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ARTICLE INFO ABSTRACT

Editor: Stefanos Giannakis Single-atom catalysts (SACs) are emerging heterogeneous catalysts, which have been shown to be promising for a

wide range of applications. Herein, we report the fabrication of single-atom Co sites with regulated Co-N3 co-
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Antibiotics o g1 and active Co-Nj single sites endowed the Co-N3/WPAC with high adsorption capacity and excellent cat-

;\dva'l'fcetd oxidation processes alytic performance. The maximum adsorption capacity of sulfisoxazole (SIZ) onto Co-N3/WPAC reached 274.5
ersuliate

mg g}, and the removal percentage of SIZ reached ~93.0 % within 1.0 min in the Co-N3/WPAC+PS system. The
bifunctional properties of Co-N3/WPAC led to the efficient preconcentration of organic pollutants from aqueous
solution as well as in-situ oxidation of them via the catalytic oxidation process. In addition, the Co-N3/WPAC+PS
system exhibited a wide operating pH range (3—11), high mineralization capacity (~89.3 %) and excellent
reusability for the degradation of SIZ. Mechanism studies suggested that the Co-N3 active sites were responsible
for enhanced generation of the reactive oxygen species via PS activation, and both radical and non-radical
processes contributed to the oxidation of SIZ. This work provides new insights into the resourceful disposal of
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Single-atom catalysts

waste paper and the application of SACs for environmental remediation.

1. Introduction

Antibiotics were once considered a medical miracle that had saved
millions of lives [1]. However, abuse of antibiotics and inefficient
sewage treatment processes have led to continuously discharging of
them into the aquatic environment [2]. The long-term exposure to an-
tibiotics has changed the environment of microbial habitat, resulting in
the production of antibiotic resistance genes and antibiotics-resistant
bacteria [3], finally posing potential risks to environment and human
health [4,5]. Up to now, advanced oxidation processes (AOPs) have been
explored extensively and identified to be state-of-the-art technologies
for the treatment of recalcitrant organic wastewater [6,7]. In particular,
persulfate-based AOPs (PS-AOPs) have gained ever-growing concerns
due to the efficient production of reactive oxygen species (ROS) with
high redox potential, including hydroxyl radicals (eOH, Ey = 2.8 V),
sulfate radical (SO%, Eg = 2.5-3.1 V), superoxide radical (O3, Eg = 0.15
V) and singlet oxygen (102, Ep = 2.2 V) [8,9]. In general, the ROS are
generated via PS activation by using heat, ultrasonic, ultraviolet light,
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transition metal (TM) ions, etc. [10]. Among these methods, transition
metal catalysis is one of the most promising techniques for practical
applications, owing to the higher efficiency, simpler operation and
lower energy consumption. However, the homogeneous TM ions and
heterogeneous TM nanoparticles usually suffer from high toxicity and
low stability in acidic conditions. In recent years, increasing efforts have
been made to develop robust and cost-effective TM -catalysts for
PS-AOPs.

Single-atom catalysts (SACs) with isolated nitrogen-coordinated
metal atoms scattered on the carbon supports have attracted immense
interest in heterogeneous catalysis by virtue of maximized atom utili-
zation efficiency, tunable local electronic structures and excellent cat-
alytic performance [11-13]. This is not only because the metal-nitrogen
(M-N) coordination contributes to the formation of strong metal-support
interactions, but also because the M-N moieties are proposed to be
robust active centers for heterogeneous catalysis [14,15]. However, the
cost-effective fabrication of SACs with abundant uniformly dispersed
active sites on the surface of carbon matrix is still a challenge. Waste
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paper is a low-cost, renewable and easily accessible material, mainly
composed of cellulose [16]. Transformation of waste paper into energy
or valuable products is a green and sustainable approach for waste paper
disposal. Besides recycled paper manufacturing, researchers have
embarked on efforts aimed to fabricate waste paper-derived materials
for a wide range of applications. For instance, Tang et al. prepared
activated carbon from waste paper as a porous adsorbent for removal of
methylene blue from aqueous solution [17]. Yang et al. fabricated waste
paper-derived magnetic nanocarbons and applied the nanocomposites
to catalyze the synthesis of n-butyl levulinate from furfuryl alcohol [18].
Thus, waste paper as the easily available raw materials can be applied
for fabrication of multifunctional carbon-based materials. In particular,
the waste paper-derived nanocarbons can be used as the low-cost and
robust support to anchor TM nanoparticles as well as the TM SACs.

Herein, single-atom Co sites with regulated Co-N3 coordination
supported on waste paper-derived active carbon (WPAC) were prepared.
The low coordination number of the Co-N3 sites could increase the
charge density of the Co single atoms, leading to enhanced activity in the
PS-AOPs [19]. The large surface area and abundant pore structure of
Co-N3/WPAC facilitated the exposure of single-atom metal sites for
catalysis, as well as the transportation of reactants from aqueous solu-
tion to catalysts’ surface. The Co-N3/WPAC was applied for the removal
of sulfisoxazole (SIZ), a model of the antibiotics, from water via PS
activation. Effects of the initial solution pH, catalyst dosage, and PS
concentration on SIZ degradation in the Co-N3/WPAC+PS system were
investigated. The generation of various ROS in the Co-N3/WPAC+PS
system was probed by using quenching experiments and electron para-
magnetic resonance (EPR) measurements, and the underlying mecha-
nisms were explored. This study will encourage researchers to
synthesize valuable nanocatalysts from solid waste and provide a
promising approach for practical wastewater treatment.

2. Materials and methods
2.1. Materials

Polyethyleneimine (PEI) was purchased from Alfa Aesar Chemical
Co., Ltd. (Shanghai, China). 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin cobalt (TCPP-Co) was supplied by Jinan Henghua Science
and Technology Co., Ltd. (Jinan, China). Hydrochloric acid (HCI), so-
dium hydroxide (NaOH), methanol (CH30H, MeOH), tert-butanol
(C4H100, TBA), ethanol (CoHsOH, EtOH), formic acid (HCOOH), phos-
phoric acid (H3POy4), acetonitrile (CoHsN, ACN), trifluoroacetic acid
(CF3COOH), triethylamine ((C2Hs)3N), sodium sulfate (NapSO4) and
potassium persulfate (K2S20g, PS) were provided by Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). Meropenem (C;7H5N305S,
MEM) was provided by Tianjin Guangfu Chemical Reagent Co., Ltd.
(Tianjin, China). Norfloxacin (C16H18FN3O3, NOR), benzoquinone
(CeH402, BQ) and furfuryl alcohol (CsHeO», FFA) were obtained from
Aladdin Chemical Co., Ltd. (Shanghai, China). Cefalexin (C;H19N30s5S,
CL) was obtained from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Sulfamethoxazole (C;oH11N303S, SMX), sulfisox-
azole (C11H13N303S, SIZ), 5,5-Dimethyl-1-pyrroline N-oxide (CcH11NO,
DMPO) and 2,2,6,6-tetramethylpiperidine (CoH;9N, TEMP) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Tetra-
cycline hydrochloride (C2H24N20g-HCl, TCH) and chloroacetic acid
(CICH,CO2H) were supplied by Beijing J&K Scientific Co., Ltd. (Beijing,
China). Nafion perfluorinated resin solution was purchased from Sigma-
Aldrich Trading Co., Ltd. (Shanghai, China). The chemicals above were
of analytical grade and used as received without further purification.
Deionized water was prepared with Milli-Q ultra-pure water system
(18.2 MQ-cm).

2.2. Preparation of Co-N3/WPAC

Waste paper (WP) was collected and pretreated by washing and
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drying. The synthetic processes of Co-N3/WPAC are illustrated in
Scheme 1. First, 1.0 g of WP was weighed and added into a 250 mL
conical flask with 100 mL of distilled water. After that, 2.5 g of NaOH
and 2.5 g of CICH,COOH were added into the solution. The mixture was
heated to 65 °C and held for 30 min, and then sonicated in water bath for
4 h. During the hydrothermal process, the -COOH groups were grafted
onto the surface of WP. The obtained WP-COOH was washed, filtered
and dried in a vacuum oven at 60 °C overnight. The negatively charged
WP-COOH was then dispersed in 100 mL aqueous solution containing
0.08 g of PEI and 0.1 g of TCPP-Co. The mixture was continuously stirred
for 12 h to achieve the full adsorption of PEI and TCPP-Co onto the WP-
COOH. Then, the mixture was filtered, dried, and subsequently calci-
nated at 550 °C with a heating rate of 5 °C min~! under N, atmosphere
for 2 h, stepped by increasing the temperature to 700 °C with the same
heating rate and kept for another 1 h. After cooling down to room
temperature, the product was ground and treated by 1 M HaSO4 at 80 °C
for 4 h, and finally washed with deionized water several times and dried
at 60 °C under vacuum. For comparison, pure WPAC was prepared by
calcination of the WP-COOH under the same procedure.

2.3. Characterizations and experimental procedure

The materials were characterized by using Scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), aberration-
corrected high-angle annular dark-field scanning TEM (HAADF-
STEM), X-ray diffraction (XRD), X-ray absorption fine structure (XAFS),
X-ray photoelectron spectroscopy (XPS), etc. Detailed characterizations
of the samples are elaborated in Text S1.

Adsorption experiments were implemented in 10 mL sealed poly-
ethylene tubes, containing desired concentration of SIZ and suspended
Co-N3/WPAC. The solution pH was adjusted to 6 by using 0.1 M NaOH
or HCl. The samples were placed in a thermostatic water bath shaker
with a shaking speed of 200 rpm at room temperature. Thereafter,
0.2 mL of the suspension was sampled at selected time intervals and
filtered through a 0.22 ym membrane filter to separate Co-N3/WPAC.
The SIZ concentration in the separated solution was analyzed by high
performance liquid chromatography (HPLC, Shimadzu 20AV). Details
for the adsorption kinetics and adsorption isotherms are shown in Text
S2.

Catalytic degradation of SIZ in the Co-N3/WPAC+PS system was
carried out in a 100 mL beaker at room temperature. The solution
containing 20 mg L™ of SIZ and 0.2 g L1 of Co-N3/WPAC was stirred
for 30 min to establish the adsorption-desorption equilibrium. The so-
lution pH was adjusted by 0.1 M HCI and NaOH. After that, PS was
added into the solution under continuous stirring to trigger the catalytic
oxidation process. At specific time intervals, 0.5 mL of the reaction so-
lution was withdrawn and immediately filtered through a 0.22 ym
membrane filter, and then quenched with excessive methanol. The
catalyst was recycled by filtration after each run of the experiment and
washed with deionized water thoroughly for the cycling experiment.
Degradation of various antibiotics (NOR, SMX, TCH, MEM and CL) was
carried out by using the same procedure. The concentrations of the
antibiotics were determined by HPLC (details are summarized in
Table S1). The removal of the total organic carbon (TOC) was performed
in 400 mL of the solution containing 20 mg L™* of SIZ and 0.2 g L ™! of
Co-N3/WPAC. After adding a certain amount of PS to trigger the
oxidation process, 9 mL of the reaction solution was sampled at the
required time intervals. The samples were filtered through a 0.22 ym
membrane and immediately detected by a TOC analyzer.

3. Results and discussion
3.1. Structural and morphological characterizations

From the SEM images, one can observe that the surface of WPAC
(Fig. Sla) was smooth, but Co-N3/WPAC (Fig. S1b and Fig. 1la)
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Scheme 1. Schematic illustration of the fabrication of Co-N3/WPAC.

presented a rough surface with sea cucumber-like structure on its sur-
face. TEM image of Co-N3/WPAC (Fig. 1b) showed the presence of
wrinkles and nanopores in the nanocarbons, which was beneficial to the
exposure of more active surface sites for catalysis. None of the metal
particles or clusters can be observed from the TEM image, indicating the
Co species may be atomically anchored on the WPAC substrate. The
HAADF-STEM image (Fig. 1¢) of Co-N3/WPAC clearly revealed that
bright dots were densely distributed over the carbon matrix, corre-
sponding to the atomically dispersed Co atoms. As shown in Fig. 1d, XRD
patterns of WPAC and Co-N3/WPAC exhibited two broad diffraction
peaks, which were assigned to (002) and (100) planes of graphitic car-
bons [20]. As compared with pure WPAC, the (002) diffraction peak of
Co-N3/WPAC was shifted to a higher angle with deceased intensity,
indicating poorer crystallinity and decreased interlayer spaces of the
carbon skeleton [21,22]. Meanwhile, no peaks associated with metallic
Co or Co oxides can be found in the XRD pattern of Co-N3/WPAC, which
also revealed the atomic dispersion of the Co species on the WPAC
substrate.

Raman spectra of WPAC and Co-N3/WPAC were shown in Fig. le,
where the peaks located at 1300 and 1580 cm ™' were assigned to D and
G bands, respectively [20]. The ratio of the peak intensities between D
and G bands (Ip/Ig) reflected the degree of defect and disorder in the
graphite carbons [20]. The calculated Ip/Ig value for Co-N3/WPAC
(0.79) was slightly larger than that for WPAC (0.74), implying the for-
mation of more defects in the carbon lattices, which provided extra
active sites for the heterogeneous catalysis. From the Ny
adsorption-desorption isotherm (Fig. 1f), the rapid and high Ny
adsorption at low relative pressures indicated the presence of abundant
micropores in the Co-N3/WPAC [23]. While the hysteresis loops arose at
a relatively high pressure, attributing to the existence of mesopores in
the Co-N3/WPAC [20]. The pore size of Co-N3/WPAC was mainly

located in the range of 0-10 nm (Fig. S2), confirming its mesoporous
structure. The Brunauer-Emmett-Teller (BET) specific surface area of
Co-N3/WPAC was calculated to be 535.2 m? g1, much larger than that
of WPAC (390.7 m> g_l). The high specific surface area and abundant
micro-/mesopores provided a large number of accessible active sites as
well as the channels for mass transfer, thereby boosting the adsorption
and the catalytic processes on the surface of Co-N3/WPAC [20].

From the Co K-edge X-ray absorption near-edge structure (XANES)
spectrum (Fig. 1g), the absorption edge of Co-N3/WPAC was located
between those of Co foil and CoO, suggesting that the valence state of Co
single-atom sites in Co-N3/WPAC was between 0 and + 2. The Fourier
transforms k3-weighted extended X-ray absorption fine structure (FT-
EXAFS) curve of Co-N3/WPAC (Fig. 1h) displayed a major peak at
around 1.5 A with the absence of the Co-Co peak, demonstrating the
formation of Co-N coordination [24]. The wavelet transform (WT)
EXAFS plot of Co-N3/WPAC solely presented one intensity maximum at
41A (inset of Fig. 1i), confirming the formation of the Co-Ny
single-atom sites [25]. Furthermore, the EXAFS curve of Co-N3/WPAC
was fitted in both R (Fig. 1i) and k spaces (Fig. S3), and the corre-
sponding fitting parameters were listed in Table S2. The best fitting
results disclosed that the Co atoms were averagely coordinated by three
N atoms with the average Co-N bond length of 1.9 A, illustrating the
Co-N3 configuration in Co-N3/WPAC. These results collectively
demonstrated the successful fabrication of the single-atom Co-Nj sites
by using the low-cost WPAC as the support. The XPS survey of
Co-N3/WPAC unveiled the coexistence of C, N, O and Co elements
(Fig. S4a). As shown in Fig. S4b, the high-resolution C 1 s spectra of
WPAC and Co-N3/WPAC were deconvoluted into three peaks, corre-
sponding to the C-C, C-N/C=N and O-C=O chemical bonds, respec-
tively [18,22]. The existence of C-N/C—=N bonds in the Co-N3/WPAC
attested the successful introduction of N dopants into the carbon lattices,
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Fig. 1. (a) SEM, (b) TEM and (c) HAADF-STEM images of Co-N3/WPAC. (d) XRD patterns and (e) Raman spectra of WPAC and Co-N3/WPAC. (f) N, adsorption-
desorption isotherms of Co-N3/WPAC and WPAC. (g) Normalized Co K-edge XANES and (h) FT-EXAFS spectra of the Co-N3/WPAC, CoO and Co foil. (i) EXAFS
fitting curve of Co-N3/WPAC at R space and wavelet transformed EXAFS spectrum.

providing abundant N sites for anchoring the Co single-atom sites. The N
1s spectrum of Co-N3/WPAC was deconvoluted into five peaks
(Fig. S4c), which were identified as pyridinic N (398.4 eV), Co-N
(399.1 eV), pyrrolic N (400.0 eV), graphitic N (401.2eV), and
oxidized N (405.1 eV), respectively [20]. The presence of the Co-N peak
also validated the formation of Co-N coordination in the Co-N3/WPAC.
As compared with WPAC, the nitrogen contents in Co-N3/WPAC, espe-
cially pyridinic N and graphitic N, were apparently increased, which
provided additional active sites and facilitated the electron transfer for
the catalytic process (Fig. S4c). Moreover, the peak of pyridinic N for
Co-N3/WPAC was shifted to lower binding energy as compared to that
for WPAC, indicating that the Co single atoms were mainly bonded with
pyridinic N atoms. Two major peaks centered at 781.3 eV (Co 2p3,2) and
795.9 eV (Co 2p;,2) in the Co 2p spectrum of Co-N3/WPAC (Fig. S4d)
confirmed the divalent state of the Co [26,27].

3.2. Adsorption performance of Co-N3/WPAC

The adsorption process described the transfer of molecules from the
gas/liquid phase to the surface of the solid adsorbent. In order to better
understand the adsorption process, the adsorption kinetics of SIZ onto

Co-N3/WPAC was studied. As shown in Fig. 2a, the adsorption of SIZ
onto Co-N3/WPAC increased sharply within the first 2 min, and then
slowed down until reached the adsorption equilibrium within 20 min.
Such super-fast adsorption kinetics suggested the presence of ample and
available adsorption sites on the surface of Co-N3/WPAC. The adsorp-
tion kinetics were fitted by the pseudo-first-order (Fig. 2b) and pseudo-
second-order kinetic model (Fig. 2c¢), and the corresponding kinetic
parameters and correlation coefficients were summarized in Table S3.
The much higher correlation coefficient (R? = 0.9995) declared the
perfect fitting of experimental data by the pseudo-second-order model.

The adsorption isotherm was plotted in Fig. 2d. The experiment
result suggested that the equilibrium adsorption capacity (q.) increased
with the increase of SIZ equilibrium concentration, and reached the
maximum at last. Langmuir and Freundlich models were employed to fit
the adsorption isotherm and the corresponding fitting parameters were
listed in Table S4. It was found that the Langmuir model better described
the adsorption isotherm, indicating that the adsorption of SIZ onto Co-
N3/WPAC was monolayer and reversible [28]. The maximum adsorp-
tion capacity (gma) of Co-N3/WPAC toward SIZ was 274.5 mg g ',
showing the superb adsorption performance of Co-N3/WPAC, which
might be due to its large specific surface area and porous structure. The
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Fig. 2. (a) Adsorption kinetics of SIZ onto Co-N3/WPAC, and the corresponding fitting plots of (b) pseudo-first-order model and (c) pseudo-second-order model. (d)
Adsorption isotherm of SIZ onto Co-N3/WPAC and the fitted curves (Experimental conditions: pH 6, [SIZ] = 10-200 mg L', [Catalysts] = 0.2 g L™".).

excellent adsorption property could prompt the preconcentration of SIZ
near the active centers of Co-N3/WPAC, thus facilitating the catalytic
degradation of SIZ by the in-situ generated ROS at the surface of
Co-N3/WPAC.

3.3. Catalytic performance of Co-N3/WPAC for PS activation

The catalytic performance of Co-N3/WPAC for PS activation was
systematically investigated by using SIZ as a model of the antibiotics.
Fig. 3a displayed the degradation of SIZ in the PS, WPAC-PS and Co-N3/
WPAC+PS systems under the same experimental conditions. The
removal percentages of SIZ through adsorption by WPAC and Co-N3/
WPAC were 2.7 % and 33.4 %, respectively, confirming the enhanced
adsorption performance of Co-N3/WPAC. The catalytic oxidation pro-
cess was triggered by adding PS into the reaction solution. The removal
percentage of SIZ in the WPAC+PS system reached 20.2 % within
30 min, indicating the poor catalytic activity of WPAC toward PS acti-
vation. While the removal efficiency significantly increased to 93.0 %
within 1 min and 99.6 % within 30 min in the Co-N3/WPAC+PS system.
Notably, PS alone was inefficient in the degradation of SIZ with only 3.5
% of SIZ was eliminated within 30 min. These results determined that
the Co single sites contributed to the enhanced catalytic activity for PS
activation. In addition, the doped N atoms in the WPAC may be also
involved in the heterogeneous activation of PS [23]. The
pseudo-first-order kinetic model was applied to fit the SIZ degradation
kinetics in the various systems (Text S3, Fig. S5), and the corresponding
kinetic rate constants (k) were listed in Table S5. As expected, the value
of k (0.16 min ) for the Co-N3/WPAC-+PS system was about 16 times
greater than that for the WPAC+PS system, confirming the enhanced
performance of the Co-N3/WPAC catalyst.

The effect of initial solution pH on SIZ removal in the Co-N3/
WPAC+PS system was explored (Fig. 3b). It was found that the

adsorption percentages of SIZ onto Co-N3/WPAC were almost un-
changed (35 %—38 %) over the tested pH range (pH 3-11). This sug-
gested that the adsorption process was driven by the hydrophobic effect
and n-7 interactions between the benzene-ring of SIZ and sp? carbons of
Co-N3/WPAC [20]. The catalytic oxidation process was found to be
efficient for SIZ degradation over a wide range of solution pH (3—11)
with the SIZ degradation percentages all greater than 94 %. Meanwhile,
Co ions leaching out from the Co-N3/WPAC+PS system were monitored
by inductively coupled plasma mass spectrometry (ICP-MS). As shown in
Fig. S6, concentrations of Co ions in the Co-N3/WPAC+PS system were
all below 0.05 mg L~ lover the tested pH range (3—11), confirming high
robustness and catalytic activity of the Co-N3/WPAC catalyst. The PS
and Co-N3/WPAC dosages were optimized to be 0.5 g L ' and 0.2 g L2,
respectively (Fig. S7).

In comparison with the recently reported single-atomic site Cu (SAS-
Cu) [29], MnFeyO4 supported on sludge-derived active carbon
(MnFe204-SAC) [30], Co3V20s [31], BipO3/CuNiFe layered double hy-
droxides (LDHs) [32], activated carbon coated with CoFe LDH
(AC@CoFe-LDH) [33], Fe, N co-doped biochar (Fe-N-BC) [34], N-doped
reduced graphene oxide (N-rGO) [35], y-Fex03/CeOg [36], TiO2 doped
with acetylene black (TiO2/AB) [37], N-doped biochar-loaded nano-
scale zero-valent iron composites (Fe@N3-BCgog) [38], Co304/CNTs
[39], cellulose derived biochar (CBC-1000) [40] (Fig. 3c and Table S6),
Co-N3/WPAC presented superior catalytic performance in PS activation,
with regard to the admirable normalized removal efficiency, fast elim-
ination of contaminants, and low consumption of PS. Furthermore, the
high TOC removal percentage (~89.3 %) implied excellent oxidation
and mineralization capacities of Co-N3/WPAC+PS system for the
decomposition of SIZ into CO2 and H20 (Fig. 3d). The reusability and
stability of the catalyst was vital for its practical application. As illus-
trated in Fig. S8, the removal percentages of SIZ were all larger than 95
% for the five consecutive cycles, indicating excellent stability and
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reusability of the Co-N3/WPAC catalyst. The recycled Co-N3/WPAC was
characterized by XRD and XPS (Fig. S9, Fig. S4a), and no obvious
changes in the structure and composition could be detected, confirming
the outstanding stability of Co-N3/WPAC. Besides SIZ (Fig. 3e), the
various antibiotics (NOR, SMX, TCH, MEM and CL) can be effectively
removed in the Co-N3/WPAC+PS system via the combination of
adsorption and catalytic oxidation processes. In addition, degradation of
SIZ spiked pharmaceutical effluent in the Co-N3/WPAC+PS system was
also investigated (Fig. 3f). The result disclosed that SIZ removal per-
centage reached 99.0 % in the Co-N3/WPAC+PS system, suggesting
Co-N3/WPAC mediated PS-AOPs was applicable for the removal of an-
tibiotics from the real wastewater matrix. These results collectively
demonstrated the great application potential of Co-N3/WPAC catalyst
for the treatment of antibiotic wastewater.

3.4. Identification of ROS and mechanism studies

Quenching experiments and EPR analysis were carried out to identify
the generated ROS in the Co-N3/WPAC+PS system. MeOH, TBA, BQ,
and FFA were applied for scavenging eOH/SO5", «OH, O3, and 0y,
respectively [41,42]. As depicted in Fig. 4a and Fig. S10, the addition of
MeOH or TBA significantly inhibited the degradation of SIZ with the

removal percentage falling to 59.3 % and 68.8 %, respectively. This
verified the primary contribution of ¢OH and SOj3 to the oxidation of
SIZ. The degradation of SIZ was also suppressed by FFA, indicating that
10, may be involved in the catalytic oxidation process. However, it has
been reported that high concentration of FFA may also react with eOH
and SO3 [43]. Moreover, adding D,0 into the Co-N3/WPAC+PS system
to prolong the life-span of !0, presented no obvious impact on SIZ
degradation (Fig. S11), implying that 10, played a minor role in the
oxidation of SIZ. The presence of BQ can hardly affect SIZ degradation,
suggesting that O3~ was irresponsible for the oxidation of SIZ. DMPO and
TEMP were applied as the trapping agents for the EPR analysis in various
systems. As compared with the WPAC+PS system (Fig. 4b), much
stronger and prominent DMPO-eOH and DMPO-SO% signals were
detected in the Co-N3/WPAC-PS system, indicating efficient generation
of the radical species via Co-N3/WPAC catalyzed PS activation. Simi-
larly, as shown in Fig. 4c, the stronger triplet TEMP-'0, signals were
observed in the Co-N3/WPAC+PS system than in the WPAC+PS system,
suggesting the 105 as another ROS was produced via PS activation by
using the Co-N3/WPAC catalyst. No obvious DMPO-0O3 signals can be
detected in the two systems (Fig. S12), ruling out the production of O3~
in the Fenton-like process. In comparison to the WPAC+PS system, the
remarkably stronger EPR signals in the Co-N3/WPAC+PS system
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Fig. 4. (a) The removal efficiency of SIZ under various quenching conditions; EPR spectra of the Co-N3/WPAC+PS system by using (b) DMPO and (c) TEMP as the
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mental conditions: pH 6, [SIZ] = 20 mg L™, [Catalysts] = 0.2 g L'}, [PS] = 0.5 g L™}, [MeOH] = [TBA] = [BQ] = 100 mM, [FFA] = 0.8 gL™1).

corroborated that those Co-N3 sites contributed to the enhanced cata-
lytic performance of the Co-N3/WPAC catalyst.

In-situ Raman spectroscopy was applied to probe the evolution of the
PS molecules during the catalytic oxidation process. As shown in Fig. 4d,
the bands centered at 815 and 1075 cm ™' were assigned to the S-O
stretching vibration mode and the symmetric S=O stretching vibration
mode of szo,%*, respectively [44]. Interestingly, a new peak (szog"*) at
around 837 cm ! emerged in the Co-N3/WPACPS system, which could
be due to the bending vibration of the elongated O-O bond in the
metastable Co-N3/WPAC-PS* intermediate [45-50], demonstrating the
formation of the complex between PS and the Co-N3/WPAC catalyst. The
positively charged Co-Nj sites as well as the graphitic N sites could be
the adsorption sites, promoting the electron transfer process for
decomposition of the PS molecules to produce ROS. More interestingly,
the peaks of szog- vanished in the Co-N3/WPAC+PS+SIZ system with
the appearance of a new peak at 980 cm ™! for SO7, testifying that PS
was consumed with the presence of SIZ. Thus, the Co-N3/WPAC-PS*
complex can effectively oxidize SIZ by direct electron transfer process,
resulting in the O-O bond breaking and decomposition into SO%’ [51].
The electron transfer between PS and Co-N3/WPAC was further probed
by electrochemical measurements. As shown in Fig. S13, the electro-
chemical impedance spectroscopy (EIS) Nyquist diagram of Co-Ns/-
WPAC had a smaller arc radius as compared with the WPAC, indicating
the smaller interfacial charge transfer resistance of Co-N3/WPAC for
catalysis. Fig. S14 monitored the current response of WPAC and
Co-N3/WPAC with the addition of PS. The instantaneous negative cur-
rent response after adding PS suggested the rapid electron transfer from
catalysts to PS. Furthermore, the evidently larger and more persistent
current response of Co-N3/WPAC to PS revealed more favorable electron
transportation in the Co-N3/WPAC-+PS system, promoting efficient

generation of the ROS via PS activation.

In conclusion, the SIZ degradation in the Co-N3/WPAC+PS system
relied on the radical and non-radical pathways. On the one hand, PS
could be effectively activated by the single atom Co sites to produce SO~
radical (Egs. (1—3)) [52]. And the Co%t/Co3t cycles were maintained by
the redox reaction of HSOs5 as described in Egs. (3) and (4). Subse-
quently, the highly reactive SO%™ in solution could react with Hy0 to
generate ¢OH through Eq. (5) [53]. Meanwhile, the [Co-N3/WPAC-PS* ]
complex may be involved in the direct oxidation of pollutants by the
extraction of electrons from SIZ molecules. Thus, both radical and
non-radical mechanisms were involved in the Co-N3/WPAC+-PS system,
leading to the efficient degradation of the various antibiotics in aqueous
solution.

= Co®t+ 8,08 - = Co* + 50§ + S0%” €h)
$,0%” + H,0 — HSO5 + HSO; )
= Co’*+ HSO5 - = Co®" + SO§ + OH™ (3)
= Co’*+ HSO5 » = Co* + S0 + HT (4)
SO$™ + H,0 — HSOj; + ¢OH / SO} + eOH + H* (5)

4. Conclusion

In summary, waste paper was creatively converted into carbon-
supported SACs by loading of Co-N3 single sites on the WPAC. The
large specific surface area, porous structure, and single-atom Co dopants
endowed the Co-N3/WPAC catalyst with high adsorption capacity and
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excellent catalytic performance for PS activation. The co-existence of
radical (¢OH and SO3) and non-radical (direct electron transfer)
mechanisms was unveiled in the Co-N3/WPAC+PS system. The coupled
techniques promoted the preconcentration and in-situ oxidation of
organic pollutants on the surface of Co-N3/WPAC, leading to the effi-
cient degradation and mineralization of SIZ in the Co-N3/WPAC+PS
system. In addition, the broad applicable pH range, low Co leaching and
superior reusability and stability endowed the Co-N3/WPAC catalyst
with great application potential for practical wastewater treatment. This
study provided a new and sustainable approach for waste paper recy-
cling as well as the development of SACs for PS-AOPs.
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