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Abstract

The frequently detected antibiotics in aquatic environments can induce antibiotic-
resistance genes, thereby posing significant risks to both ecosystems and human health.
Thus, it is imperative to remove antibiotics from water environments. We constructed
a novel polydopamine-loaded copper sulfide (CuS@PDA) through a simple
hydrothermal method to activate H.O> to degrade tetracycline (TC). Compared to
CuS/H20,, the CuS@PDA/H20: system not only achieved efficient TC removal with
Kinetic rate constant of 0.20 min, but also showed much lower Cu?* ions leaching
(3.81 mg/L from CuS vs. 0.21 mg/L from CuS@PDA). Besides, CuS@PDA exhibited
remarkable recyclability with 93% removal in the fifth consecutive cycle. Mechanisms
analysis revealed that Cu and S contributed to the H2O> activation and S promoted the
conversion of Cu(ll) to Cu(l), beneficial for the production of reactive oxygen species.
10, was found to play the dominant role in the degradation of TC on the basis of
quenching tests and electron paramagnetic resonance (EPR) analysis. PDA in
CuS@PDA composites facilitated easier complexation with H.O, and conferred
stronger oxidation capability. Lastly, the TC degradation pathway by CuS@PDA/H20-
was proposed, and the ecotoxicity of its degradation intermediates was estimated. In
conclusion, this work presents an approach for synthesizing high efficient and
recyclable CuS-based catalysts that activate H>O» to efficiently degrade organic

pollutants through a nonradical pathway predominantly mediated by 1O..

Keywords: CuS; Polydopamine; H20: activation; Tetracycline degradation; O

dominated
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1. Introduction

The presence of pharmaceutical and personal care products in aquatic environment
leads to severe ecological risks such as endocrine disruption and bioaccumulation [1].
Tetracyclines (TC), extensively used in aquaculture and veterinary medicine [2], has
been frequently detected in surface water, groundwater, and municipal wastewater due
to its hydrophilicity, weak volatility, and high adsorptive capacity [3]. This poses
serious threat to human health, induces bacteria resistance, and endangers the ecological
environment [4]. Conventional water and wastewater treatment methods such as
flocculation, precipitation, adsorption, and activated sludge process fail to efficiently
remove TC from aqueous solutions [5]. Thus, it’s urgent to find effective and
environmental-friendly strategies to deal with the intractable problems of antibiotic
pollution.

In recent years, advanced oxidation processes (AOPs) that can generate reactive
oxygen species (ROS, such as *OH, SO4 ", etc.) have been considered as one of the
most promising techniques to eliminate refractory organic pollutants [6]. The high
oxidation ability of ROS can decompose the targeted pollutants into small molecules
with low-toxicity, and even mineralize them into CO2 and H2O [7]. The Fenton/Fenton-
like processes, based on H>O> activation, has garnered increasing attention due to their
advantages of simplicity in operation, high effectiveness, mild reaction conditions, and
environmental friendliness [8]. The commonly employed activation approaches
encompass photocatalysis [9,10], electrocatalysis [11], transition metals (i.e. Fe [12],
Co [13], Cu [14], Mn [15], etc), carbon [16] and bimetallic metals catalysts activation
[17].

Due to the significantly higher reaction rate constant of Cu(l) with H.0, (10* M

S™1) compared to Fe(Il) (76 Mt S™), various solid catalysts containing copper have
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been employed as alternatives to iron-based catalysts [18], including zero valent copper
[19], copper oxides [20], and copper-based composites [21]. Copper sulfide (CuS) has
drawn considerable attention due to the weaker bonding energy between Cu and S
compared to Cu and O, which can effectively improve the catalytic reaction rate [22].
Additionally, sulfur species (S*7, Si?") present in CuS can facilitate the reduction of
high-valence Cu to low-valence Cu, thereby significantly enhancing the catalytic
activity as well [23]. However, the Cu?* ions leakage from CuS during the catalytic
reaction in pollutants removal greatly inhibits its practical application.

Dopamine (DA) is a molecule containing amine and catechol functional groups
[24], which can undergo self-polymerization reaction in a simple environment to
produce polydopamine (PDA) [25]. PDA possesses abundant functional groups such as
carboxyl groups, amino groups, and n-m bond. These functional groups make it an
excellent in-situ reduction reagent for metal nanoparticles [26], as well as an anchorage
point for metal-based materials to construct various secondary reaction platforms.
Moreover, these groups can establish strong interactions including hydrogen bonding,
electrostatic interactions, and zn-m interactions to enhance the adsorption properties of
carriers for catalysts and pollutants [27]. Besides, the - stacked PDA coating exhibits
favorable electrochemical property that significantly accelerate the electron transfer
rate [24,25]. Utilizing PDA as a modification carrier enables uniform distribution of
metal particles, increased surface area, and generation of nanostructured catalysts with
enhanced stability and catalytic efficiency [28].

Considering all the above-mentioned points, we speculated that the introduction
of PDA onto CusS to synthesize CuS@PDA composite could prevent the copper ions
leaching, making it a high-effective, structure stable and recyclable H>O- activator.

Nevertheless, to the best of our knowledge, the application of CuS@PDA in H20>
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activation for refractory organic pollutants degradation has rarely been reported. Herein,
spherical CuUS@PDA composites were synthesized via a hydrothermal method. The
morphology, crystal structure, and chemical composition of CuS@PDA were
systematically characterized. The catalytic activity of CUS@PDA in activating H20-
for TC degradation was investigated with respect to several key parameters, including
initial pH, H20 concentration, CUS@PDA dosage, and co-existing inorganic anions.
Besides, electron paramagnetic resonance (EPR) analysis and quenching experiments
were performed to elucidate the production and contribution ratios of ROS to the
degradation. The mechanisms underlying TC degradation by CuS@PDA/H,0; were
proposed, and the degradation intermediates and pathways were identified as well.
2. Experimental methods
2.1. Chemicals

Tetracycline (TC), Sulfadiazine (SDZ), carbamazepine (CBZ), Tris
(hydroxymethyl) aminomethane Hydrochloride (Tris-HCI), tert-butanol (TBA), L-
histidine (I-his), NaF, furfuryl alcohol (FFA) were provided by Macklin Biochemical
Technology Co. Ltd. (Shanghai, China). Sulfamethoxazole (SMX), coumarin (CM),
hydrogen peroxide (H202, 30%), ethyl alcohol (EtOH), methanol (MeOH), 1.4-benzo-
quinone (BQ), 5,5-Dimethyl-1-pyrroline N-oxide (DMPO), 2,2,6,6-tetra-methyl-4-
piperidone (TEMP) were obtained from Sigma-Aldrich Chemical Co. Ltd. (China).
Dopamine hydrochloride (DA) and CuCl2+2H>0 were supplied by Aladdin Biological
Technology Co. Ltd. (Shanghai, China). Thiourea (CH4N>S), Potassiumperiodate
(K104), NaOH, HCI, NaCl, NaNOs, NaxSO4, NaHCO3, NaH2PO4 were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All chemicals were of at
least analytical grade and used without further purification. Ultrapure water (18.2 MQ

-cm) used throughout the study was prepared using a Millipore system (Bedford, USA).
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2.2. Catalysts synthesis and characterization

The CuS@PDA composite was synthesized via a facile hydrothermal method, as
illustrated in Figure 1a. Initially, a precise amount of Tris-HCI (10 mM) weighing 145
mg was dissolved in 80 mL of ultrapure water to prepare solution A. Subsequently,
solution B was prepared by dissolving 204 mg of CuClz+2H>0 accurately weighed in
40 mL of ultrapure water. Then, under magnetic stirring and pH adjustment to 8.5,
solution A was supplemented with 232 mg of DA while simultaneously introducing
CH4N2S weighing 91 mg into solution B with continuous stirring. After a reaction time
of 30 min, solution B was poured into solution A and the resulting mixture was stirred
for an additional duration of 24 h until it attained a grayish white coloration. The
reaction mixture was transferred to an autoclave and maintained at a temperature of
120°C for a period of 12 h. Upon cooling to room temperature, the solids were collected
by filtration and thoroughly rinsed multiple times with deionized water. Finally, the
solids were vacuum dried at 60°C for 12 h to obtain CuS@PDA composites. PDA and
CuS were prepared following the identical procedure as CuS@PDA but without adding
CuCl2+2H,0 and DA, respectively.

The analytical and characterization methods are described in Text S1.
2.3. Degradation tests of TC

The degradation experiments were conducted in a series of 100 mL glass beakers.
Typically, 5 mg of catalyst was mixed with 50 mL of a 40 uM TC solution and dispersed
ultrasonically for 1 min. Subsequently, 5 mM H>O, was added to initiate the
degradation process. At predetermined time intervals, 0.5 mL of the solution was
withdrawn, followed by filtration through a 0.22 pm membrane filter and immediate
quenching with methanol (0.2 mL). The residual TC concentration in the solution was

analyzed using high-performance liquid chromatography (HPLC). The initial pH of the
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TC solution was adjusted using HCI or NaOH if necessary. To ensure experimental
accuracy, all experiments were performed in triplicate and the results were reported as
mean values with standard deviations.

3. Results and discussion

3.1. Characterization

The microstructure and surface morphology of CuS, PDA, and CuS@PDA were
characterized using SEM and TEM images. As shown in Figure 1b and e, CuS exhibits
a tubular flower-like morphology composed of nanosheets. On the other hand, PDA
possesses a uniform nanospherical structure with a smooth surface, having an average
diameter of approximately 200-500 nm (Figure 1c and f). In contrast, CUS@PDA
maintains its spherical structure but displays a rougher morphology with smaller
particle size and more pronounced agglomeration (Figure 1d). The TEM image in
Figure 1g clearly reveals that the prepared CuS@PDA consists of randomly assembled
nanorods. Additionally, the HRTEM image of CuS@PDA in Figure 2h exhibits
uniformly distributed lattice fringes measuring at 0.305, 0.190, and 0.281 nm,
corresponding to the (102), (110), and (103) crystal faces of the CuS nanocrystals
respectively [29,30]. EDS elemental mapping also confirms that both Cu and S are
evenly distributed throughout the material as shown in Figure 1i.

XRD patterns were utilized to analyze the crystalline structure of CuS, PDA, and
CuS@PDA as depicted in Figure 2a. The characteristic peaks of CUS@PDA observed
at 26 of 27.7°, 29.3°, 31.8°, 32.9°, 48.0°, 52.7°, and 59.3° can be indexed to the (101),
(102), (103), (006), (110), (108) and (116) planes of CuS (JCPDS 20-0534),
respectively. This indicates a well-defined crystalline structure of CuS grown on the
PDA matrix [31,32]. The intensity of overlapped peaks for both (103) and (006) is much

weaker than that for (110), which suggests preferential growth along the direction (110)
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and polysulfide formation in CuS [33]. Compared to the pure CuS, the intensity of some
diffraction peaks in CUS@PDA is slightly reduced, and this can be related to the surface
modification by PDA on specific crystalline surfaces of CuS [34]. The Brunauer-
Emmett-Teller (BET) and specific surface areas (Sget) of CUS@PDA were examined
by N adsorption/desorption isotherms. As shown in Figure 2b, CuS@PDA displays a
typical IV-type isotherm accompanied by a H3 hysteresis loop, indicating the presence
of mesoporous structure. The Sger of CUS@PDA was calculated to be 55.67 m?/g, with
a total pore volume of 0.21 cm3/g and average pore diameter of ~15 nm (Figure 2c).
The surface functional groups of CuS, PDA, and CuS@PDA were analyzed by FTIR.
As depicted in Figure 2d, the pure PDA exhibits several characteristic absorption peaks
at 1290, 1512, 1618, and 3100-3600 cm™?, corresponding to the C—O stretching
vibration, N—H shear vibration, N—H bending vibration [35], and O—H stretching
vibration of surface hydroxyl groups, respectively [36]. In the FTIR spectrum of CusS,
the absorption peak at 612 cm™ can be assigned to the Cu—S stretching vibration [37],
and the peak centered at 1109 cm™! is related to the S—O stretching vibration [38].
Obviously, the as-synthesized CuS@PDA possesses the characteristic peaks of both
CuS and PDA. Due to the encapsulation of PDA, the Cu—S bond weakens, and the S—O
bond disappears. The results indicate that CuS@PDA was successfully prepared. These
results demonstrate the successful synthesis of CUS@PDA.
3.2. Catalytic activity tests

The catalytic activity of CuS@PDA in activating H2O, for TC degradation is
demonstrated in Figure 3. As shown in Figure 3a, the individual utilization of H>O- or
PDA exhibited negligible TC removal within a 30 min timeframe, indicating that the
direct oxidation failed to achieve satisfactory TC removal and the adsorption capacity

of PDA was insignificant. The removal efficiency achieved by CuS reached 37.2%, and
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it increased to 58.4% when using CuS@PDA as the adsorbent. As expected,
simultaneous addition of H2O2 (5 mM) and CuS@PDA (0.1 g/L) resulted in accelerated
TC removal. As shown in Figure 3b, the pseudo-first-order kinetic rate constant (k)
obtained by CuS@PDA/H;0, was determined to be 0.20 min?, higher than that
obtained by CuS/H202 (0.12 min%). Further, the presence of 0.1 g/L PDA in CuS/H202
system improved the k value from 0.12 to 0.15 min%, indicating its promotion effect to
degrade TC. Overall, the as-synthesized CuS@PDA exhibited the highest catalytic
activity while effectively mitigating Cu ions leaching compared to other catalysts tested
as illustrated in Figure 3c. It’s worth noting that the leaching concentrations of Cu?
ions in the CuS@PDA/H,0, system was only 0.2 mg/L, significantly lower than the
integrated tap-water standard of U.S. Environmental Protection Agency (1.3 mg/L).
While the leaching concentration of Cu?* ions in the CuS/H202 system was 3.81 mg/L.
Obviously, the incorporation of PDA effectively alleviated the release of Cu?* from Cus,
which is advantageous for practical application. Table S2 compares the kinetic rate
constants of TC degradation by different catalysts in H,O»-based AOPs. As observed,
CuS@PDA demonstrates a much higher k value compared to the reported catalysts.

The recyclability of solid catalysts are crucial characteristics for their practical
application. In this study, five consecutive cycling tests were conducted to compare the
recyclability of CuS@PDA and CuS. After each cycle, the solid catalyst was collected,
washed with ethanol and ultrapure water, vacuum dried, and subsequently reused. As
shown in Figure 3d, the degradation of TC reduced to 73% in the fifth run when using
CusS as the catalyst due to the reduced active sites caused by copper ions leakage from
CuS. In contrast, CUS@PDA consistently maintained a removal efficiency 93% after
five repeated cycles.

These findings demonstrated that CuS@PDA exhibited high efficiency,
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exceptional recyclability and structural stability, thereby potentially reducing
environmental organic pollutants.
3.3. Influencing factors on TC degradation

The influences of operational parameters (i.e., CuS@PDA dosage, H20:
concentration, initial pH, and coexisting anions) on TC removal by the CUS@PDA
activated H20- system are discussed in the following section. Figure 4a illustrates the
impact of catalyst dosage (0, 5, 8, 10, and 13 mg). It is evident that different catalyst
dosages have varying effects on the removal efficiency of TC. In the absence of
CuS@PDA in the solution, the removal was minimal, indicating that the self-
decomposition of H»O. was ineffective. Conversely, when 5 mg of CuS@PDA
presented, 94.46% of TC was removed in 30 min. This was related to the surface active
sites on the catalyst that could rapidly activate H>O- to produce high-effective active
substances to degrade TC [39]. Yet, further increase in catalyst dosage from 10 to 13
mg led to a declined degradation rate, which was related to the self-quenching effect
caused by excess radicals and diffusion limitation caused by excess catalyst [40].
Considering the removal efficiency and cost control, the optimum dosage of 5 mg
CuS@PDA was selected in the subsequent tests. The H2O2 concentration also played a
pivotal role in the degradation of TC by CuS@PDA/H20,. As shown in Figure 4b, the
removal efficiency was limited to approximately 58.4% in the absence of H20..
However, with the addition of 1 mM H2O., the degradation rapidly improved to 86.5%.
Furthermore, a gradual enhancement in degradation was observed as the H>O»
concentration increased from 1 to 10 mM. Ultimately, an optimum H2O- concentration
of 5 mM was selected.

The initial solution pH also impacts the performance heterogeneous catalysis in

the degradation of organic pollutants. As shown in Figure 4c, an extremely acidic
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condition (pH=3) was found to be unfavorable for TC degradation. Nevertheless, a high
removal efficiency above 90% was maintained across a wide pH range of 5-11,
indicating that CuS@PDA can be practically utilized without requiring pH adjustment.

At low pH, H* can serve as a scavenger for *OH via equation of H" + «OH + " —

H20 [41]. Additionally, literature reports suggest that the increasing electron density in
the TC™ and TC?™ ring systems with rising pH promotes direct decomposition of TC
molecules through the direct attack of H20. and free radicals [42]. To gain a deeper
understanding of the influence of initial pH on TC removal, the zeta potential of
CuS@PDA at various pH levels was recorded as depicted in Figure S1. The surface
charge of CUS@PDA was negative within the tested pH range, which was primarily
induced by imine, quinone, and catechol groups on PDA [43]. Besides, the
deprotonation/protonation and reversible dissociation of catechol groups and amines
also contributed to the negative charge on CuS@PDA as reported previously [44].
These findings suggest that the electrostatic force might played a minor role in the
degradation of TC.

Considering the presence of various inorganic anions (CI-, NOs~, SO4>~, HoPO4,
and HCOg3") in natural water, their impact on TC degradation was investigated as shown
in Figure 4d. The degradation was inhibited by 9% when 20 mM CI~ was present due

to the generation of less reactive CIOH™ («OH + CI” — CIOH™) [45]. The inhibiting

effect of 20 mM NOs™ could be attributed to the competition between NOs™ and TC for
adsorption sites on CuS@PDA. SO4> can be adsorbed on the catalyst surface and
compete with TC molecules for active site, thereby hindering TC degradation [39,46].
H2PO4  exhibits a quenching effect on «OH through the formation of low-active
H2PO4™, consequently impeding the degradation. Although HCO3™ is considered as a

scavenger of «OH (k = 8.5 x 10° M s7%) [39,47], it actually promoted the degradation

11
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in this study due to the production of «OH and 'O, from HCOs™ [48]. Nevertheless,
even in the presence of excessive inorganic anions the CuS@PDA/H20; system still
achieved ~80% TC removal, suggesting its robustness and suitability for actual
application.
3.5. Mechanisms understanding of TC degradation by CuS@PDA/H20:2
3.5.1. Identification of possible reactive species

Quenching tests and electron paramagnetic resonance (EPR) were applied to
uncover the reactive oxygen species (ROS) responsible for TC degradation in the
CuS@PDA/H20; system. Tert-butanol (TBA) is an effective scavenger of «OH with
quenching rate of (3.8—7.6)x10” M s, while p-benzoquinone (BQ) and L-histidine
(L-his) can act as quenchers of 02"~ [(0.9-1.9)x10” Mt s ] and !0 (3.2x10’ Mt s}),
respectively [49,50]. NaF is a typical quenching agent for surface bound free radicals
on the catalyst surface in heterogeneous catalysis [49]. As shown in Figure 5a, in
contrast to the control group without scavengers addition, the presence of 200 MM TBA
inhibited a slightly inhibitory effect on the degradation. Even with an increased TBA
concentration of 1 M, TC removal only dropped to 77.4%, indicating that «OH played
a minor role in TC oxidation. Furthermore, instead of inhibition, the inclusion of 20
mM BQ demonstrated a promotional effect, suggesting that O>" might not serve as the
primary active species for the degradation either. As illustrated in Figure 5b, the
introduction of 10 mM NaF had no impact on the degradation, implying that surface-
bound free radicals had negligible influence on the degradation of TC [51]. In
comparison, the addition of 100 mM L-his suppressed the degradation to 60%. Yet, the
inhibitory effect of L-his does not provide direct evidence for the involvement of 1O
as the main reactive species since L-his can readily form a complex with Cu(ll), thereby

obstructing ROS formation [52]. A pronounced quenching effect was also observed for
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furfuryl alcohol (FFA). This tentatively indicated that the degradation of TC did not
rely on free radials, with 1O, being the major contributor.

To ascertain the production of Cu(lll) in the CuUS@PDA/H20; system, periodate
was used as a chemical probe for Cu(l11) [40,53]. Surprisingly, the presence of 1 mM
periodate sharply expedited the degradation (Figure 5b). This observation suggested
that periodate did not complex with Cu(ll1), but rather functioned as an oxidizing agent
to facilitate the degradation. The formation of Cu(l1l) was excluded.

To further validate the quenching tests results, EPR analysis using DMPO and
TEMP as spin trapping agents were further conducted to identify the formed ROS in
the CUS@PDA/H20- system. As depicted in Figure 5c, d, and e, no signal was found
in the absence of H20, demonstrating that CuS@PDA itself can not produce ROS. In
contrast, characteristic peaks of DMPO-sOH (1:2:2:1), DMPO-0,™ (1:2:2:1), and
TEMP-10O, (1:1:1) appeared with the coexistence of CuS@PDA and H;O., further
validating the generation of OH, O2™, and 1O,. As the reaction time prolonged, the
peak intensity enhanced gradually, verifying the continuously production of ROS by
CuS@PDA/H;0.. Thus, the above results conclusively indicated that 1O plays a major
role in the degradation.

Further investigations into the generation of 'O in the CuS@PDA/H,0- system
was performed to understand the underlying processes as dissolved oxygen [54], light
irradiation [55] and O>" reorganization [40] have been reported to be responsible for
10, production. As shown in Figure S2, the degradation was barely influenced under
continuous N2 pumping and dark conditions, which ruled out dissolved oxygen as a
precursor of *0,. Combining with the result in Figure 5a that O2™ did not contribute to
the degradation, it was concluded that 1O, mainly originated from H,O; and rather than

the recombination of O,™.
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3.5.2. The role of PDA

To examine the role of PDA on the enhanced catalytic activity of CUS@PDA, the
electrochemical responses of PDA, CuS, and CuS@PDA towards H202 and TC were
recorded by determining the open-circuit potential (OCP), as shown in Figure 5f. The
OCP values exhibited by PDA, CuS, and CuS@PDA were found to be 0.088, 0.26, and
0.24 V, respectively. The enhanced content of pyridinc and pyrrolic N in CUS@PDA
resulting from the introduction of PDA facilitated easier complexation with H2O and
conferred stronger oxidation capability [56]. Thus, upon addition of H2O>, the OCP of
CuS@PDA abruptly improved from 0.24 to 0.43 V owing to the elevated potential
associated with formed H202 complexes. While, regarding to CusS, it only increased by
0.1V (from 0.26 to 0.36 V). Subsequently, the OCP value gradually decreased by 0.016
V following TC injection due to the decomposition of surface complexes. The
CuS@PDA displayed a more pronounced decline in OCP, indicating that active
complexes formed on its surface possessed superior oxidation ability towards TC
compared to those formed on CusS.

Furthermore, the FTIR spectrum of the fresh and used CuS@PDA was recorded
to determine the change in surface functional groups. As shown in Figure 6a, after the
catalytic reaction, the absorption peak corresponding to N—H bending vibration shifted
from 1618 to 1579 cm™, and the peak belonging to N—H scissoring vibration at 1439
cm™ enhanced significantly, suggesting the participation of N—H in the catalytic
degradation of TC in the studied CuS@PDA/H20, system. The peak related to Cu—S
bond also shifted from 612 to 608 cm™, which evidenced the involvement Cu-S.
3.5.3. Mechanism investigation of TC degradation by CuS@PDA/H20-

To further elucidate the mechanisms underlying TC degradation by

CuS@PDA/H20,, XPS analysis was conducted to determine the chemical composition
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and valence states of both fresh and used CuS@PDA. Figure 6b presents the full-scale
XPS spectra, which clearly indicates the presence of Cu, O, N, C, and S elements in the
as-synthesized CuS@PDA. The high-resolution N 1s spectrum (Figure 6c) was
deconvoluted into three distinct peaks corresponding to imino groups, substituted
amines, and amine groups at binding energies of 398.8, 399.8, and 400.7 eV,
respectively [31]. These peaks primarily originate from the indole or indoline structure
in PDA [57]. XPS analysis of Cu displays two main peaks at binding energies of 932.6
eV and 952.6 eV (Figure 6d), belonging to Cu 2ps» and Cu 2pi» spin orbitals,
respectively [58]. The Cu 2ps/» spectrum is further resolved into two individual peaks,
with Cu(l) appearing at 932.2 eV and Cu(ll) at 933.2 eV. As seen, the Cu 2p XPS
spectrum of CuS@PDA exhibits remarkable similarity to that of CuS, indicating the
relatively stability of copper element in CuS during the complexation process with DA.
Regarding the high-resolution S 2p spectrum (Figure 6e), the peaks observed at 161.5
eV and 163.4 eV can be assigned to sulfide ions (S*) and polysulfide (S»%),
respectively [39,59]. The peaks centered at 164.4 eV and 168.6 eV correspond to
elemental sulfur (S°) and sulfate ions, respectively [39,59,60]. In contrast with CuS, the
absence of S° peak and presence of sulfate ions peak in CUS@PDA may be attributed
to the oxidation of CuS during the self-polymerization process of DA [60].

Obviously, after activating H.O, for TC degradation, the relative proportion of
Cu(ll) in CuS@PDA reduced from 50.37% to 37.41%, accompanied by an increase in
the proportion of Cu(l) from 49.63% to 62.59%. This shift indicated a transition in
oxidation state from Cu(ll) to Cu(l), providing evidence for the involvement of Cu(ll)
in the catalytic process. On the other hand, there was a significant decline in the relative
proportion of S?~ from 84.46% to 19.82%, while varying degrees of increases were

observed in the Sp?", S, and sulfate content, suggesting the participation of S?” in the
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catalytic process. The XPS analysis revealed the involvement of both Cu and S, with S
exhibiting an accelerating effect on the conversion of Cu(ll) to Cu(l) [61].

Based on the preceding discussion, a possible mechanism of TC degradation by
the CuS@PDA activated H>O> system was proposed as schematically in Figure 7. As
H202 molecule reached the surface of CUS@PDA, the exposed Cu active site on which
underwent redox cycle with H2O> according to Egs.1 and 2 [62,63]. However, the slow
reaction rate between Cu(ll) and H>O> greatly affected the regeneration of Cu(l) [64].
Fortunately, the presence of sulfur in CuUS@PDA expedited the conversion of Cu(ll) to
Cu(l) according to Eq. 3, thereby accelerating the production of *OH (Eq. 2) [62]. 102
was considered as the predominant ROS contributing to the degradation of TC. The
generation of 02 from H,0; can occur via either a one-step two-electron or a two-step
one-electron transfer pathway [65]. Based on quenching tests and the Haber-Weiss
cycle theory, two-step one-electron transfer was supposed to be a reliable pathway for
10, production [66]. The first one-electron pathway yielded HOO+/O™ via Eq. 4, where
an electron was transferred from H>O2 to Cu(ll) (Eqg. 1). Subsequently, O>" was
produced from HOO- through Eq. 5 [66]. The second one-electron pathway entailed
10, generation from HOO#/O,"~ and encompassed three possible routes: rapid oxidation
of spin-state Cu(ll) by the generated HOO</O,~ (Eq. 6), reactive species reactions
involving recombination of HOOe and reactions between HOOe, O>, and *OH
according to Egs. 7-10 [65,67], and reactions between H.O, with HOO«/O>"~ (Egs. 11
and 12) [68].

Cu(Il) + H202 — Cu(I) + H* + HOO» Q)
Cu(l) + H202 — Cu(Il) + OH™ + *OH (2)
Cu(Il) + S* + 4H,0 — Cu(I) + SO4*" + 8H" (3)

Cu(ll) + H20, — Cu(I) + HOO+/Oz"~ + H* (4)
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HOO+ — O™ + H* (5)

Cu(ll) + HOO*/Oz* — Cu(l) + *Oz2 + H* (6)
HOOe + HOO* — 10, + H0: (7)
HOOs + «OH — 10, + H,0 8
02" + *OH — 0, + OH" (9)
02~ + HOO* — HOZ +'0; (10)
HOO« + H20, — Hy0 + *OH + 10, (11)
02"~ + H202 — OH™ + *OH + 10 (12)

3.6. Degradation pathways and toxicity analysis of intermediates

A total of eighteen intermediates of TC degradation by CuS@PDA/H.0, were
identified as shown in Figure S3 and Table S3. Three potential degradation pathways
including terminal oxidation, dealkylation, deamination and ring-opening reactions
were proposed in Figure 8 [69]. In pathway 1, TC underwent terminal oxidation to
generate the intermediate P7 (m/z=475), which was subsequently degraded into p9
(m/z=360) through dealkylation and disruption of the benzene ring [70]. The ring
cleavage under O attack led to the formation of P10, P11, and P12 [71]. In pathway
2, nucleophilic reactions occurred to produce Pl (m/z=461) and P2 (m/z=477),
followed by dehydrogenation under O>™ attack to form a downstream intermediate P3
(m/z=459) [72]. In pathway 3, TC was attacked by ROS to produce P4 (m/z=417) via
an N-demethylation process [73], which further underwent amide group destruction,
demethylation, and dehydroxylation to produce P5 (m/z=339) and P6 (m/z=325).
Thereafter, a ring-opening reaction occurred yielding P7 (m/z=171) [74]. Additionally,
several small molecules including P13 (m/z=262), P14 (m/z=223) [72], P15 (m/z=132)
[74], P16 (m/z=118) [75], P17 (m/z=90) and P18 (m/z=60) [73] were detected as well.

All intermediates could be further decomposed into low molecular compounds such as
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H20, CO2, and NOs™ via subsequent reactions with 1O, «OH and 02"~ [69,76,77].

The developmental toxicity and mutagenic toxicity of TC and main degradation
intermediates were predicted and assessed through Toxicity Estimation Software
(T.E.S.T.) based on quantitative structure-activity relationship (QSAQ) as shown in
Figure S4. TC has significant developmental toxicity (0.86) and positive mutagenic
toxicity (0.6). Compared to the parent TC, the toxicity of most intermediates declined.
As shown in Figure S4a, apart from P4 and P6, the developmental toxicity of other
intermediates was reduced. Similarly, most intermediates exhibited a reduction in
mutagenicity (Figure S4b). Thus, it could be deduced that the CuUS@PDA/H20; system
not only efficiently eliminated TC, but also mitigated the toxicity of degradation
intermediates during the degradation. This was of great significance for the safety of
water environment.

4. Conclusions

In this study, CuUS@PDA composite was synthesized via a simple hydrothermal
method using DA and CusS, aiming for activating H>O> to remove TC from aqueous
solutions. The degradation tests results showed that a removal efficiency of 94.9% was
achieved within 30 min in the presence of 0.1 g/L CuS@PDA and 5 mM H;O>. The as-
synthesized CuS@PDA not only exhibited excellent catalytic activity within a wide pH
range from 5 to 11, bu also showed remarkable recyclability with 93% removal in the
fifth consecutive cycle. Quenching experiments and EPR analysis confirmed that 1O
played a crucial role in the degradation of TC. Mechanistic analysis revealed that S in
CuS@PDA facilitated the Cu(ll)/Cu(l) redox cycle, with H2O> serving as the main
source for generating *O.. Further, the degradation pathways and intermediate toxicity
of TC were also studied. In conclusion, this study presents an efficient and recyclable

CuS@PDA composite to activate H.O: for refractory organic pollutants removal in
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Figure 1. (a) The schematic synthesis route of CuUS@PDA; SEM images of (b) Cus,
(c) PDA and (d) CuS@PDA; TEM images of (e) Cus, (f) PDA and (g, h) CuS@PDA,
(i) EDX elemental mapping images of CUS@PDA.
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Text S1. Analytical and characterization methods

The surface morphology of the materials was characterized by a scanning electron
microscope (SEM, ZEISS Sigma 300) with 3.0 kV scanning voltage and transmission
electron microscopy (TEM, JEM F200). The crystal properties were determined by X-
ray diffraction (XRD, Rigaku SmartLab SE) with r Cu-Ka adiation source (A=0.154 nm,
40 kV, 40 mA) at a scan rate of 5 °/min. The Zetasizer Nano ZS (Malvern Instruments)
was used to measure the Zeta potential of the samples. X-ray photoelectron
spectroscopy (XPS) was applied to identify the elemental composition and chemical
states using AXIS SUPRA+ equipped with an Al Ko X-ray source. ROS was
recognized by Electron paramagnetic resonance (EPR) with a Bruker A-300
spectrometer using 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-
tetramethyl-4-piperidone (TEMP) as spin- trapping agents.

The concentration of TC was determined by high-performance liquid
chromatography (HPLC, Agilent 1260, USA) equipped with a Symmetry C18 column
(150mmx4.6mmx5um, Agilent, USA) and a VWD detector (Agilent, USA). For TC
determination, the wavelength of the detector was 365 nm, the temperature of C18
column was maintained at 25 °C, the mobile phase consisted of 50% methanol and 50%
acetic acid with a flow rate of 1.0 mL/min. Concentrations of the other contaminants
SMX, CBZ, CM and SDZ were also determined by high performance liquid
chromatography (HPLC, Agilent 1260, USA). The HPLC analysis conditions for
various organic compounds are shown in Table S1. The concentration of H2O> in

solution was measured by a photometric method on an UV-vis spectrometer (HITACHI,

S2



U3900, Japan) at 415 nm using Titanium sulfate as chromogenic reagent. Graphite
furnace atomizer (GFA-6880, Shimadzu) Atomic Absorption Spectrophotometry (AA-

6880, Shimadzu) was used to detect the metal ions content.
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Table S1. HPLC analysis conditions for various organic compounds.

Flowrate  Temperature = Wavelength ~ Water  Acetonitrile ~ Methanol
Target pollutants

(ml/min) (°C) (nm) (% viv) (% viv) (% viv)

Sulfadiazine 1 25 290 70 0 30
(SD2)

Sulfamethoxazole 1 30 269 752 25 0
(SMX)

Carbamazepine 1 30 280 30 0 70
(CB2)

Coumarin 1 35 274 20 0 80
(CM)

Water?: 0.1% acetic acid:;
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Table S2. Comparison of kinetic rate constants of TC degradation by different

catalysts in H2O2-based AOPs.

Catalyst Dosage Oxidant Pollutant pH k (min™?) Ref.
Fe-BC 0.2 g/L H202, 1 mM TC,20mg/L 3.0 0.1550 [S1]
FeOCI 0.35 mg/L H202, 5 mM TC,60mg/L 4.0 0.0034 [S2]

CoFe-ONSs 0.3g/L H202, 20 mM TC,50mg/L 7.0 0.055 [S3]
MgNCN/MgO
0.10 g/L H.O02, 176 MM TC,50mg/L 6.0 0.1245 [S4]
(Pre2:1)
Fe-MOFs 0.15¢g/L H>O2, 10 mL/L  TC,50mg/L 4.1 0.0822 [S5]
CICFO@A/C-
0.2 g/L H.02,9.7mM  TC,15mg/L 6.5 0.0212 [S6]
0.25C-500
CQDs/a-FeOOH 0.25g/L H202, 0.5 mM TC, 20mg/L 6.8 0.1525 [S7]
CuFeS:; 0.30 g/L H202, 0.8 mM TC, 50mg/L 51 0.0105 [S8]
CuS@PDA 0.10 g/L H>O2, 5.0 mM TC, 40 uM 7.1 0.20 This work
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Figure S3. Mass spectrum of TC and its degradation intermediates.
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Table S3. Mass spectrometry data for the identification of TC and its intermediates.

mpoun Retention  Main fragment .
Compound etentio a agme Chemical structure

list time (min) (m/z)
TC 8.36 445
P1 7.28 461
P2 9.37 477
P3 10.24 459
P4 9.17 417
P5 13.36 339
P6 4.86 325
NH,
H,C
P7 7.33 171
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