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unctionalized biochar as
a peroxydisulfate activator via deferred ultraviolet
irradiation for tetracycline removal†

Yixue Qin,ab Sheng Wang,*b Bingbing Zhang,bc Weijie Chen, bc Mingze An,b

Zhao Yang,b Hairong Gaoab and Shuhao Qin *ab

To enhance the degradation of tetracycline class (TC) residuals of high-concentration from pharmaceutical

wastewater, a novel zinc (Zn) and sulfur (S) functionalized biochar (SC-Zn), as a peroxydisulfate (PDS)

activator, was prepared by two-step pyrolysis using ZnSO4 accumulated water-hyacinth. Results showed

that the removal rate of 50, 150, and 250 mg per L TC reached 100%, 99.22% and 94.83% respectively,

by the SC-Zn/PDS system at a dosage of 0.3 g per L SC-Zn and 1.2 mM PDS, via the deferred ultraviolet

(UV) irradiation design. Such excellent performance for TC removal was due to the synergetic activation

of PDS by the biochar activator and UV-irradiation with biochar as a responsive photocatalyst. The

functionalization of the co-doped Zn and S endowed the biochar SC-Zn with a significantly enhanced

catalytic performance, since Zn was inferred to be the dominant catalytic site for SO4c
− generation,

while S played a key role in the synergism with Zn by acting as the primary adsorption site for the

reaction substrates. The employed SC-Zn/PDS/UV system had excellent anti-interference under different

environmental backgrounds, and compared with the removal rate of TC by adsorption of SC-Zn, the

increasing rate in the SC-Zn/PDS/UV system (18.75%) was higher than the sum of the increases in the

SC-Zn/PDS (9.87%) and SC-Zn/UV systems (3.34%), furtherly verifying the systematic superiority of this

synergy effect. This study aimed to prepare a high-performance functionalized biochar activator and

elucidate the rational design of deferred UV-irradiation of PDS activation to efficiently remove high-

concentration antibiotic pollutants.
1. Introduction

The tetracycline class (TC) was discovered and reported as
natural products from actinomycetes soil bacteria in the 1940s,
and soon aer, commercialized for clinical applications.1 It is
a group of broad-spectrum, well-tolerated, and easy-to-
administer antibiotic compounds, with the highest use in
human and veterinary medicine, aquaculture and agricultural
purposes.2,3 Since it is poorly metabolized and absorbed by
humans and animals, TC is discharged into wastewater in the
form of the parent compounds. With undesirable accumulation
in the environment, it has been frequently detected in many
types of water and soil leading to potential adverse effects such
as chronic toxicity and dissemination into antibiotic-resistant
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genes, and further posing a threat to the ecosystem and
human health in the long term.4 Meanwhile, it is noteworthy
that the global consumption of antibiotics including TC wit-
nessed a signicant upsurge from the 2000s to date, with the
improving standards of living and affordability of care in low-
and middle-income countries.5 The rising quantity of pharma-
ceutical wastewater containing TC residuals has posed a larger
threat to the ecosystem and human health.6 Thus, it is really
crucial to develop an effective and low-cost technology for TC
removal in wastewater.

The main challenge for TC removal from water comes from
its variable state, low biodegradability and complex molecular
structure. Over the past few years, the persulfate-based
advanced oxidation processes (AOPs) were considered as
highly competitive technologies in the eld of water treatment,
because the diverse activation methods of persulfates (PSs)
allow its application in water over a wide pH-range. And other
advantages such as convenient transportation and storage of
related reagents, low-cost catalysts originating from abundant
biomass have also received widespread attention.7 Persulfates
are divided into peroxydisulfate (PDS) and peroxymonosulfate
(PMS), and PDS-based AOPs established for TC removal in water
have been widely studied, because of the greater cost-efficiency,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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eco-sustainability, and storage stability of PDS compared to
PMS.8 However, researchers mainly focused on TC residuals
below 50 mg L−1, but paid less attention on pharmaceutical
wastewater of TC up to 200 mg L−1.6 To remove TC of high-
concentration, the better performance of PDS-based AOPs is
urgently needed. It was proposed a new way to solve mentioned
problems by designing a synergistic activation method of PDS,
for instance, the biochar/PDS/UV system.9 The synergistic
system has exhibited more excellent performance in removing
refractory organic compounds by being activated through bio-
char and UV irradiation. The generation of sulfate radical
(SO4c

−) and hydroxyl radical (cOH) with stronger oxidation
capacity was strongly corresponding to the performance of
biochars.10 Therefore, under condition of biochars of excellent
performance, a well-designed biochar/PDS/UV synergistic
system can be regarded as an effective approach to remove high-
concentration TC residual from wastewater.

So far, various biochars has been prepared by pyrolysis of
renewable resources and waste materials such as straw, wood
chips and animal manure.11On purpose to obtain the optimized
the performance of biochars, functionalization by doping
heteroatoms (such as N, S, P) or/and loading transition metals
(such as Zn, Fe, La) have been employed indispensably.12–14

Thereinto, Guo et al.15 synthesized sulfur-doped activated
carbon with thiophene as the precursor, and its catalytic activity
for PDS was higher than that of sulfur-free activated carbon.
Tian et al.16 used sulfur as a co-dopant to further improve the
performance of nitrogen-doped graphene in PS activation and
considered sulfur to be a promising co-dopant. Recent studies
have shown that Zn2+ has fast charge transfer kinetics, and
Wang et al.17 used this advantage to synthesize zinc–nitrogen-
doped zinc–metal–organic framework-derived porous carbon
(ZMDPC) materials, which have excellent electrochemical
properties such as high specic capacitance and cycling
stability. Xi et al.18 further demonstrated that the combined
interaction of radical pathways and nonradical pathways is
a feasible method with practical application value. Their results
show that Fe@N co-doped biochar prepared by doping Fe and N
has porous, large specic surface area, abundant nitrogen/
oxygen-containing functional groups, and graphite structural
defects, the formation of which is conducive to charge transfer
and provides active sites, showing excellent catalytic degrada-
tion performance. This is due to the fact that the doped
heterogeneous Fe and N together initiate free radicals and
nonradical pathways. Aerwards, Zhong et al.19 used wood
chips as raw materials, urea as the nitrogen source, and sulfur
powder as the sulfur source, and uniformly mixed urea, sulfur
powder, and BC for grinding and pyrolysis to prepare a nitrogen
sulfur co doped biochar (NS-BC). Wang et al.20 prepared S, N co-
doped magnetic biochar (IBC) from Dianthus chinensis stem by
simple immersion pyrolysis. The research reports show that the
method of achieving heterometal/non-metal co-doping is still
limited to the commonly used methods. The most common way
of biochar functionalization is the impregnationmethods aided
by different equips, such as vacuum or ultrasonic or hydro-
thermal treatment devices.21,22 However, these methods may
induce metal aggregation, interface inhomogeneity and metal
© 2024 The Author(s). Published by the Royal Society of Chemistry
leaching that cause secondary pollution.23–25 To gain biochars
with good dispersity, homogeneity and leaching resistance,
using prominent accumulator plants as biochar precursors has
become a wise strategy, in which case target metal or/and
nonmetal elements can be controllably and directly intro-
duced into carbon atomic structure of biochars.26–28

Water-hyacinth, an alien invasive oating plant of the
aggressive growth rate among the highest of any known plants,
has been considered as a major weed species in more than 50
countries. It has caused environmental damages for decades,
including lowering dissolved oxygen concentration in aqua,
damaging sh populations, decrease biodiversity and clogging
river.29 Thus, strict management and treatment for this species
has been conducted, and resource utilization of such species
are strongly encouraged as well. Based on its intrinsic charac-
teristics, water-hyacinth can be regarded as an ideal biochar
precursor.

In this study, a novel Zn and S (metal and non-metallic) co-
doped functionalized biochar (SC-Zn) was prepared. For
functionalization of biochar, water-hyacinth was accumulated
by ZnSO4 in hydroponics process and then went through a two-
step pyrolysis. The common TC was selected as a model anti-
biotic pollutant to study the synergistic activation perfor-
mance of functionalized SC-Zn in the biochar/PDS/UV system.
The synergism of doped Zn and S on SC-Zn was explored. A
deferred UV irradiation design was employed in the system to
enhance the removal of TC, and the rationality of such design
was elucidated. Besides, main factors that effected on the
removal of TC in this well-designed system were systematically
discussed.
2. Materials and methods
2.1 Materials

Water hyacinth was collected from a natural lake in Shantou,
Guangdong. Zinc sulfate (ZnSO4, $99.5%), hydrochloric acid
(HCl, 36–38%), potassium hydroxide (KOH,$85%) and sodium
thiosulfate (Na2O3S2, $99%) were purchased from China
Shanghai Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Tetracycline hydrochloride (TC, 99.9%), sodium per-
sulfate (Na2S2O8) (AR, 99%), sodium bicarbonate (NaHCO3,
$99.5%), humic acids (HA, $90%), 5,5-dimethyl-1-pyrrolidine
N-oxide (DMPO, $97%) and 2,2,6,6-tetramethylpiperidine
(TEMP, $97%) were purchased from Macklin Biochemical Co.,
Ltd (Shanghai, China). Absolute ethanol (EtOH, 99.7%) (AR),
tert-butyl alcohol (TBA, $99%) and L-histidine (L-H, $99%)
were purchased from Aladdin (Shanghai, China). Sodium
sulfate (Na2SO4, $99%) (AR) and sodium chloride (NaCl,
$99.5%) (AR) were purchased from Chongqing Chuandong
Chemical (Group) Co., Ltd. Sodium hydroxide (NaOH, $96%)
(AR) was purchased from Chengdu Kelong Chemical Reagent
Factory. Disodium hydrogen phosphate (Na2HPO4$12H2O,
$99%) was purchased from Tianjin Damao Chemical Reagent
Factory. All chemicals were analytical grade and can be used
without further purication. Unless otherwise noted, deionized
water was used for all solutions.
RSC Adv., 2024, 14, 5648–5664 | 5649
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2.2 Biochar preparation

Water-hyacinths in the growing phase were collected from
lakes, washed with deionized water, wiped off the surface water
aer washing, and transferred to the ZnSO4 solution at
concentrations of 200 mg L−1 for 24 days. The growth of water-
hyacinth plants was recorded every 3 days (see in Fig. S1a†).

The pristine water hyacinth samples (17.64 ± 0.2 g per
sample) has been cultured for 24 days by 200 mg per L ZnSO4

solution in owerpots. From each owerpot, 20.7 ± 0.3 g of
water hyacinth sample was collected. The collected samples
were then dried at 80 °C for 24 hours and 8.34 ± 0.2 g of each
dried precursor sample was obtained. The collected ZnSO4

accumulated water-hyacinth as precursor went through a two-
step pyrolysis process (before two-step pyrolysis, the tube
furnace was puried with nitrogen to remove oxygen): rstly,
and the dried precursor was heated to 600 °C at a heating rate of
5 °Cmin−1 in the tube furnace and the yield rate of the obtained
parent charcoal was about 40.58%; secondly, a mixture of the
obtained parent charcoal, KOH powders (four times weight of
the parent charcoal) and 30 ml deionized water was stirred and
heated in a water bath at 100 °C for spontaneous evaporation,
dried at 80 °C for 12 h in the oven, heated to 800 °C at a heating
rate of 5 °C min−1 in the tube furnace and naturally cooled
down to the room temperature. During the above pyrolysis and
cooling process, protective gas (nitrogen) with purity of 99.99%
was introduced into the tube furnace at a ow rate of 60
mlmin−1. Finally, the functionalized biochar, with 58.58% yield
rate, was gained aer the product of two-step pyrolysis process
was washed with 0.1 M HCl and deionized water until the
washing solution was nearly neutral, dried at 120 °C for 24 h,
and recorded as SC-Zn.

As a control, blank samples prepared products under the
same conditions, and as-prepared product was denoted as BC.
For verication the leaching resistance of ZnSO4 accumulated
water-hyacinth derived biochar, the impregnated biochar was
prepared, too. First, the dried and smashed water-hyacinth was
sinking in 200 mg per L ZnSO4 solution 12 h for direct
impregnation. The obtained precursor then went through the
above-mentioned two-step pyrolysis process. The as-prepared
product was denoted as BC-Zn.
2.3 Experimental procedure of TC removal

Different systems were designed for TC removal experiments.
Simulated wastewater of containing TC was prepared under
different concentrations. All experiments are performed in
50 ml brown centrifuge tubes for 30 min in the rst place to
approach the adsorption equilibrium of TC on biochar. For the
darkness procedure, 50 ml brown centrifuge tubes were
engaged, while for the UV-irradiation procedure, 100 ml double-
layer jacketed beakers were engaged.

The SC-Zn/PDS/UV system via deferred UV-irradiation was
designed as: (1) the rst stage was to add SC-Zn of certain
dosages in 40 ml TC wastewater of different concentration in
darkness during recorded −30 to 0 min; (2) and then certain
amount of PDS was added in for activation procedure at the
recorded 0 min; (3) at last, UV-irradiation was carried out by
5650 | RSC Adv., 2024, 14, 5648–5664
a xenon lamp (300 W) from the recorded 60 to 180 min (the
end). Experimental parameters including initial concentration
of TC, the starting time of UV lighting, dosages of SC-Zn and
PDS, initial pH value, inuence of the variety and amount of
natural organic matter (HA) and co-existing ions (CO3

2−,
HPO4

2−, Cl− and HCO3
−), have been explored to determine the

optimal parameter in nal. For comparison, The BC/PDS/UV
system with the optimal parameters was conducted in same
procedures.

For further comparison, other systems were employed. The
SC-Zn/PDS system was conducted in total darkness from the
recorded −30 to 180 min, while the SC-Zn/UV system was con-
ducted in darkness during the recorded −30 to 0 min and in UV
lighting from 0 to 180 min. Adsorption procedure was skipped
in systems without SC-Zn, including PDS/UV, PDS and UV-
irradiation systems. With PDS added in the simulated waste-
water at 0 min, the PDS/UV system was conducted in UV-
irradiation from 0–180 min, while the PDS system was con-
ducted in total darkness; and the UV system was under lighting
from 0–180 min without any PDS. The simplex adsorption
system was conducted in total darkness from−30 to 180 min by
SC-Zn.

In all designed systems, the reactive subjects were stirred at
200 rpm at room temperature. The initial pH value of simulated
wastewater was adjusted by 0.1 M HCl and 0.1 M NaOH.
Removal experiments were performed in triplicate and repeated
three times with similar results, average value and standard
deviation were calculated.
2.4 Characterization

The specic surface area and pore structure of all biochar
catalysts were analyzed by fully automatic specic surface area
and porosity analyzer (Quantachrome, NOVA-1000e, USA), and
the specic surface area and pore size distribution were calcu-
lated by density functional theory (DFT) method. Materials
morphologies were observed by scanning electron microscopy
(SEM: Quanta FEG 250, American FEI) and transmission elec-
tron microscopy (TEM: JEM-F200, URP), and the elemental
distribution of functionalized biochar were determined by
element mapping. Raman spectroscopy was used to analyze the
defect structure and graphitization degree of biochar. Fourier
transform infrared spectroscopy (FT-IR: Nicolet NEXUS670,
USA) was used to determine the surface functional groups of all
biochars in the range of 400–4000 cm−1. X-ray diffractometer
(XRD: X'Pert PRO) was used to verify the crystal structure and
chemical composition of biochar. The scanning rate was
2° min−1 and the scanning range was 10–80°. X-ray photoelec-
tron spectroscopy (XPS: Thermo Scientic K-Alpha) was used to
analyze the elemental composition and chemical state of bio-
chars. The Zn2+ concentration in the reaction solution of the
system was determined by inductively coupled plasma-mass
spectrometry (ICP-MS).

To monitor the change of removal rate of TC, 1 ml samples
were removed from the reaction solution at different sampling
time points (0, 10, 20, 30, 45, 60, 65, 70, 80, 90, 120 and 180 min)
by syringes, quickly quenched in 0.2 M sodium thiosulfate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution, ltered by 0.45 mm polyether sulfone resin (PES)
lters, and analyzed by a 752 N UV-vis spectrophotometer. All
experiments were averaged in three parallel sets of experiments.

To further understand the mechanism of PDS activation in
designed systems, electron paramagnetic resonance spectros-
copy (EPR) was used to identify sulfate radicals, hydroxyl radi-
cals and singlet oxygen in designed systems, with 5,5-dimethyl-
1-pyrrolidine N-oxide (DMPO) and 2,2,6,6-tetramethylpiper-
idine (TEMP) as free radical traps. Liquid chromatography-mass
spectrometry (LC-MS) (experimental conditions: mobile phase
A: 0.1% formic acid aqueous solution; mobile phase B: aceto-
nitrile solution, ow rate: 0.3 ml min−1) and total organic
carbon (TOC) were used to determine TC degradation
intermediates.
Table 1 Specific structural parameters of BC and SC-Zn by QSDFT
analysis method

Sample
Surface area
(m2 g−1)

Average pore
diameter (nm)

Total pore volume
(cm3 g−1)

BC 340.345 1.178 0.187
SC-Zn 2007.812 1.178 1.494
3. Results and discussion
3.1 Characterization

3.1.1 Surface area and porous nature. The N2 adsorption–
desorption isotherms of the biochars commonly showed IV
sorption–desorption isotherms with the type H3 hysteresis
Fig. 1 N2 adsorption–desorption isotherm, pore size distribution curve

© 2024 The Author(s). Published by the Royal Society of Chemistry
loop appearing on Fig. 1a, associated with slit micro–meso-
pores of non-uniform sizes and shapes. The specic structural
parameters of the biochars were summarized in Table 1. As
shown in Table 1, the surface area and total pore volume of SC-
Zn were 2007.812 m2 g−1 (almost 6 times as much as that of
BC) and 1.494 cm3 g−1 (almost 8 times as much as that of BC),
respectively. The water hyacinth is with high cellulose content,
which can reach 66.87%. The extra-high surface area and total
pore volume of SC-Zn were attributed by Zn2+ ion enrichment
process, in which the dissolution of cellulose was strongly
promoted by the diffusion of Zn2+.30 The doping of Zn and S
gives SC-Zn ultra-high specic surface area and total pore
and pore size distribution histogram (a) and (b) BC, (c) and (d) SC-Zn.

RSC Adv., 2024, 14, 5648–5664 | 5651
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volume, and the diffusion of Zn2+ strongly promotes the
dissolution of cellulose. More importantly, the porous struc-
ture on SC-Zn facilitates electron transfer on the catalyst
surface.31
Fig. 2 SEM image of (a) BC, (b) SC-Zn, TEM images of (c) BC, (d) SC-Zn

5652 | RSC Adv., 2024, 14, 5648–5664
3.1.2 SEM, TEM, mapping and ICP-MS analyses. The
signicant surface morphology transformation of BC and SC-Zn
has been observed in SEM photographs (Fig. 2a and b). With the
modication by Zn2+ and SO2−, the smooth surface of BC
and (e) C, O, N, S and Zn element distribution of SC-Zn.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated results of deconvoluted Raman spectra of BC and SC-Zn

Sample
D1 peak
(%)

S3 peak
(%)

A4 peak
(%)

G2 peak
(%) ID/IG (area ratio)

BC 40.47 18.48 15.05 26.00 1.56
SC-Zn 32.36 14.74 34.71 18.19 1.78
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turned to irregular loose structure of lamellar accumulation,
causing rapidly enlarged surface area on SC-Zn, indicating that
the addition of Zn and S elements promotes the formation of
layered irregular structures. According to ICP-MS analysis
(Fig. S1b†), the loading of Zn on SC-Zn and BC-Zn was 1.03 mg
g−1 and 57.899, respectively. The morphologies of BC and SC-Zn
has been observed in TEM (Fig. 2c and d), it can be seen that no
lattice fringes appears in BC, while distinct lattice spacing of
0.260 nm and 0.281 nm was observed in SC-Zn, corresponding
to the (100) and (002) lattice fringes of ZnO, respectively, indi-
cating that the Zn element was successfully enriched and has
the presence form of ZnO, mapping (Fig. 2e) shown that Zn and
S were evenly distributed on the biochar skeleton.

At the same time, the SC-Zn prepared in this study was
compared with the Zn-BC prepared by chemical impregnation
method, and it was found that SC-Zn had good metal stability
and would not cause serious secondary pollution (Fig. S1c†).
The method for determining the zinc content was described in
Text S1.†

3.1.3 Raman analysis. BC and SC-Zn were studied by
Raman spectroscopy for their carbon conguration analysis,
and the Raman spectra could be deconvoluted into four sepa-
rate peaks were shown in Fig. S2a–c.† The G2 peak around
1584 cm−1 was related to the stretching vibration of carbon in
complete sp2-hybridization (sp2-C) reecting carbon graphiti-
zation level, while The D1 peak around 1340 cm−1 was ascribed
to the defective graphitic lattice (sp2-disordered C). The S3 and
A4 peaks around 1200 cm−1 and 1490 cm−1 were corresponded
to the breathing mode adjacent to heteroatoms defects and the
amorphous carbon.32,33 As shown in Table 2, with the doped Zn
and S, the intensity ratio between D band and G band (ID/IG)
increased from 1.56 to 1.78, suggesting the decline of carbon
graphitization level. The intensity of A4 peak on SC-Zn was more
than 2 times of that on BC, demonstrating the induced more
amorphous carbon by doped Zn and S, It was indicated that Zn
and S doped promoted the formation of more defect sites and
provided more active sites for PDS activation.34 The 2D band, is
a second-order vibration of the G band, of which the intensity
increases with the number of single graphene layers.35 the
board 2D peak on SC-Zn indicated more single-layer graphene
structures compared with others.

3.1.4 FTIR and XRD analyses. As observed from FT-IR
spectrum (Fig. S3a†), there were common characteristic peaks
centered at about 3436 cm−1 (O–H), 1598 cm−1 (C]C), 1089 cm−1

(C]C), 1413 and 1455 cm−1 (C–O bond from CO3-group)36 on the
surface of biochars. In presence of Zn2+, the C–H bending for
aromatic out of plane deformation (873 cm−1) become apparent
in SC-Zn. On the spectrum of SC-Zn, the bending for vibrations of
© 2024 The Author(s). Published by the Royal Society of Chemistry
Zn2+–O2− (464 cm−1) could be observed indicating that ZnO is the
main form of Zn2+ on its surface.37 The surface hydrophilicity of
catalysts BC and SC-Zn were studied by water contact angle test
(Fig. S4†). Because of these new surface functional groups
emerging on biochars, the hydrophilicity of SC-Zn was slightly
weaker than that of pristine BC.

XRD (Fig. S3b†) showed broad diffraction peaks on BC and
SC-Zn, which were attributed to the formation of amorphous
carbon (002) and graphitic carbon (100), respectively.19 SiO2

(PDF #46-1441) and CaCO3 (PDF #72-1652) appeared in all two
catalysts because the plants themselves contain Si and Ca, and
gradually form some stable mineral crystal compositions (such
as SiO2 and CaCO3) aer pyrolysis.38 The ZnO diffraction peaks
appear at 2q at 36.25°, 62.86°, and 67.96°, respectively, corre-
sponding to (101), (103), and (112) (PDF #36-1451). Because of
the conversion of enriched ZnO to ZnS when the pyrolysis
temperature exceeds 450 °C, during the high-temperature acti-
vation process, ZnO will be reduced by C to form elemental Zn.39

SC-Zn also has peaks of ZnS at 26.92° and 63.56°, corresponding
to lattices (100) and (202) (PDF #36-1450), respectively. Peaks of
Zn appear at 43.22° and 77.05°, corresponding to lattices of
(101) and (004) (PDF #87-0713), respectively.

3.1.5 XPS analyses. XPS analysis conrmed the spectral
characteristics of C 1s, O 1s, N 1s, S 2p and Zn 2p in Zn and S co-
doped (Fig. 3). The spectra of C 1s were divided into ve peaks,
284.6 eV (sp2), 285.9 eV (C–O), 287.3 eV (C]O), 289.0 eV (O]C–
O) and 290.5 eV (p–p*),40 while the spectra of O 1s were divided
into three peaks C]O (531.5 eV), C–O (532.8 eV) and O]C–O
(533.5 eV), respectively.41 The high-resolution N 1s spectra were
decomposed into four sections that corresponded to pyridinic-
N (398.1 eV), pyrrolic-N (399.6 eV), graphitic-N (400.4 eV) and
oxidized-N (403.9 eV).42 The graphitic-N on SC-Zn, which was
conducive to the activation of PDS and participates in the non-
radical pathway to generate the active site 1O2.43 On SC-Zn, the
ne spectra of S 2p show four peaks corresponding to thiophene
sulfur (–C–S–C–) and sulfur oxide groups (–C–SOx–C–),
respectively.44

On the Zn 2p ne spectrum of SC-Zn, peaks appear at
1022 eV and 1045 eV correspond to Zn 2p3/2 and Zn 2p1/2,
respectively. They were attributed to lattice zinc in zinc oxide,
and their spacing (23.1 eV) was within the standard value of
ZnO. Such binding energy and peak spacing indicate that zinc
exists mainly in the +2 oxidation status,45 which have also been
validated in FTIR and XRD. As one of the main forms of exis-
tence, ZnO participates in the degradation process, and its rapid
electron transfer rate (200–300 cm2 V−1 s−1)46 favors PDS acti-
vating into SO4c

−.
RSC Adv., 2024, 14, 5648–5664 | 5653
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Fig. 3 Fine XPS spectra of BC and SC-Zn before reaction (a) C 1s, (b) O 1s, (c) N 1s, (d) S 2p and (e) Zn 2p, (f) XPS full spectrum of BC and SC-Zn.
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3.2 Design of synergy system for TC removal

Various systems have been designed for TC removal, including
the unitary systems (simplex adsorption of SC-Zn, single PDS
5654 | RSC Adv., 2024, 14, 5648–5664
system and single UV lighting system), the dual systems (SC-Zn/
PDS, SC-Zn/UV and PDS/UV), and the ternary systems (SC-Zn/
PDS/UV system with or without deferred UV lighting). Details
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of those systems were given in “2.3 Experimental procedure of
TC removal”.

Fig. 4a shows the removal trends of high-concentration TC in
various designed systems. As for systems without SC-Zn, the
removal rates of TC were 13.53%, 8.93% and 19.41% in single
PDS, single UV lighting system and PDS/UV system, respec-
tively, indicating the difficult to remove TC of high-
concentration without functionalized biochar as an activating
media. In contrary, as for systems with SC-Zn, 64.07% of TC has
been removed from aqua by the simplex adsorption in the rst
30 min (recorded as −30 to 0 min), due to the abundant sulfur
oxide groups on the large surface of SC-Zn acting as efficient
adsorptive sites, which was consistent with the previous char-
acterization. In the designed simplex adsorption of SC-Zn (from
−30 to 180 min), the removal rate of TC can reach 76.08%.
When dual systems (SC-Zn/PDS and SC-Zn/UV) were built based
on SC-Zn, the removal rate of TC reach 85.95% and 79.42%,
increasing 9.87% and 3.34% compared to that of the SC-Zn
Fig. 4 Removal experiments of 250 mg per L TC (a) in various designed s
time of UV lighting, (c) in designed system based on BC and SC-Zn; (d) rem
SC-Zn/PDS/UV (deferred) system (all experimental conditions: activator:

© 2024 The Author(s). Published by the Royal Society of Chemistry
simplex adsorption system. When the ternary system, SC-Zn/
PDS/UV system with deferred UV lighting, was employed,
94.83% TC of such high concentration was removed. The
functionating of Zn and S endowed SC-Zn with good perfor-
mance for both PDS activation and UV photocatalysis. It was
notably that, compared with the removal rate of TC by simplex
adsorption of SC-Zn, the increasing rate in SC-Zn/PDS/UV
(deferred) system (18.75%) was higher than the sum of the
increases in SC-Zn/PDS (9.87%) and SC-Zn/UV system (3.34%),
verifying the systematic superiority of synergy effect of such
designed ternary system based on SC-Zn.

The starting time of UV lighting for the SC-Zn/PDS/UV
system was discussed aerwards. The curves of TC removal
rate in SC-Zn/PDS/UV system via UV-lighting at recorded 0 min
(same), at the same time of PDS adding, and 60 min (deferred)
was shown in Fig. 4b, and the SC-Zn/PDS system without UV
lighting was also shown. The pattern of curves of TC removal
rate in SC-Zn/PDS system and SC-Zn/PDS/UV (same) system
ystems, (b) in designed SC-Zn/PDS/UV system via different the starting
oval experiments of TCwith different initial concentrations in designed
0.3 g L−1, PDS: 1.2 mM, T = 25 °C, pH = 7.12).

RSC Adv., 2024, 14, 5648–5664 | 5655
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were similar with an amplication of the latter about 5.36% at
180 min. When the deferred UV-lighting was employed, the
curve for SC-Zn/PDS/UV (deferred) decreased rapidly from
60 min, with an amplication about 8.88% at 180 min
compared with the SC-Zn/PDS system, meanwhile showing
a cross point with the curve for SC-Zn/PDS/UV (same) system.
The SC-Zn/PDS/UV (deferred) system showed better perfor-
mance than the SC-Zn/PDS/UV (same) system. It was implied
that the time interval between pre-adsorption of PDS on SC-Zn
and UV-irradiation could be benecial to the synergism of PDS
activation by biochar and UV, since the pre-adsorbed PDS would
act as a receptor for SC-Zn to transfer electrons to restrain the
recombination of photogenerated holes and electron pairs.43 In
the optimal SC-Zn/PDS/UV (deferred) system, aer the near
adsorption equilibrium of TC on SC-Zn during the recorded
−30 to 0 min, the presence of PDS would cause a competitive
adsorption equilibrium process between PDS and TC on SC-Zn
accompanying with oxidant free radicals generation by PDS
activation in 60 min, while the deferred UV-irradiation broke
the balance and led to a secondary chemical equilibrium in
a positive direction. Thus, in the designed SC-Zn/PDS/UV
(deferred) system, the deferred UV-irradiation has enhanced
synergic activation of PDS by biochar and UV for exhibiting an
excellent performance.

To elucidate the role of functionalized biochar in the
designed ternary system, as-prepared BC and SC-Zn were
applied in the similar ternary systems under the same condi-
tions, and the experimental results of both BC/PDS/UV
(deferred) and SC-Zn/PDS/UV (deferred) systems were shown
in Fig. 4c. It can be seen that the BC/PDS/UV (deferred) system
can only remove 24.77% TC of 250 mg L−1 at 180 min, while the
system based on SC-Zn shown a high removal rate of 94.83%,
demonstrating Zn, S co-doped functionalized biochar plays the
key role. The extra-high surface area and total pore volume of
functionalized SC-Zn provided enough interface area for
synergism of adsorption, PDS activation, photocatalysis and
electron transfer. With abundant oxygen-containing functional
groups (C]O, C–O, –COOH and –OH), SC-Zn provided more
active sites for PDS.47 The functionalization of the co-doped Zn
and S endowed the biochar SC-Zn with a signicantly enhanced
catalytic performance, since Zn was inferred to be the dominant
catalytic site for SO4c

− generation, while S played a key role to
the synergism with Zn by acting as the primary adsorption site
for the reaction substrates. Thus, the synergism of designed SC-
Zn/PDS/UV (deferred) system was an integrated effects
including synergic activation of PDS by biochar and UV-
irradiation, and the synergy effect of co-doped Zn and S on
biochar surface as adsorption and catalytic sites.

The SC-Zn/PDS/UV (deferred) system was used to remove TC
of different initial concentrations, and the results (see in
Fig. 4d) showed that TC of 50 mg L−1 was completely removed
just in 10 min aer adding PDS. At the recorded 180 min, the
removal rates of TC of 150, 250, 500 and 700 mg L−1 were
99.22%, 94.83%, 56.57% and 50.92%, respectively, which
proved that the designed SC-Zn/PDS/UV (deferred) system has
excellent performance for removing TC of high concentration.
5656 | RSC Adv., 2024, 14, 5648–5664
3.3 Effects of various factors on TC degradation

3.3.1 Effect of SC-Zn and PDS dosage. As shown in
Fig. S5a,† different dosages of SC-Zn were applied to investigate
the TC degradation performance, it can be seen that with the
dosage of SC-Zn increased from 0.1 g L−1 to 0.4 g L−1, the
removal rates of TC present a rst increases and then decreases
trend. The highest removal rate of TC was 94.83% when the
dosage of SC-Zn was 0.3 g L−1. Although more amount of bio-
char activator provided larger effective surface area of active
sites, the excessive dosage would decrease the transmittance
and increase light scattering in aquatic environment, in which
case the active site was limited and insufficient to produce more
free radicals.48 Thus, the 0.3 g L−1 dosage of SC-Zn was deter-
mined as an optimal parameter for the nal ternary system.

The PDS concentration of 0.8–1.6 mM were selected to
investigate the degradation efficiency of catalysts as shown in
Fig. S5b,† It can be seen that when the dosage of SC-Zn
increased from 0.8 mM to 1.2 mM, the removal rates of TC
were 80.82% (0.8 mM), 82.71% (1 mM) and 94.83% (1.2 mM),
respectively, indicating that with more amount of PDS, more
free radicals could be produced for effective TC removal.
However, when excessive PDS was added to designed systems,
an inhibitory effect was showed. With 1.4 mM and 1.6 mM PDS
in the designed system, the removal rates of TC have decreased
to 84.76% and 90.10%, respectively. Such inhibitory effect may
be due to the quenching of SO4c

− and cOH radicals by excessive
PDS during the following reaction shown in eqn (1) and (2):49

S2O8
2− + SO4c

− / SO4
2− + S2O8c

− (1)

S2O8
2− + cOH / OH− + S2O8c

− (2)

Based on the above experimental results and consideration,
1.2 mM was determined as the optimal amount of PDS for the
nal ternary system.

3.3.2 Effect of initial pH. The initial pH value has an
important inuence on the surface characteristics of the bio-
char catalyst and the presence form of the model pollutants.50

The effect of pH in SC-Zn/PDS/UV (deferred) system for TC
degradation was shown in Fig. S5c.† When the initial pH value
of TC solution increased from 3 to 7, the removal rates of TC
were 80.68% (3.25), 89.28% (5.38) and 94.83% (7.12), respec-
tively, and the removal curve showed a stable growth trend,
among which the removal rate of TC was the highest when the
initial pH was 7.12. This is because TCs exist in different forms
under different initial pH conditions: the protonated form at
pH < 3.3 (H3TC

+), the neutral form at pH = 3.3–7.7 (TCH0
2), and

the monoanionic form at pH > 7.7 (TCH− and TCT2−).51 Since
the pHPZC (potential of zero charge) of SC-Zn was 5.28
(Fig. S5d†), SC-Zn was positively charged at pH < 5.28 and
negatively charged at pH > 5.28. When the pH was increased
from 5 to 7, TC exists in a neutral form, and SC-Zn was nega-
tively charged and has no electrostatic repulsion, so the removal
of TC was not greatly affected. When the pH was 3.25, TC was
protonated and SC-Zn was positively charged, so that there was
electrostatic repulsion between TC and SC-Zn. When the pH
increases from 9 to 11, TC was in the form of a single anion, SC-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Zn was negatively charged, and there was also electrostatic
repulsion between TC and SC-Zn, which would inhibit the
adsorption of TC on the surface of SC-Zn, which was not
conducive to the degradation of TC. In addition, SO4c

− and cOH
undergo self-consumption reactions in alkaline environments,
as in eqn (3)–(5):52

SO4c
− + OH− / SO4

2− + cOH (3)

SO4c
− + SO4c

− / S2O8
2− (4)

SO4c
− + S2O8

2− / SO4
2− + S2O8c

− (5)

In general, the system showed that it could adapt to a wide
range of pH values, considering that the natural water body was
closer to neutral, the initial pH value of TC solution was nally
adjusted to 7.12.

3.3.3 Effect of coexisting inorganic anions and natural
organic. Inorganic anions and natural organic matter are widely
present in natural water bodies and react with the generated
SO4c

− and cOH, affecting the activation of PDS. In order to
further reveal its effect on TC removal by the reaction system,
the effects of inorganic anions (CO3

2−, HPO4
2−, Cl− and HCO3

−)
and natural organic matter (0 mg L−1, 2 mg L−1, 5 mg L−1 and
8 mg per L HA) common in natural water on TC removal were
studied, as shown in Fig. S5e,† it can be seen that all anions
inhibited the degradation of TC to a certain extent, among
which Cl− and HCO3

− had a more obvious inhibitory effect on
the degradation of TC, and with the addition of CO3

2− and
HPO4

2−, the removal rate of TC was only reduced by 5.18% and
3.59%, respectively, aer the end of the reaction, while for the
addition of Cl− and HCO3

−, the removal rate of TC decreased by
9.83% and 10.56%, respectively. Aer adding Cl−, Cl− will react
with SO4c

− (eqn (6)) to form Clc with weak oxidizing capacity (E0

= 2.4 V), it can also be reacted with cOH (eqn (7) and (8)) to
generate ClOHc− and Cl2c

− with weaker oxidation capacity (E0 =
1.36 V),53 and as the reaction progresses, the generated Cl− and
Clc will generate Cl2c

− (eqn (9)) with a weaker reaction, which
hinders the removal of TC by the system due to the formation of
free radicals with lower oxidizing capacity, It also showed that
the degradation process was dominated by SO4c

− (E0 = 2.5–3.1
V) and cOH (E0 = 2.8 V).54

SO4c
− + Cl− / SO4

2− + Clc (6)

Cl− + cOH / ClOHc− (7)

ClOHc− + Cl− / Cl2c
− + OH− (8)

Cl− + Clc / Cl2c
− (9)

When HCO3
− was added, it reacted with SO4c

− and cOH (eqn
(10) and (11)),55,56 the formation of low-activity radicals thereby
inhibiting reactions or perhaps due to the addition of HCO3

−

increases the pH of the solution, resulting in a decrease in TC
removal rate, similar to TC removal in alkaline environments.

HCO3
� þ SO4

��/SO4
2� þHCO�

3 (10)
© 2024 The Author(s). Published by the Royal Society of Chemistry
HCO3
� þ �H/H2OþHCO�

3 (11)

The effect of different concentrations of HA on TC removal
was shown in Fig. S5f.† It can be seen that with the increase of
HA concentration, the removal rate of TC gradually decreases,
when the HA concentration was 0 mg L−1, 2 mg L−1, 5 mg L−1

and 8 mg L−1, the removal rate of TC was 94.83%, 88.73%,
86.76% and 83.23%, respectively, the inhibitory effect may be
due to the presence of competing active substances between the
added HA and the TC. In addition, some researchers57 have
shown that HA has strong p–p stacking, which was easy to
adsorb on the surface of SC-Zn and cover the active sites on the
surface, thereby affecting the interaction between TC and PDS.
Aer further research, it was believed that both inorganic
anions and HA have different degrees of inhibition on the
removal of TC in the system.

In general, the optimal conditions of the system were
screened out by investigating the effects of SC-Zn dosage, PDS
dosage, initial pH value, inorganic anions and natural organic
matter on TC removal. Under the optimal conditions of SC-Zn
dosage of 0.3 g L−1, PDS dosage of 1.2 mM, initial pH of 7.12
and TC concentration of 250 mg L−1, the degradation rate of TC
180 min was 94.83%, and the SC-Zn/PDS/UV (deferred) system
showed excellent anti-interference under optimal conditions.
3.4 TC degradation mechanism using the SC-Zn/PDS/UV
(deferred) system

3.4.1 Degradation kinetics. In order to had a deeper
understanding of the degradation process of TC, pseudo-rst-
order kinetic models (PFO, eqn (12)), pseudo-second-order
kinetic models (PSO, eqn (13)), and intraparticle diffusion
models (IPD, eqn (14)) were used and the Elovich model (eqn
(15)),18 the simulation plot was shown in Fig. S6,† the tting
results were shown in Tables 3 and 4.

ln(qe − qt) = ln qe − k1t (12)

t

qt
¼ 1

k2qe2
þ t

qe
(13)

qt = kintt
1/2 + b (14)

qt ¼ 1

bE

lnðaEbEÞ þ
1

bE

ln t (15)

where qt is the amount of TC removed at the moment t and qe is
the amount of TC removed at the equilibrium time; k1 (min−1)
and k2 (g (mg−1 min−1)) are PFO and PSO rate constants; b (mg
g−1), bE (g mg−1), kint (mg (g−1 min−1/2)) are constants; aE is the
initial sorption rate of the Elovich model (mg (g−1 min−1)).

Aer the four models t different concentrations of TC, the
kinetic correlation coefficients were R2 > 0.0038 (PFO), R2 >
0.9924 (PSO), R2 > 0.8906 (Elovich) and R1

2 > 0.8417 (IPD), R2
2 >

0 (IPD), respectively, and the PSO model showed better corre-
lation coefficient values. Combined with experimental and
tting results, it was found that PSO can better characterize the
degradation process of TC. In this model, the rate-limiting step
RSC Adv., 2024, 14, 5648–5664 | 5657
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Table 3 Kinetic parameters of three kinetic models for TC degradation

C0 (mg L−1) qe (mg g−1)

PFO PSO Elovich

qe,cal K1 R2 qe,cal K2 R2 aE bE R2

50 134.19 1.34 0.0038 0.2361 200 1 1 0 0 0
150 483.14 35.82 0.0306 0.9634 476.19 0.0025 0.9999 2.90 × 1024 0.1224 0.9594
250 844.25 284.23 0.0158 0.8577 833.33 0.0002 0.9924 39 196.24 0.0141 0.8906
500 1170.24 116.20 0.0319 0.9517 1111.11 0.0010 0.9999 4752 × 109 0.0258 0.8970
700 1302.18 117.87 0.0241 0.9505 1250 0.0007 0.9998 1.42 × 1014 0.0260 0.9305

Table 4 Parameters of IPD kinetic model for TC degradation

C0 (mg L−1)

Step 1 Step 2

Kint1 (min−1) Intercept 1 R2 Kint2 (min−1) Intercept 2 R2

50 0.5731 131.56 0.8417 0 134.19 0
150 8.0176 431.31 0.9763 1.4054 466.1 0.7583
250 22.511 565.35 0.9929 23.564 537.55 0.9513
500 17.387 1021.2 0.9581 2.5133 1138 0.9441
700 8.2242 1183.2 0.9630 5.2100 1236.6 0.7449
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is surface adsorption, which involves chemisorption that orig-
inates from PS activation and photocatalysis on the biochar
surface, where the removal of TC from water is due to a physi-
cochemical interaction between biochar solids and aqueous
solutions.

3.4.2 Identication of active species. In order to determine
the role of reactive oxygen species in the degradation of TC in
the SC-Zn/PDS/UV (deferred) system, free radical quenching
experiments were performed. Et (OH) can quench SO4c

− (2.5 ×

107 M−1 S−1) and cOH (9.7 × 108 M−1 S−1) at the same time,58

TBA can quench cOH (3.8–7.6 × 108 M−1 S−1),59 and L-histidine
was used to quench 1O2 (3.2 × 107 M−1 S−1).60 On the basis of
the degradation reaction system, aer adding Et (OH), the
degradation rate decreased from 94.83% to 79.26% (Fig. 5a),
indicating that in the process of TC degradation, SO4c

− and cOH
had a certain role. Aer adding TBA, the degradation rate of TC
dropped to 81.28%, indicating that SO4c

− played a slightly
stronger role than cOH in the TC degradation process. Aer
adding L-H, the degradation efficiency dropped to 84.25%,
indicating that 1O2 also had a degradation effect. In the SC-Zn/
PDS/UV (deferred) system, the degradation efficiency decreased
by 17.01%, 14.43% and 12.08% aer adding Et (OH), TBA and L-
H, respectively, the results showed that SO4c

−, cOH and 1O2

played an important role in the degradation of TC in the
modied system.

Further verication with EPR spectra, the results are shown
in Fig. 5b, there were almost no characteristic peaks produced
in the pure PDS system, and aer adding SC-Zn, the typical EPR
signals of DMPO-SO4c

− and DMPO-cOH can be clearly observed,
indicating that there were cOH and SO4c

− in the SC-Zn/PDS/UV
(deferred) system, and with the passage of reaction time, the
characteristic peaks of SO4c

− were not obvious at 10 min, which
may be cOH and SO4c

− transformation occurs during the reac-
tion, the peak intensity of cOH stronger than SO4c

−, but it was
5658 | RSC Adv., 2024, 14, 5648–5664
not determined that it plays a dominant role in the degradation
of TC.61 In Fig. 5c, pure PDS did not present with any EPR typical
peaks, only when the catalyst was added, the typical three-line
peak (intensity ratio 1 : 1 : 1) of TEMP-1O2 can be clearly
observed, indicating the presence of 1O2 in the SC-Zn/PDS/UV
(deferred) system, and the EPR signal intensity of these two
gures was getting stronger, indicating that SC-Zn can contin-
uously activate PDS to decompose active substances.62 In
general, SO4c

− and cOH and 1O2 play a leading role in the
degradation of TC.

3.4.3 Degradation mechanism. Comparison with other
recently reported antibiotic methods in terms of degradation
efficacy (Table 5) found that the free radicals produced in this
study and other related studies played a dominant role in the
degradation of TC, with the only difference being the mecha-
nism of activating PDS. The reaction mechanism of this study
was shown in Fig. 6. In the radical pathway, PDS was easily
adsorbed to the surface due to SC-Zn large specic surface area
and large total pore volume, and then was activated by Zn2+ and
pyridinic-N on the surface of the SC-Zn. It was known from the
previous degradation experiment that mainly SC-Zn activates
PDS in the dark reaction stage plays a key role, biochar can be
used as a medium in the dark reaction process, Zn2+ will
transfer electrons to PDS, PDS reacts with H2O in the environ-
ment to form SO4c

− (eqn (16) and (17)), the resulting SO4c
− also

reacts with H2O to generate cOH (eqn (18)), and the results were
consistent with EPR. In addition, biochar and ZnO have good
double conductivity, when light was added to the system as an
auxiliary agent, ZnO will be excited to produce photogenerated
holes and photogenerated electrons, PDS will act as a receptor
for photogenerated electrons, thereby inhibiting the recombi-
nation of holes and electrons. The synergistic effect of these
activation reactions further activated PDS to generate more
SO4c

− and cOH, maintained a synergistic and efficient catalytic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Quenching experiment (experimental conditions: catalyst: 0.3 g L−1, PDS: 1.2 mM, TC: 250 mg L−1, T = 25 °C, [Et (OH)]0 = 100 mM,
[TBA]0 = 100 mM, [L-H]0 = 100 mM). EPR spectra in SC-Zn/PDS/UV (deferred) system (b) SO4c

− and cOH (c) 1O2.

Table 5 Comparison of different catalysts for antibiotic removal in persulfate advanced oxidation systems

Catalyst
(g L−1) Raw material Antibiotic

Concentrations
(mg L−1)

Time
(min)

Removal rate
(%) Mechanism References

ZnO/BC (0.1) Water-hyacinth Tetracycline (TC) 50 50 44.98 SO4c
− and cOH 67

CNS-800 (0.1) Pine needles Tetracycline (TC) 20 20 85.6 O2c
−, 1O2 and electron

transfer
68

Cu/BC700
(0.5)

Corn stalks Tetracycline (TC) 120 330 55.4–72.6 SO4c
− and cOH 69

MMBC (0.2) Bamboo residue Tetracycline (TC) 20 180 93 SO4c
− and cOH 70

N-BC800 (0.2) Straw Tetracycline (TC) 20 120 100 Electron transfer 34
PBC800 (0.5) The raw bagasse Tetracycline (TC) 100 90 100 SO4c

−, cOH O2c
− and 1O2 71

CBs (0.1) Cyanobacterial Antibiotic noroxacin
(NOR)

5 300 min 100 Electron transfer 72

MBC (1) — Sulfadiazine (SDZ) 40 60 91.79 SO4c
−, cOH and 1O2 73

BC (0.09) Spent malt
rootlets

Sulfamethoxazole (SMX) 0.25 90 94 Ultrasound and radicals 74

SC-Zn (0.3) Water-hyacinth Tetracycline (TC) 250 180 94.83 SO4c
−, cOH and 1O2 This study

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 5648–5664 | 5659
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Fig. 6 Proposed reaction mechanisms for TC degradation in the SC-Zn/PDS/UV (deferred) system.
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effect in the system. In addition, according to the analysis of N
1s ne spectrum in XPS spectroscopy (Fig. S7c†) suggested that
the proportion of graphite-N (51.95–14.43%) and pyridinic-N
(29.73–20.06%) decreased, and the proportion of oxidized-N
(3.67–8.35%) and pyrrolic-N (14.65–57.15%) showed different
degrees of increase, indicating that graphitic-N and pyridinic-N
as active sites participated in the degradation process of TC.
Among them, pyridinic-N with long pairs of electrons was
mainly by promoting the transfer of free-owing p electrons on
SC-Zn sp2 carbon, thereby the activation of PDS was enhanced
to generate SO4c

− and cOH, which participate in the process of
system degradation of TC in the form of radical pathway.

It has also been suggested that the functional groups of
biochar can play an indispensable role in the PDS activation
process as mediation and induction.63 Previous studies have
shown that C3 atoms adjacent to graphite N can accept elec-
trons from PS to generate 1O2 through proton-facilitated
disproportionation due to the lack of electrons, and thus are
considered to be effective sites for activating PS.64 It can be seen
from the ne analysis of N 1s of XPS spectrum that the
proportion of graphite-N decreased from 51.95% to 14.43%,
indicating that the conguration of graphite was reconstituted
during the catalytic degradation reaction, which affected the
electron density of adjacent carbon, which was similar to the
previous results, indicating that graphite-N was involved in the
nonradical pathway to generated 1O2 in this study. In addition,
previous studies had also shown that carbon-based materials
have abundant functional groups, defect structures, and porous
structures, which were important active sites for PDS
5660 | RSC Adv., 2024, 14, 5648–5664
activation.65 Combined with the characterization analysis, it was
found that the doping of Zn and S in this study made SC-Zn
have ultra-high specic surface area and total pore volume,
abundant oxygen-containing functional groups, and induce the
formation of more amorphous carbon, defect sites and irregular
layered stacked loose structures, which are conducive to elec-
tron transfer and provide more active sites. From the O 1s of
XPS spectra (Fig. S7b†), it can be seen that the proportion of
C]O of fresh SC-Zn was 72.83%, and the proportion of C]O of
used SC-Zn had decreased to 17.8% signicantly, indicating
that it was consumed in the process of catalytic degradation, it
was considered to be effective in the activation of PDS. In
addition, unlike most other systems, sulfur oxide played a role
in the activation of PDS in this study. From the S 2p of XPS
spectra (Fig. S7d†), the proportion of oxidized sulfur before and
aer the reaction decreased from 69.4% to 38.76%. The results
of this study were similar to those of Liu66 and show that
−C−SOx−C− was involved in the adsorption process to form
suldes and acts as the adsorption site of the reaction substrate,
assists the free radical pathway (Zn2+ and pyridinic-N) to achieve
the effective activation of PDS, and indirectly participates in the
degradation of TC. The O2c

− produced in the system eventually
reacts with HO�

2 to form 1O2 (eqn (19)). It can also be seen from
Raman that the amorphous carbon structure and single-layer
graphene structure in the catalyst can accelerate the transfer
of electrons, which was conducive to the activation of PDS.

S2O8
2− + 2H2O / HO2

− + 2SO4
2− + 3H+ (16)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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S2O8
2− + HO2

− / SO4c
− + SO4

2− + H+ + O2c
− (17)

SO4c
− + H2O / SO4

2− + cOH + H+ (18)

O2
�� þHO�

2/
1O2 þHO2

� (19)

According to the above analysis, the functionalization of co-
doping Zn and S makes the biochar SC-Zn have signicantly
enhanced catalytic performance, because (1) Zn is the main
catalytic site for the formation of SO4c

−, and S, as the main
adsorption site of the reaction substrate, plays a key role in the
synergy with Zn, (2) the SC-Zn/PDS/UV (delay) system designed
by SC-Zn was used to realize the co-activation of PDS through
biochar activator and ultraviolet irradiation with biochar as
a response photocatalyst. (3) SO4c

− and cOH were generated
through the radical pathway because of the role of electron
transfer of Zn2+ on SC-Zn, the photocatalytic process of ZnO and
the role of pyridinic-N in promoting free electron transfer on
SC-Zn pyridinic-N. 1O2 was generated by nonradical pathway
related to graphite-N, C]O, oxidized sulfur and defective
structure present in SC-Zn.

3.4.4 Degradation pathway of TC. To illustrate the gener-
ated intermediate products and proposed TC degradation
pathway in SC-Zn/PDS/UV (deferred) system, the intermediate
products were identied by LC-MS, and the corresponding
analysis was shown in Fig. S8.† The mass-to-charge peak at m/z
445 corresponds to TC parent molecular, for some degradation
intermediates, including m/z = 476, 449, 432, 431, 427, 416, 361
and 282, were detected. According to the intermediate products
and related report, eight possible degradation pathway is
conjectured.

During the degradation of TC, double bond, phenolic group
and amine group are easily attacked by SO4c

− and cOH.75 In this
study, for pathway I, compared to TC parent molecular, the
formation of a product with m/z = 476 was due to the reactivity
of hydroxyl radicals, multiple hydroxylation reactions occurred
during preliminary oxidation.76 For pathway II, this pathway
occurs due to TC was demethylated and hydroxylated at sensi-
tive reaction sites, which leads to structures of the kind of
product with m/z = 449.77,78 For pathway III, this pathway was
dominated by ring-opening reactions, the formation of m/z =

361, 244 and 158 were the gradual opening of the loop.79 As
mentioned earlier, TC had three functional groups that were
vulnerable to free radical attack, among them, double bond was
the most easily attacked.80 For pathway IV, since the double
bond on TC was extremely unstable and easy to be attacked by
active substances SO4c

− and cOH, hydroxylation and demethy-
lation of TC aer attack were carried out to form intermediate
product ofm/z = 432.81,82 For pathway V, the resultingm/z = 431
and 416 intermediates were formed by N-methylation of the TC
matrix during oxidation because of the weak bond energy of N–
C, the intermediate m/z = 358 was formed by shearing the
amino and acylamino group because of m/z = 416.83 For
pathway VI, as the reaction progresses, TC was oxidized by
reactive radicals (SO4c

−, cOH or 1O2) causing the C–N structure
to fall off, releasing a by-product ofm/z= 416,84,85 the by-product
of m/z = 416 by ring-opening hydroxylation,86 losing the N-
© 2024 The Author(s). Published by the Royal Society of Chemistry
methyl group or hydroxyl group,87 removals of hydroxyl group
and amino group, to produce a smaller molecular structure of
m/z= 300, 402, 344, 338 and 304,88,89 these intermediates may in
turn undergo hydroxylation, dealkylation, dehydration, and
ring-opening degradation pathways to form smaller molecular
structures of m/z = 256, 274 and 194.85 For pathway VII, the TC
matrix was attacked by reactive free radicals, and dihydrox-
ylation, demethylation and ring-opening reactions occur to
release smaller compounds with m/z of 427, 410, 388, 320, 415,
362 and 318,90 another possibility was to start with a dihydrox-
ylation and deamination reaction, followed by a ring-opening
reaction and a cleavage of C–C bonds to form a molecular
structure with m/z of 362, 318, 302 and 274.91 The last possible
pathway, dihydroxylation, demethylation and ring-opening
reactions occur continuously aer the TC matrix was attacked
by active free radicals, which was the cause of the formation of
intermediate m/z = 282.92 As the degradation process prog-
resses, the key groups of TC were oxidized to low-toxicity
intermediates, gradually forming products with m/z of 310,
268, 229, 226, 174 and 162, which further open and break the
chain to form smaller molecules with m/z = 119, 118, 116, 113
and 97. Finally, TC was mineralized to H2O and CO2 under
continuous attack by SO4c

−, cOH and 1O2.93 This can be
demonstrated in TOC.

3.4.5 Reusability and mineralization analyses. To compre-
hensively evaluate the practical application prospects of cata-
lysts more comprehensively, the stability and reusability were
investigated. For this purpose, three cycle experiments were
performed on SC-Zn, the catalyst used in the rst experiment
was a fresh SC-Zn catalyst, and aer the degradation experi-
ment, the used catalyst was collected from the liquid phase,
repeatedly washed with ethanol and water, and then dried
overnight in a 120 °C oven for the next cycle experiment. The
results were shown in Fig. S9,† the removal rate of TC gradually
decreased from 94.83% in the rst to 58.88% and 23.91% in the
second and third times, respectively, and the TOC for evaluating
mineralization capacity showed the same trend, the minerali-
zation rate ranged from 92.65% at the rst to 0.95% at the end.
Indicating that the catalyst was severely inactivated aer
multiple uses.

In order to explore the cause of inactivation, BET charac-
terization was performed for catalysts aer three cycles, and
FTIR, XRD and XPS were characterized for catalysts aer the
rst reaction. It can be seen from the N2 adsorption isotherm
and pore size distribution (Fig. S10a–d†) that the TC molecules
adsorbed on the surface of the catalyst and the intermediates
released by the reaction cover the active site and effective pores
(pores less than 15 Å in diameter were ineffective for TC mole-
cules).94 Then FTIR (Fig. S10e†), XRD (Fig. S10f†) and XPS
(Fig. S7†) results showed that aer the reaction, the main active
material Zn+ on the surface of the catalyst was severely lost,
which may be related to the surface residual intermediate
explored earlier. And the loss of Zn+ leads to a reduction in the
reduction surface of SC-Zn, which limits the transfer of elec-
trons from SC-Zn surface to PDS, and the loss of sulfur oxide (C–
SOx–C) affects the adsorption capacity of the catalyst and the
activation site of PDS decreases, therefore, the catalyst showed
RSC Adv., 2024, 14, 5648–5664 | 5661
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poor adsorption capacity and degradation effect on TC in the
experiment of continuous circulation.

Therefore, in order to restore the pore structure and surface
chemistry of the catalyst aer three cycles, different treatment
methods were explored, in the past many researchers used heat
treatment, which was a good option but in their studies still
showed that the catalyst can only partially recover, the activity
was still poor, and themethod of high heat treatment consumes
high energy.15,95 This study used acid bubbles (with a concen-
tration of 0.1 mol per L HCl solution soaked the catalyst aer
the reaction, and then washed repeatedly with ethanol and
water, and the reaction conditions were adjusted to be consis-
tent with the initial conditions), the study showed that the
removal rate of TC within 180 min of the treated catalyst could
only be restored to 39.97%, indicating that the method could
only restore part of the activity of the catalyst, and the reason
why it could not be completely restoredmay be because the pore
structure and lost active material could not be fully restored, but
its method was simpler and had lower energy consumption. In
addition, the carbon material recycling treatment method
needs to be further explored.
4. Conclusion

In this work, we prepared a novel Zn and S functionalized bio-
char (SC-Zn) as PDS activator by two-step pyrolysis. The modi-
ed SC-Zn catalyst can completely remove 50 mg per L TC
within 10 min, and the removal rate of higher concentrations of
TC (150 mg L−1 and 250 mg L−1) can reach 99.22% and 94.83%
with 180 min, respectively, such excellent performance for TC
removal was due to the synergetic activation of PDS by biochar
activator and UV-irradiation with biochar as a responsive pho-
tocatalyst and the functionalization of the co-doped Zn and S
endowed the biochar SC-Zn with a signicantly enhanced
catalytic performance. In addition, SC-Zn dosage, PDS dosage,
pH value, coexisting inorganic anions and natural organic
matter had little effect on the removal of TC by SC-Zn/PDS/UV
(deferred) system, it showed excellent anti-interference. EPR
tests conrmed that SO4c

−, cOH and 1O2 were effective active
species in the system, and the pathways by which TC was
degraded and mineralized into CO2 and H2O were explored by
LC-MS, meanwhile quenching experiments and further mech-
anistic studies showed that SC-Zn activated PDS to produce
SO4c

−, cOH and 1O2 through both radical and nonradical
pathways. Among them, the doped Zn, S element, SC-Zn large
specic surface area, total pore volume, loose sheet structure,
defect structure (sp2-C), pyridine-N, graphite-N and C]O
played a role. In summary, SC-Zn had the advantages of
signicant activation ability, good mineralization capacity and
environmental protection, and was a promising and green
catalyst for advanced treatment of high-concentration
antibiotics.
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