PO4@ACB is an Ag2S/
Ag3PO4/ACBcomposite photocatalystwith aZ-schemep–nheterojunction
containing Ag nanoparticles. N, S co-doping further enriched the elemental
composition, surface functional groups, and defects of the biochar-based
composite, activating its pore structure and increasing its specific surface
area (304.00m2 g–1) and pore volume. N,S-Ag3PO4@ACB exhibited
absorbance from 200 to 800 nm; furthermore, its forbidden band was
narrowed (1.86 eV), and its conduction and valence bands were –0.51 and
1.35 eV, respectively. N,S-Ag3PO4@ACB degraded 90.42% of NOR
(50mg L–1) after 120min of irradiation; this removal rate was significantly
higher than that of Ag3PO4@ACB and Ag3PO4. The degradation rate
constant was 0.0175min–1, whichwas 1.73 and 5.00 times higher than those
of Ag3PO4@ACB and Ag3PO4, respectively. N,S-Ag3PO4@ACB removed
69.67%TOC; this removal rate was 1.29 and 1.91 times higher than those of
Ag3PO4@ACB and Ag3PO4, respectively. The environmental factors

Fig. 11 | Dominant free radical analysis. a Active radical species trapping experiments for the photocatalytic degradation of NOR under visible light irradiation, and
b, c ESR spectra of radical adducts trapped by DMPO (•O2

−and •OH) in the dark and with the visible light irradiation of 10 min.

Fig. 12 | Schematic illustration of photogenerated carrier transport mode in N,S-
Ag3PO4@ACB.
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Fig. 13 | Three-dimensional fluorescence of NOR degradation under visible light irradiation. a Original NOR solution, b 10 min, c 30 min, d 60 min, and e 120 min.

Fig. 14 | The possible photocatalytic degradation pathways of NOR by N,S-Ag3PO4@ACB.
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affectingNORdegradation were analyzed. After five cycles, the degradation
rate of N,S-Ag3PO4@ACB on NOR decreased by 10.08%; however, the
structure did not changemarkedly. N,S-Ag3PO4@ACB effectively degraded
NOR during wastewater treatment. The photocatalytic system was domi-
nated by the oxidation of ·O2

–, H+, and ·OH with the Z-scheme photo-
generated carrier transfermode.Moreover, the activation of graphiticNand
the lone electron pairs of N and S promoted rapid photogenerated charge
transfer. The surface properties (EPFRs and defects) of the ACB carrier
promoted ROS generation, and the SPR effect of the Ag nanoparticles
synergistically enhanced the photocatalytic activity of N,S-Ag3PO4@ACB.
Furthermore, the degradation of NOR was recorded using 3D EEMs with
three possible degradation pathways identified. The pathways were mainly
associated with reactions such as replacement and elimination of F atoms,
oxidative cleavage of the piperazine ring, decarboxylation and dealkylation,
transformation of quinolone moieties, and ring opening. This study pro-
vides insights for the design of novel Ag-based composite photocatalysts
with a Z-scheme and enriches the basic theory of the synergistic enhance-
ment of photocatalytic mechanisms by N and S co-doping and biochar.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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