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HIGHLIGHTS

e The STLB as a sustainable adsorption-
enhanced activator was prepared.

e CTC was effectively removed by
adsorption-promoted PS-AOP in a broad
pH range.

o CTC adsorption on STLB was good for
the subsequent in-situ degradation.

o CTC degradation was due to the reactive
species including *SO4~, *OH, and 10,.
e This study provided a new strategy of

treating waste with spent tea leaves.
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ABSTRACT

Antibiotic compounds have caused serious environmental concerns. In this study, we developed an effective
technology for treatment of chlortetracycline (CTC), a widely used antibiotic compound. A natural heteroatom-
doped spent tea leaves-based biochar (STLB) with excellent adsorption and catalytic property was prepared by
simple thermal treatment. An adsorption-promoted persulfate-based advanced oxidation process (PS-AOP) using
STLB was studied for CTC removal. The results showed that the as-prepared STLB presented favorable adsorption
affinity towards CTC with the maximum adsorption capacity of 627 mg g~. Meanwhile, CTC enriched on the
surface of STLB was good for in-situ decomposition of CTC and nearly 97.4 % of CTC was removed within 30 min
of pre-adsorption and 60 min of subsequent degradation. The STLB had excellent recyclability and wide pH
tolerance range of 3.0-9.0 in combined pre-adsorption and PS-AOP. Reactive oxygen species analysis confirmed
that CTC degradation was mainly due to non-radical (singlet oxygen, '05) and radicals (SO4~ and *OH). This
study suggests that STLB is a promising adsorption-enhanced PS activator for the treatment of refractory
wastewater and also provides a strategy of waste control by spent tea leaves.

1. Introduction

Chlortetracycline (CTC), as a widely used antibiotic, has been
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frequently detected in water bodies and wastewater treatment plants at
concentrations ranging from 18.1 ng L't 1.8 mg L (Ding et al.,
2017; Hou et al., 2016). It holds an increasing threat to ecological
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environment and human health even at trace levels of exposure (W. Li
et al., 2020; Ouda et al., 2021). Thus, it’s urgent to develop efficient
methods for the removal of residual antibiotics from water.

Recently, persulfate-based advanced oxidation process (PS-AOP) has
exhibited great potential in removing refractory organic contaminants
including antibiotics from aquatic environment (Oh et al., 2016).
Compared with the usual Fenton-based advanced oxidation process,
PS-AOP with the introduced sulfate radicals and non-radical active
complexes manifests better selectivity, higher mineralization potential,
and wider pH adaptability. Moreover, persulfates (PS), involving per-
oxymonosulfate (PMS) and peroxodisulfate (PDS), are lower cost and
better chemical stability during transportation and storage than
hydrogen peroxide (H205).

Various studies have proved that metal-free carbon materials are
highly effective for PS activation (Zhao et al., 2017). Compared to
metal-based catalysts, metal-free catalysts have the merits of good sta-
bility, provide an effective solution to undesirable metal leaching
problem, and avoid massive formation of iron sludge during catalytic
degradation (Yu et al., 2020). But, among the metal-free catalysts, the
synthesis of some emerging carbon materials, such as graphene oxides, is
complicated with harsh conditions and low yields. In comparison, the
biochar generated from natural and renewable bio-resource is more
sustainable (Wan et al., 2020).

As a popular beverage, about 20 billion cups of tea are drunk daily in
the world (Razmovski et al., 2008). After drinking, approximately 5
million of spent tea leaves will be generated per year according to the
statistically data (Fan et al., 2016). This will inevitably cause great waste
of resources and bring a series of environment and ecological problems
(Bsoul et al., 2021). Compared with other precursors of biochar such as
wood, tea leaves contain about 3.34 mg kg’1 iron (Karak et al., 2017;
Mandal et al., 2020), which is firmly fixed in the natural leaf tissue. So
that it is not easy to cause metal leaching during the PS activation by
iron. Besides, the tea leaves are rich in some elements involving 0.4 mg
kg~! sodium and 3.4 mg kg ™! nitrogen (Karak et al., 2017; Mandal et al.,
2020). The surface of spent tea leaves is still covered with many open
stomata and functional groups (Mandal et al, 2020). The
heteroatom-doped porous biochar will be made without additional
doping and immobilization (Wan et al., 2020), which is good for acti-
vating PS to generate some stronger reactive oxygen species such as
sulfate radical (S04 *) and singlet oxygen (102) (Hameed et al., 2009;
Duan et al., 2018). Meanwhile, spent tea leaves are also good porous
bio-adsorbents with multi-layer physical adsorption capacity (Ng et al.,
2013; Qalyoubi et al., 2021), which is conducive to the enrichment of
trace pollutants in water for intricate microporous structure on the inner
surface of tea-leaves and porous reticular structure on the surface of
tea-leaves. Conversely, the catalytically generated active oxygen species
rapidly degrade the adsorbed pollutant in the presence of PS, acceler-
ating the regeneration of adsorption active sites and the continuous
enrichment of residual pollutant (Gan et al., 2018). The adsorption and
catalytic degradation will promote each other to achieve better removal
efficiency. Thus, spent tea leaves-based biochar (STLB), as a promising
sustainable adsorption-enhanced persulfate activator for the PS-AOP
system, will have inestimable potential in removing trace pollutants
from water owing to highly abundant resources, low cost, good safety,
and enhanced removal behavior (Peiris et al., 2017).

Herein, a biomass-derived metal-free catalyst with strong adsorption
capacity was synthetized using the low-cost spent tea leave as carbon
source. Then, the adsorption-promoted PS activation behavior of as-
prepared STLB for CTC removal was systematically studied. This study
aims to construct an adsorption-enhanced PS-AOP for the efficient
removal of low-level antibiotics in water, and provide a new strategy of
treating waste with bio-waste as well as turning spent tea leave into
treasure.
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2. Experimental section
2.1. Chemicals and materials

Nitric acid (HNOg), 5,5-dimethyl-1-pyrroline Noxide (DMPO, 98 %),
2,2,6,6-tetramethylpiperidine (TEMP, >99 %), sodium dihy-
drogenphosphate (NaH;PO4), ethanol (EtOH), tert-butyl alcohol (TBA)
and sodium azide (NaN3) were provided by Sinopharm Chemical Re-
agent Co. Ltd. (Shanghai, China). Chlortetracycline (CTC, purity >98 %)
was purchased from the Sigma-Aldrich Corporation. All of the above
chemicals were of analytical grade and used without further purifica-
tion. Acetonitrile was of HPLC grade and supplied from Merck (Darm-
stadt, Germany).

The oolong tea leaves, which were obtained from Richun Tea Co, Ltd.
(Fujian, China), were repeatedly washed in boiling water until the
filtered water was clear. And then the spent tea leaves were dried in oven
at 60 °C for further use.

2.2. Synthesis of spent tea leaves-based biochar

The STLB was fabricated by simple thermal treatment. First, the
spent tea leaves were pre-oxidation in air environment at 250 °C for 0.5
h (heating rate was 5 °C min~'). During the pre-oxidation stage, the
enhancement of cross-linking reactions among oxygen functional groups
would be conducive to the increase of subsequent carbonization yield
and the broader distribution of micropore (Worasuwannarak et al.,
2002). Then, the treated spent tea leaves were placed in a tubular
electrical furnace and carbonized at 500 °C for 1 h in Ny atmosphere
(heating rate was 5 °C min~1) to form STLB. After that, the obtained
biochar was treated with 1 M HCI, rinsed with deionized water until the
pH value reached about 6.0, and dried in oven at 60 °C. Finally, the dried
STLBs were grinded and sieved to their particle sizes ranging from 250 to
800 pm for later use.

2.3. Characterization

The morphology of STLB was observed using a Hitachi S-4800 field
emission scanning electron microscope (SEM, Japan). The Brunauer-
Emmett-Teller (BET) surface area and pore size distribution of samples
were determined with a Micromeritics ASAP2020 M + C apparatus
(Georgia) by Ny adsorption-desorption isotherms at 77 K. The crystal
phase of STLB was characterized by a D/max-2550 VB+/PC X-ray
diffractometer (XRD, Rigaku, Japan). The surface functional groups
were analyzed by a Nicolet 5700 fourier transform infrared spectrom-
eter (FTIR, Thermo Corp, USA). The elemental composition was studied
by a PerkinElmer PHI-5300 ESCA X-ray photoelectron spectroscopy
(XPS, Philadelphia, USA). The STLB was further burned at 250 °C under
O, atmosphere and then the residual powder was dissolved in acid. The
concentration of iron ion was measured by an Optima 8000 inductively
coupled plasma atomic emission spectrometry (ICP-AES, USA).

2.4. Adsorption performance

To evaluate the enrichment effect of CTC on STLB, batch adsorption
isotherms experiments were first performed in 250 mL glass bottles for a
series of CTC solutions (50-500 mg L’l). The STLB (0.1 g L’l) was
added into CTC solution and shaken at 150 rpm. The glass bottles were
shaken for 200 min to ensure the adsorption equilibrium. Then the
equilibrium solutions were filtered through 0.45 pm syringe filters and
analyzed by HPLC. Besides, both Langmuir (Eq. S1) and Freundlich (Eq.
S2) models (Kakavandi et al., 2014) were further used to analyze
adsorption isotherm property.

The adsorption kinetics experiment was conducted with the same
operating condition as the adsorption equilibrium study. The STLB (0.1
g L™1) was added into 200 mL of 50 mg L™ CTC solution. At given time
intervals, 1.5 mL of sample was immediately filtered using 0.45 pm
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syringe filter and the residual CTC concentration at different time was
analyzed by HPLC. In addition, three commonly used kinetics models,
including pseudo-first-order (Eq. S3), pseudo-second-order (Eq. S4), and
Weber-Morris kinetics models (Eq. S5) (Chen et al., 2019), were further
applied to interpret kinetics data.

The point of zero charge pH (pHpc) of STLB and chemical species
distribution of CTC at different pH were determined using the immer-
sion technique (Liu et al., 2015). Briefly, the electrolyte (200 mL of 0.05
M NaCl) solutions were adjusted to initial pH values of 3, 4, 5, 6, 7, 8, 9,
or 10 using 0.1 M HSO4 or 0.1 M NaOH, respectively. The STLB (0.1 g
L’l) was added into each solution and shaken at 25 °C until the equi-
librium pH was reached. And then the difference between the final and
initial pH (ApH) was recorded. The initial pH at which ApH equaled to
zero was considered to be the pH,. of STLB.

2.5. Adsorption-promoted degradation performances

The adsorption-promoted degradation experiment was conducted in
a batch reactor containing 200 mL of 50 mg L™ CTC solution. The whole
experiment operated in a batch mode could be divided into two stages:
the pre-adsorption stage and the PS-AOP degradation stage. During the
pre-adsorption process, 0.1 g L™! of STLB was first added into CTC so-
lution and placed on a shaker to enrich and condense CTC molecules
from water. After that, the PDS (1 g L) was introduced into the reac-
tion system to initiate PS-AOP. PDS would be simultaneously catalyzed
by the unveiled activation sites on STLB to produce some active species
such as SO4 * and 10,, which led to the CTC degradation and the
regeneration of STLB. At given time intervals, 1.5 mL of sample was
immediately filtered using 0.45 pm syringe filter, and then mixed with
1.0 mL methanol to terminate the oxidation. The residual CTC concen-
tration at different time was measured by HPLC.

In the pH-dependent study, solution pH was adjusted to 3, 7 and 9
using 0.1 M HySO4 or 0.1 M NaOH. For the reusability tests, used STLB
was washed with distilled water and then dried at 60 °C. Other experi-
mental conditions remained the same for the subsequent runs.

2.6. Analytic methods

The CTC concentrations were monitored by a Hitachi Model L-6200
HPLC system (Japan) equipped with a Beckman ODS C18 column (5 pm,
250 mm x 4.6 mm) at A = 355 nm. The mobile phase was a mixture of
acetonitrile and water containing 0.01 M NaH,PO4 (25:75, v/v). The
injection volume was 10 pL and the flow rate was set at 1.0 mL min~.,
Electron paramagnetic resonance (EPR) analysis with DMPO and TEMP
as trapping agents was conducted on a Bruker EMX-E8/2.7 spectrometer
(Germany). To further distinguish the roles of generated reactive oxygen
species, 0.5 M EtOH, 0.5 M TBA, or 0.5 M NaNg, were added into the
reaction systems as radical scavengers, respectively. Total organic car-
bon (TOC) was tested by a Shimadzu TOC-VCPH analyzer (Japan).
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3. Results and discussion
3.1. Characterization of spent tea leaves-based biochar

The morphologies of spent tea leaves before and after heat treatment
were characterized by SEM. As illustrated in Fig. 1a, before thermal
treatment, the spent tea leaves exhibited rough surface with many
obvious cracks and open stomata. Fig. 1b demonstrated SEM image of
STLB synthesized by thermal reaction. It is obvious that the stomata in
spent tea leaves opened wider and lots of holes were completely formed
due to dehydration after thermal treatment. A tunnel porous network
structure was distributed on the inner and outer surface of the STLB,
which would be good for promoting adsorption and catalysis (Yu et al.,
2021). The result of X-ray diffractometer (XRD) analysis was described
in detail in Text S1, which also proved that the spent tea leaves were
mainly converted to amorphous carbon after heat treatment.

The porosity properties of STLB were analyzed by Ny adsorption-
desorption isotherms (Fig. 2a). The result showed that specific surface
area of as-prepared material was 503 m? g =, which far exceeded that of
other biochar such as sludge biochar, wood biochar, and magnetic pine
sawdust biochar (Yu et al., 2020). According to the IUPAC classification,
the Ny adsorption-desorption curve demonstrated a type IV isotherm
with a rapid uptake in the low-pressure region, followed by a moderate
increase under relatively intermediate pressure and a steep increase in
the high-pressure region. This highlights the formation of a hierarchical
pore architecture involving micropores (<2 nm), mesopores (2-50 nm),
and even macropores (>50 nm), which was in accordance with the
corresponding pore size distribution based on a Barrett-Joyner-Halenda
equation (inset). The STLB had a broad pore size distribution with
irregular arrangement, where micropore, mesopore and macropore
coexist. The average pore diameter was about 4.07 nm. The pore volume
of as-prepared material was 0.25 cm® g ! and the micropore volume was
0.20 cm® g~!. Herein, microporosity and mesoporosity would play
important roles in creating more active sites for adsorption and catalysis,
enhancing the CTC removal. Meanwhile, macroporosity would be
helpful for low-resistant diffusion of generated reactive oxygen species
and subsequent desorption and degradation of CTC.

The chemical state and elemental composition of STLB were
analyzed by XPS (Fig. 2b-f). As presented in Fig. 2b, the wide-survey
XPS spectrum of as-prepared material showed four obvious character-
istic peaks of S 2p (168.84 eV, 3.17 at.%), C 1s (284.78 eV, 54.07 at.%),
N 1s (400.34 eV, 3.89 at.%) and O 1s (545.78 eV, 38.87 at.%). The XPS
spectrum for S 2p (Fig. 2c) could be deconvoluted into two types of
oxidized S species, namely sulfate (170.1 eV) and sulfonate functional
groups (168.8 eV) (Wang et al., 2015). The inherent S in the spent tea
leaves could promote the formation of more Louis acid-base sites in the
biochar, which would enhance the PDS activation (Wang et al., 2019).
The Cls spectrum could be subdivided into four individual peaks
(Fig. 2d). The main peaks at 286.5 eV, 284.8 eV, 285.1 eV and 289.0 eV
could be assigned to epoxy C-O-C, C=C, C-O, and C=O0, respectively
(Zhu et al., 2019). The N 1s spectrum (Fig. 2e) was assigned to three

Fig. 1. SEM images of (a) spent tea leaves before heat treatment and (b) STLB.
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Fig. 2. (a) Nitrogen adsorption-desorption isotherms of STLB with the corresponding pore sizes distribution (inset); (b) XPS survey of STLB; (c¢) High-resolution XPS
of S 2p; (d) High-resolution XPS of C 1s; (e) High-resolution XPS of N 1s; (f) High-resolution XPS of O 1s.

types: pyridinic N at 398.3 eV, pyrrolic N at 399.9 eV, and graphitic N at
400.7 eV (Jiang et al., 2018). The existence of heteroatoms such as N
could break the chemical inertness of original carbon layer, produce
more surface defects, and provide more reaction sites for PDS activation
(Wang et al., 2020). As shown in Fig. 2f, the O 1s high resolution spectra
could be decomposed into three peaks, corresponding to C-OH (533.0
eV), C=0 (532.3 eV), and C-O (531.2 eV) (Deng et al., 2019). Besides,
due to the low content of iron in STLB, it could not be detected by XPS.
But the Fe concentration of STLB measured by ICP-AES was 250.9 mg
kg~!. These oxygen functional groups and trace amounts of iron would
present high redox potential and facilitate electron transfer from the
STLB catalyst to PDS (Jiang et al., 2018).

3.2. CTC removal by the spent tea leaves-based biochar

During CTC removal in PS-AOP, the STLB might act as both an
adsorbent and a catalyst. Moreover, CTC adsorption on the STLB would
have a positive influence on the subsequent degradation. Thus, the
adsorption behavior of as-prepared biochar for CTC removal was first
investigated.

3.2.1. CTC adsorption on the spent tea leaves-based biochar activator

3.2.1.1. Adsorption isotherm. The adsorption isotherm performance of
CTC on the STLB was evaluated and Langmuir and Freundlich model fits
were shown in Fig. 3a. The results indicated that the experimental data

was better fitted to the Freundlich model, meaning that the whole
adsorption process might belong to a possible multi-layer adsorption
with non-uniform distribution of adsorption affinities over the surfaces
of STLB. The n value got from the Freundlich model is an indicator of
isotherm nonlinearity as well as the heterogeneity of sorption sites.
Obviously, the n value obtained for the adsorption system was found to
be well above 1, indicating the favorability of the CTC adsorption under
the experimental conditions. And the active sites of STLB surface were
heterogeneous for CTC binding (Kumar et al., 2016). Besides, the
maximum adsorption capacity of as-prepared material obtained from
the Langmuir model was 627 mg g L.

3.2.1.2. Adsorption kinetics. The adsorption kinetic performance of CTC
on STLB was also evaluated using pseudo-first-order, pseudo-second-
order, and Weber-Morris kinetics models in Fig. 3b & c. As shown, CTC
adsorption behavior on the STLB exhibited a rapid phase at the begin-
ning followed by a gradually slower increase until the equilibrium was
achieved within 90 min.

According to the fitting results of both pseudo-first-order and
pseudo-second-order models (Fig. 3b), the pseudo-first-order model was
more suitable to describe the adsorption process, implying that CTC
adsorption on the STLB was controlled by a diffusion step (Ng et al.,
2013) and the hierarchical pore structure was just favorable for the
transport and diffusion of CTC molecules in water (Yu et al., 2021). And
then the Weber-Morris model (Fig. 3c) was used to identify the diffusion
mechanism. The results showed that the whole adsorption process might
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Fig. 3. (a) Adsorption isotherm of CTC on the STLB. Experimental conditions: [STLB] = 0.1 g Lt ; [CTC] = 50-500 mg Lt ; initial pH = 6.0. (b) Adsorption kinetic
curves of CTC fitted with Pseudo-first-order and Pseudo-second-order models; (c) Adsorption kinetic curves of CTC fitted with Weber-Morris model. Experimental
conditions: [STLB] = 0.1 g L™%; [CTC] = 50 mg L }; initial pH = 6.0.

be divided into three stages: (1) External diffusion (0-30 min) where
CTC was diffused from bulk solution to external surface of the STLB. (2)
Intra-particle diffusion (30-90 min) where CTC was transferred from the
surface of STLB into its internal pores. (3) Final equilibrium stage (>90
min) where intra-particle diffusion began to slow down owing to
extremely low CTC concentration left in the solution. The linear plot
didn’t pass through the origin, suggesting that the intra-particle diffu-
sion wasn’t the dominating mechanism for CTC adsorption on

synthesized biochar (Chen et al., 2019). Over 75 % of the equilibrium
level had been achieved after 30 min, and external adsorption was more
conducive to the following desorption and degradation of CTC on STLB.
Therefore, 30 min were chosen as the optimum time of CTC
pre-adsorption in the subsequent removal experiments.
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Fig. 4. (a) CTC removal in different systems: (1) oxidation by PDS alone; (2) adsorption using the STLB; (3) PDS activated by the STLB; (4) combined pre-adsorption
and PS-AOP derived by the STLB. (b) Effect of initial pH value on the performance of CTC removal, (c) Recyclability of the STLB for CTC removal, and (d) TOC
removal in combined pre-adsorption and PS-AOP. Experimental conditions: [STLB] = 0.1 g L™%; [CTC] = 50 mg L™%; [PDS] = 1 g L™%; initial pH = 6.0.
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3.2.2. Combined adsorption and degradation performance for CTC removal

3.2.2.1. Adsorption-enhanced catalytic degradation performance. To
identify the contribution of adsorption on the subsequent catalytic
degradation, the removal efficiencies of CTC in various processes were
compared, respectively. As illustrated in Fig. 4a, obviously, only
adsorption happened in the presence of STLB and the adsorption
resulted in about 77.6 % removal of CTC within 90 min. With the PDS
alone, only 30.5 % of CTC was degraded after 90 min. This result indi-
cated that PDS has limited oxidation capacity and CTC cannot be
effectively oxidized by PDS without the involvement of catalysts. When
both STLB and PDS were present in the system, CTC removal efficiency
increased to 89.8 % in 90 min. The result showed that the STLB was
effective in activating PDS for the CTC degradation and the oxidizing
ability of some reactive oxygen species generated during activation
might be much stronger than that of PDS (Liu et al., 2020). Clearly, the
best removal performance was achieved in combined pre-adsorption
and PS-AOP. An accelerated removal rate was observed and nearly
97.4 % of CTC was removed in 90 min. This might be attributed to that
the CTC molecules enriched on the surface of STLB provided higher
driving force for their subsequent degradation. In turn, the CTC degra-
dation from the surface of STLB facilitated the sustainable adsorption.
The synergistic effect of adsorption coupled with catalysis based on
STLB finally resulted in the easy removal of CTC.

The tolerance of pH value has important impact on the performance
of adsorption-enhanced PS activation and the practical application of
STLB in the wastewater treatment. Thus, the influence of initial solution
pH on the CTC removal was investigated at pH 3.0, 6.0 and 9.0,
respectively. As illustrated in Fig. 4b, over 92.3 %, 97.4 %, and 89.0 % of
CTC were removed within 30 min of pre-adsorption and 60 min of
subsequent catalytic degradation at the initial pH of 3.0, 6.0, and 9.0,
respectively. The results demonstrated that STLB had high CTC removal
efficiency over a wide pH range of 3.0-9.0. By contrast, the CTC removal
rate at pH 6.0 was slightly higher than that at pH values of 3.0 and 9.0.
This phenomenon might be explained by the fact that pH value had a
relatively obvious effect on the performance of adsorption and the
generation of free radicals during the CTC removal. Obviously, with the
increase of pH value, the adsorption speed increased at first and then
decreased gradually (Peiris et al., 2017). The adsorption efficiency was
best at pH 6 and this result was basically consistent with the analysis of
PHpc (Text S2 and Fig. S2). Besides, the amount of reactive oxygen
species produced under different pH conditions directly influenced the
CTC degradation. Compared with alkaline condition, more reactive
oxygen species would be generated under acid condition. But some free
radicals might be wasted by side reactions (Eq. (1) and (2)) at pH = 3 (Li
et al., 2020). Under alkaline condition, SO4 * could also be transformed
to *OH (Eq. (3) and (4)), which had obviously weaker oxidizing power
(Yu et al., 2021)).

SO, +H™ +e”—HSO; (€))
‘OH +H* + e —=H,0 (2)
SO; +OH™—-OH + SO;~ (3)
SO, +H,0—-0OH + H" + SO}~ @)

In order to further explore the recyclability and potential application
of STLB, successive batches of CTC removal were carried out under the
same experimental condition. As shown in Fig. 4c, over the course of five
cycles, about 97.4 %, 97.3 %, 97.1 %, 95.7 %, and 94.0 % of CTC were
removed after 90 min treatment, respectively. The slight decrease of
removal efficiency might be due to partial intermediates generated
during the catalytic degradation process, which might remain on the
surface of STLB and even restrain further adsorption of CTC for a short
time. The same phenomenon was also observed in the degradation of
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benzotriazole by a novel Fenton-like reaction with mesoporous Cu/
MnO; (Zhang et al., 2016). But the overall effect was relatively small and
CTC could still be quickly removed in the combined pre-adsorption and
PS-AOP after five cycles of reuse. Thus, as an adsorption-enhanced
persulfate activator, the STLB had good recycling performance for CTC
removal.

The CTC degradation was always accompanied by TOC removal in
the combined pre-adsorption and PS-AOP. Thus, the mineralization ef-
ficiency of CTC derived by the STLB was also studied and the results
were provided in Fig. 4d. The mineralization efficiency was distinctly
lower than the CTC removal efficiency owing to the production of many
intermediates during the CTC degradation (Chen et al., 2019). By
contrast, only 18.3 % of TOC was removed within 30 min of
pre-adsorption. However, the TOC removal efficiency was improved
rapidly with the increase of time, and about 57.1 % TOC was removed
within 60 min of subsequent catalytic degradation. The result further
confirmed that the mineralization of CTC was mainly due to the gen-
eration of reactive oxygen species in the catalytic degradation stage.

3.2.3. Removal mechanism of CTC in combined pre-adsorption and PS-
AOP

3.2.3.1. Adsorption mechanism of the spent tea leaves-based biochar. The
superior adsorption performance of STLB for CTC removal might be due
to the following factors: (1) high specific surface area and hierarchical
porous structure, which had been confirmed by BET analyses; (2) elec-
trostatic attraction between STLB and CTC molecules (Text S2 and
Fig. S2); (3) oxygen-containing functional groups, which had been
confirmed by FTIR spectra of STLB before and after CTC adsorption (Test
S3 and Fig. S3).

3.2.3.2. Activation mechanism of the spent tea leaves-based biochar. The
activation of PDS by catalyst may produce some reactive oxygen species,
namely SO4*, *OH and 102 (Liu et al., 2020). Thus, EPR experiments
with DMPO and TEMP as trapping agents were performed to identify the
main reactive species in the degradation process. As depicted in Fig. 5a,
no obvious signals of any free radicals or 0, were found in the presence
of PDS. However, both DMPO-OH and DMPO-SO4 signals were observed
in combined pre-adsorption and PS-AOPs derived by the STLB. When pH
was increased from 3.0 to 9.0, the intensities of DMPO-OH and
DMPO-SO4 first increased and then decreased. The results indicated that
the activated PDS might be dissociated to generated more reactive
radicals (SO4 and *OH) at pH 6.0. Additionally, the TEMP-'0, signals
(1:1:1) were also observed after PDS was added (Fig. 5b), suggesting that
the active 'O, species were generated via the activation of STLB. And the
intensity of TEMP adducts were similarly stronger at pH 6.0.

Numerous studies have shown that EtOH could efficiently quench
both *OH and SO4*, whereas TBA is an effective quencher for *OH
generated in solution or surface bounds. Additionally, NaN3 could
determine the existence of 10, (Zhou et al., 2020). Thus, to further
identify the contribution of reactive species on the CTC degradation,
quenching tests were conducted using EtOH, TBA and NaNj as scaven-
gers, respectively (Zhu et al., 2019). As could be seen from Fig. 5c,
without adding any quenching agents, about 97.4 % CTC was removed
within 30 min of pre-adsorption and 60 min of subsequent oxidation
degradation. In the presence of TBA and EtOH, the CTC removal was
decreased to 93.4 % and 82.6 %, respectively, demonstrating that both
S04 and *OH co-existed in the catalytic degradation system. But the
quenching effect of TBA and EtOH wasn’t particularly significant,
indirectly proving the presence of other reactive species. Meanwhile,
NaNj3 was also dramatically able to quench the reactions, suggesting that
10, might play an important role in the CTC degradation. Thus, the
active species involving SO4*", *OH and 10, were jointly responsible for
the degradation and mineralization of CTC, in which 'O, might be
dominant in PDS activation by using the STLB.
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Fig. 5. EPR spectrum of species adducts trapped by DMPO (a) and TEMP (b); and (c) comparison of the CTC removal under various quenching conditions in

combined pre-adsorption and PS-AOP.

3.3. 3 Removal mechanism of the spent tea leaves-based biochar

According to the above analysis, a possible mechanism of CTC
removal in combined pre-adsorption and PS-AOP derived by the STLB
was described in Fig. 6. The STLB provided enough active sites for CTC
adsorption and PDS activation. In the pre-adsorption stage, trace
amounts of CTC could be firstly adsorbed and enriched onto the surface
of STLB. And then the catalytically generated reactive oxygen species
rapidly degraded and mineralized the adsorbed CTC, facilitating the
subsequent continuous adsorption process. Both biochar and iron in the
STLB could simulate PDS to generate some active species including
SO4*, *OH and 102 via radical and non-radical pathways. And the detail
mechanism of PDS activation over the STLB is mediated by the delo-
calized n-electrons and iron (Egs. (5) - (11)) (Chen et al., 2020; Matzek
et al., 2016).

Enrichment
of CTCs by
adsorption

Degradation

Fig. 6. Reaction mechanism of enhanced CTC removal in combined pre-
adsorption and PS-AOP derived by the STLB.

C—z + $,057 - C—n" + SO} + SO, )
SO; + H,0 - SO;” + -OH + H' (6)
$,0;” + H,0 — HSO; + HSO; )
C—7*t + HSO; - C—x + H" + SO;” (8)
2S0; + H,0 —2HSO; + 1.5 10, ©)]
$,027 + Fe® - Fe?* + 280" (10)
$,0;" + Fe?* — Fe’" + SO} + SO, an

4. Conclusions

Herein, a low-cost heteroatom-doped porous STLB was successfully
prepared. The as-prepared STLB could firstly behave as an adsorbent for
the accumulation of CTCs molecules in water, and subsequently as an
efficient PDS activator for the CTC degradation. Meanwhile, the STLB
itself would be regenerated, and thus recycled. The maximum adsorp-
tion capacity of STLB obtained from the Langmuir model was 627 mg
g L. And nearly 97.4 % of CTC was removed within 30 min of pre-
adsorption and 60 min of subsequent oxidation degradation. Due to
adsorption and oxidation of radicals (SO4* and *OH) and non-radical
including !0, the CTC could be quickly removed over a wide pH
range of 3.0-9.0. The findings indicate the STLB has great potential as a
sustainable adsorption-enhanced persulfate activator for the removal of
antibiotics and other refractory organic pollutants from wastewater,
especially at trace levels. The study also provided a strategy of waste
control by waste and turning spent tea leave into treasure.
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