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Abstract

CdS and Cd-deficient CdS (D-CdS) were prepared using a simple hydrothermal method.
Pristine CdS exhibited slow electron transfer and limited active sites in periodate (PI) acti-
vation, while Cd vacancy defect engineering proposed in this work effectively overcame
these drawbacks. The optimal Cd-deficient D-CdS8 could effectively activate PI and exhibit
excellent degradation performance toward tetracycline (TC). Within 90 min, the D-CdS8/PI
system could achieve 92.3% removal of 10 mg L~! TC. This study systematically explores
the influences of different factors and coexisting substances on TC degradation. Radical
quenching experiments revealed that IO3- and -OH were the dominant reactive species for
TC degradation in D-CdS8/PI system. Electrochemical characterization indicated that the
introduction of Cd vacancies made D-CdS8 possess higher electron transfer efficiency. The
D-CdS8/PI system achieved enhanced PI activation and improved TC degradation, with re-
action rates 2.15 times superior to the CdS/PI system. Furthermore, degradation pathways
and toxicological analysis of intermediates for TC degradation were also conducted. This
study provided a simple and feasible strategy for developing efficient defective catalysts
for the remediation of antibiotic-contaminated water.

Keywords: metal sulfide; Cd-deficient CdS; periodate; advanced oxidation; antibiotic
degradation

1. Introduction

Antibiotics possess bacteriostatic and bactericidal effects that are widely used in
healthcare, animal husbandry and agricultural production [1,2]. However, the widespread
use and incomplete removal of antibiotics have led to the continuous release of their
residues into aquatic environments, posing significant threats to aquatic ecosystems and
potential hazards to human health [3]. Among various antibiotics, tetracycline (TC) is one
of the most frequently detected pollutants in water bodies due to its widespread application
and environmental persistence [4]. Therefore, developing efficient technologies for TC
elimination has become an urgent environmental challenge.
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Compared with conventional antibiotic treatment methods [5-7], advanced oxidation
processes (AOPs) have become a dominant research focus. Among diverse AOPs, periodate-
based advanced oxidation processes (PI-AOPs) have attracted increasing attention for
the removal of antibiotics in water. As an emerging oxidant, periodate (PI) possesses a
high oxidation potential and excellent electron-accepting capacity. Owing to its unique
redox properties, it can generate highly reactive species such as 103-, 104-, 0>, 105,
and -OH after activation, achieving efficient degradation of antibiotic molecules [8]. In
addition, reactive iodine species produced during PI activation can facilitate electron
transfer and enhance the oxidation efficiency of the system [9]. However, due to the
poor self-decomposition capability of PI, its intrinsic activation efficiency remains limited,
resulting in poor degradation performance toward pollutants and thus making the design
of highly efficient activators crucial for enhancing PI-AOPs systems.

In recent years, transition metal sulfides (TMSs) have attracted considerable attention
in the field of environmental catalysis because of their abundant redox sites, favorable
electrical conductivity and outstanding catalytic capability [10,11]. Various modified TMSs
materials, including heterostructured sulfides [12], vacancy-engineered sulfides [13] and
metal-doped sulfides [14], have been widely explored to further boost their catalytic perfor-
mance toward organic pollutant remediation. Among TMSs, cadmium sulfide (CdS) stands
out as a promising semiconductor catalyst. It possesses a suitable band gap structure and
superior charge transfer property, which endow it with remarkable catalytic activity [15].
More importantly, defect engineering has been demonstrated as an effective strategy to
regulate the electronic structure of semiconductors, which can create additional active sites
and accelerate interfacial electron transfer [16]. In particular, Cd-deficient CdS (D-CdS)
can promote electron migration and facilitate PI activation through defect-induced charge
redistribution. Cheng et al. [17] immobilized ligand-free Cu clusters on Cd-defective CdS
nanorods, where Cd vacancies trigger interfacial charge redistribution to accelerate electron
migration and boost CO, photoreduction.

In this work, a series of D-CdS were synthesized via a simple hydrothermal method
and applied for PI activation toward TC degradation. The influence of Cd vacancies
on the electronic structure, charge-transfer process, and catalytic performance was sys-
tematically investigated. The dominant reactive species and electron-transfer pathways
responsible for PI activation were elucidated using radical quenching experiments and
electrochemical analyses. Moreover, the degradation mechanism of TC was further re-
vealed by identifying the degradation intermediates using a liquid chromatograph mass
spectrometer (LC-MS). The biological toxicity of the degradation intermediates was as-
sessed via ecological structure-activity relationships (ECOSAR). This study provides new
insights into defect-mediated PI activation and offers an effective strategy for designing
high-performance catalysts for water purification.

2. Results and Discussion
2.1. Catalyst Characterization

A preparation process diagram of D-CdS is displayed in Figure 1a. X-ray diffraction
(XRD) was employed to analyze the crystal structures of CdS and D-CdS, with the results
presented in Figure 1b. Distinct diffraction peaks of CdS appeared at 26 ~ 26.5°, 44.0°,
and 52.0°, corresponding to the (002), (110), and (112) crystal planes, respectively, which
verified the successful synthesis of CdS [18]. Compared with pure CdS, no obvious changes
were observed in the diffraction peaks of D-CdS, indicating that the introduction of Cd
vacancies in D-CdS5, D-CdS8 and D-CdS10 did not change the crystal structure.
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Figure 1. (a) Synthesis process diagram of D-CdS; (b) XRD patterns of CdS and D-CdS; (c) FT-IR
spectra of CdS and D-CdS; (d,e) SEM images of CdS and D-CdS8; (f-i) EDS elemental mapping of
D-CdSS8 (total, Cd, S).

As shown in the Fourier-transform infrared (FT-IR) spectra (Figure 1c), all samples
exhibited distinct absorption bands at 3431 cm 1 and 1630 ecm ™1, which corresponded to
the stretching vibration of the O-H stretching and O-H bending modes, respectively [19].
These characteristic peaks originated from adsorbed water molecules bound on the ma-
terial’s surface. No additional characteristic peaks were observed in the FI-IR spectra,
demonstrating that the introduction of surface defects hardly altered the intrinsic structure
of the D-CdS and were consistent with the findings derived from XRD analysis.

The scanning electron microscopy (SEM) images illustrate the morphologies of CdS
and D-CdS8. As shown in Figure 1d, CdS exhibited a dense and highly aggregated
structure. After introducing Cd vacancies, D-CdS8 retained bulk-like morphology, but
formed a rougher surface with a more porous and loosely packed structure, which provided
abundant adsorption sites for PI, strengthening the interfacial contact between the D-CdS8
and PI and further accelerating the interfacial electron transfer process that drove PI
activation. The EDS-mapping results (Figure 1f-i) show that both Cd and S elements were
uniformly distributed throughout D-CdS8 with no evidence of elemental agglomeration,
demonstrating the homogeneous dispersion of elements in the sample.

To elucidate the elemental composition and chemical states of CdS and D-CdS8, X-ray
photoelectron spectroscopy (XPS) characterization was performed. The XPS survey spectra
(Figure S1) revealed that the primary elements in CdS and D-CdS8 were Cd and S, which
was agreed with the EDS results. As shown in Figure 2a, two characteristic peaks observed
at 405.27 eV and 412.01 eV in the Cd 3d spectrum corresponded to Cd 3d5,, and Cd 3d3,»,
indicating that Cd mainly existed in the Cd?* oxidation state. In the S 2p XPS spectrum
(Figure 2b) two characteristic peaks appeared at 160.90 eV and 161.64 eV, assigned to S
2p3/, and S 2py /», revealing that sulfur mainly existed in the form of S~ [20]. Compared
with CdS, both characteristic peaks of Cd 3d and S 2p in D-CdS8 shifted toward lower
binding energies, suggesting a redistribution of local electron induced by the introduction
of Cd vacancies. The surface Cd/S atomic ratio of pristine CdS calculated from XPS
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quantification was 0.99:1, nearly identical to the theoretical stoichiometric ratio (1:1) of CdS
crystals. In contrast, the surface Cd/S atomic ratio of D-CdS8 was determined to be only
0.84:1, distinctly lower than the theoretical value. The obvious decline in the Cd/S ratio
preliminarily indicating the formation of Cd vacancies [21].
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Figure 2. (a) Cd 3d, (b) S 2p. (c) N adsorption—-desorption isotherms, (d) pore size distribution
curves of CdS and D-CdSS.

Pore structures of CdS and D-CdS8 were analyzed via Nj adsorption—desorption
measurements. The isotherms of the CdS and D-CdS8 both displayed combined type I
and IV isotherms (Figure 2c), indicating the coexistence of mesopores and micropores
in the samples. This result was in line with the pore size distribution results calculated
using the DFT methods shown in Figure 2d. In contrast to CdS, D-CdS8 exhibited an
increased pore volume and a larger specific surface area of 57.269 m?g~! (Table S1), which
could provide more abundant surface active sites and promote TC adsorption, thereby
benefiting subsequent catalytic reactions [22]. The larger specific surface area significantly
facilitated full contact between the D-CdS8, PI and TC, effectively accelerated the oxidative
degradation process.

2.2. Catalytic Degradation of TC

The catalytic performances of CdS and D-CdS for activating PI were evaluated us-
ing TC degradation experiments, and the results are presented in Figure 3. As shown in
Figure 3a, only 67% of TC was removed in the CdS/PI system within 90 min. The introduc-
tion of Cd vacancies markedly improved the degradation efficiency of TC. The enhanced
activity of D-Cd-S could be attributed to the electronic modulation by Cd vacancies, which
promoted PI activation and facilitates the generation of reactive species. Among D-CdS,
D-CdS8 exhibited the highest catalytic activity, with a degradation rate reaching 92.3%. In
contrast, TC removal by adsorption on D-CdS8 alone and oxidation by PI alone reached

https:/ /doi.org/10.3390/ catal16070611


https://doi.org/10.3390/catal16070611

Catalysts 2026, 16, 611

50f 15

only 55.4% and 29.9%, respectively, indicating that the superior performance originated
from the synergistic interaction between D-CdS8 and PI. Figure 3b displays the pseudo-
first-order kinetic fitting results and reaction rate constants (kps) of CdS/PI, D-CdS5/PI,
D-CdS8/PI and D-CdS10/PI systems for TC degradation. Specifically, the ks value of the
D-CdS8/PI system was 2.15 times higher than CdS/PI system, which could be attributed
to the introduction of Cd vacancies. Notably, the D-CdS8/PI system had the higher ks
than that of D-CdS5/PI and D-CdS10/PI, suggesting that an appropriate concentration
of Cd vacancies was critical for optimizing catalytic activity, while excessive vacancies
might introduce charge recombination centers, thereby limiting the further enhancement
of catalytic performance. Furthermore, the ks value of the D-CdS8/PI system toward
TC degradation were compared with those documented in previous PI-AOPs studies
(Figure S2). The results clearly illustrate that the D-CdS8/PI system possesses satisfactory
degradation performance toward TC.
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Figure 3. (a) TC degradation efficiency over different systems; (b) pseudo-first-order kinetic fitting
and rate constants for TC degradation; (c) effect of D-CdS8 dosage, (d) initial TC concentration, (e) PI
concentration, (f) initial pH on TC degradation.

A series of experiments were conducted to explore the effects of reaction conditions on
TC degradation in the D-CdS-8/PI system. Figure 3c illustrates the effect of catalyst dosage
on degradation efficiency. The degradation rate of TC rose evidently when the dosage
increased from 10 mg to 20 mg, while further dosage increases brought little improvement.
Therefore, 20 mg was selected as the optimal catalyst dosage considering economic cost
and environmental benefits. The increase in initial TC concentration led to the gradual
decline in degradation efficiency in the D-CdS-8/PI system (Figure 3d), which was mainly
due to the insufficient active sites and competitive consumption of active sites by the
substrate and its intermediates. The degradation rate of TC improved with an increase in PI
concentration from 0 to 1.0 mM. However, the TC degradation efficiency decreased when
the PI concentration exceeded 1.0 mM (Figure 3e). This phenomenon may originate from
the self-quenching of reactive species and their nonproductive consumption by excess PI
molecules. Initial pH value was a crucial factor affecting catalytic performance. As shown
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in Figure 3f, the degradation rate of TC was optimal under near-neutral conditions, while
both acidic and alkaline environments inhibited TC degradation. Under alkaline conditions,
the surface charge of D-CdS8 shifted from positive to negative, enhancing electrostatic
repulsion with PI and thereby weakening PI adsorption and activation [23]. Under acidic
conditions, a large amount of H* preferentially occupied the active sites of the D-CdSS,
competing with PI for adsorption and thus inhibited TC degradation [24].

To investigate the effects of common coexisting components in actual water matrices
on TC degradation performance in the D-CdS8/PI system, the influences of different
concentrations of inorganic anions (C1~, HCO3~, NO3 ™, CO32~ and H,PO, ") and natural
organic matter (HA) on TC degradation efficiency were examined in this study, and the
results are presented in Figure 4a. The experimental results show that C1~ had a negligible
effect on degradation performance, even at relatively high concentrations, indicating the
excellent resistance of the D-CdS8/PI system toward Cl~ interference. In contrast, HCOs; ™,
CO5%~, NO;~, H,PO,~ and HA all affected TC degradation to different degrees, and
their impacts were strongly dependent on the component concentrations. CO32~ and
HCO;™ acted as scavengers for highly reactive species such as -OH, thereby reducing
the degradation efficiency of TC [25,26]. For H,PO,~, it may form an inorganic layer
on the surface of D-CdS8, blocking partial active sites and hindering electron transfer
between PI and D-CdSS8 [27]. And NO3;~ can be adsorbed onto the surface of D-CdSS8,
competing with TC for active sites and interfering with interfacial electron transfer. For
HA, this may be because its hydroxyl and carboxyl groups occupied the active sites [28].
Overall, the D-CdS8/PI system exhibited strong resistance to the interference of CI~
present in actual water bodies. Nevertheless, high concentrations of HCO;~, CO3%2~,NO;,
H,PO4~ and HA still exerted an adverse effect on the degradation of TC. Additionally,
we conducted TC degradation experiments on different water matrices to evaluate the
practical degradation performance of the D-CdS8/PI system in real water environments.
As shown in Figure S3, TC degradation efficiency reached the highest level in pure water,
while a slight decrease was observed in natural water bodies (tap water and river water).
This reduction in efficiency was most likely attributed to the complex coexistence of anions
and organic/inorganic impurities in real aquatic environments.

To evaluate the reusability and stability of the D-CdS8 catalyst, three consecutive
recycling experiments were performed. Detailed procedures for catalyst recycling and
regeneration are provided in Supporting Information (Text S1). As shown in Figure 54, the
catalyst maintained high catalytic activity over three cycles, with only a slight decrease
in degradation efficiency observed. One possible reason for this was that the oxidation of
surface sulfur generates sulfate radicals and soluble sulfate. A depletion in sulfur active
sites lowered the electron transfer efficiency of PI activation. Moreover, adsorbed sulfate
intermediates occupied surface adsorption sites. The consumption of sulfur sites and
surface passivation together weaken the cycling stability of D-CdS8. Furthermore, XRD
(Figure S5) and FT-IR (Figure S6) characterizations of the recovered catalyst after the cycles
revealed no significant structural or compositional changes compared with the fresh sample,
confirming its excellent structural stability during the reaction.

To further evaluate the structural stability and secondary pollution risk of D-CdS8
in water treatment, inductively coupled plasma mass spectrometry (ICP-MS) was used to
quantify cadmium leaching after TC degradation. In total, 1.38% of cadmium dissolved
into the solution. This low leaching fraction verified the superior structural stability of
D-CdS8 during catalysis, and additional optimization routes should be explored to further
reduce cadmium release.
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Figure 4. (a) Effects of coexisting anions and HA on TC degradation; (b) radical quenching ex-
periments on TC degradation; (c) contribution ratios of active species and pseudo-first-order rate
constants for TC degradation.

2.3. Catalytic Degradation Mechanisms

Quenching experiments were conducted in this study to identify the active species
involved in TC degradation. All typical quenchers used in the experiments were selected
according to the previous literature [29,30]. Methanol (MeOH) was used to scavenge -OH
and SOy4 ~. Tert-butanol (TBA) specifically trapped -OH, while p-benzoquinone (p-BQ)
quenched O, ~. Furfuryl alcohol (FFA) was applied to eliminate 'O, and phenol served as
the scavenger for I03-. As shown in Figure 4b, the addition of phenol caused the strongest
inhibition on TC degradation, indicating that IO3- was the dominant active species in the D-
CdS8/PI system. Both MeOH and TBA exhibited obvious inhibitory effects, suggesting that
-OH also played an important role. p-BQ and FFA showed the weakest inhibition, which
demonstrated that O, ~ and 'O, contributed little to the degradation reaction. Furthermore,
the pseudo-first-order kinetic model was used to fit the degradation curves for quantitative
analysis of the contribution of various active species. The ks and radical contribution
ratios obtained from quenching experiments are presented in Figure 4c. The calculated kgps
after quenching were 0.0071 min~! (MeOH), 0.0197 min~! (FFA), 0.0058 min " (phenol),
0.0081 min—! (TBA), and 0.0171 min~! (BQ). And the contribution percentages were de-
termined as 4.79% (SO4 ™), 29.83% (-OH), 10.02% (O, "), 8.84% (10,), and 37.67% (103-).
In summary, IO3- and -OH were the dominant reactive species for TC degradation in the
D-CdS8/PI system. By contrast, SO4 ~, Oy~ and 10, made negligible contributions to the
removal of TC. The above results clearly clarified the composition and relative contribution
of active species during the degradation process.

Electrochemical impedance spectroscopy (EIS), amperometric i-t curves, linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) were employed in this work to investigate
and verify the electron transfer behavior of the D-CdS8 system. Firstly, EIS was employed
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to analyze the charge transfer kinetics of the two samples (Figure 5a). Compared with CdS,
D-CdS8 exhibited a smaller impedance semicircle, demonstrating its lower charge transfer
resistance and more efficient charge transfer [31]. Figure 5b shows the i-t curves of the D-
CdS8/PI system. A prompt current signal was detected upon adding PI and TC, verifying
the efficient electron transfer at the interface between PI, TC and D-CdS8. This favorable
interfacial electron transfer further facilitated the activation of PI and the subsequent
degradation of TC [32]. The LSV curves (Figure 5c) showed that D-CdS8 achieved a higher
current density, indicating its superior oxidation rate for TC [33]. Moreover, D-CdS8
displayed higher redox peaks and a larger cyclic voltammetry curve area (Figure 5d). These
results demonstrate that D-CdS8 possesses a fast redox reaction rate, which facilitates
rapid electron transfer during the catalytic decomposition of PI [34]. These electrochemical
differences were attributed to the introduction of Cd vacancies. The constructed defects
effectively optimize the electron transfer and redox properties of D-CdS8, which was
beneficial to PI activation and TC removal. Generally, these electrochemical results clearly
clarified the mechanism by which Cd vacancies enhanced PI activation: Cd deficiency
induced lattice electron redistribution, lowered charge transfer barriers and accelerated
electron supply to adsorbed PI. The boosted interfacial electron transfer directly promoted
the reduction of PI and continuous generation of dominant I03- and -OH, thereby greatly
elevating the catalytic oxidation efficiency toward TC.
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Figure 5. (a) EIS Nyquist plots of CdS and D-CdSS; (b) i-t curve in the D-CdS8/PI system; (¢) LSV
curves; (d) CV curves of CdS and D-CdSS8.

Based on the analysis presented above, a possible degradation mechanism of TC in
the D-CdS8 /PI system was proposed [35,36], as shown in Figure 6. After PI adsorbed onto
the surface of D-CdSS, a series of reactions took place and generated various active species
such as -OH, SO4 ~, 10y, Oy~ and 103-. As shown in Equation (1), PI was adsorbed on
the surface of D-CdS8 and gained electrons, generating the dominant active species 103- in
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the system [37]. The O~ produced in the reaction and 103- reacted with water molecules
respectively to collectively form -OH (Equations (2) and (3)) [38]. Free electrons in the
system were captured by dissolved oxygen to form O, ~ (Equation (4)), which was then
converted into 'O, by reacting with -OH (Equation (5)) [39]. Meanwhile, sulfur species
(S2%27) on the surface of D-CdS8 were oxidized to SO, ~ by PI (Equation (6)) [27]. Based
on the above analysis, the reactive oxygen species generated in the D-CdS8/PI system
collectively participated in the degradation of TC. As described in Equation (7), these active
species attacked the TC molecules and eventually mineralized them into harmless small
molecules such as CO, and H,O.

D-CdS8 +10; — 103- + 0O~ (1)

O~ +H"— -OH )

105+ H,O — -OH +105 + H" 3)

O +e” =0, 4)

0, +OH — '0,+OH" (5)

S,%~ 4810, — 2SO, +8I05 (6)
-OH/SO; /'0,/0; /105 +TC — CO, + H,O 7)

| . H ( ‘ 3‘ - @ \:P \\’\\5\5—}‘%
D-CdS8 ' _) Periodate

Figure 6. Mechanism of TC degradation in D-CdS8/PI system.

2.4. Possible Degradation Pathways of TC and Toxicity Analysis

To explore the degradation process of TC in the D-CdS8/PI system, the intermediate
products formed during the reaction were identified using LC-MS. Based on the detected
mass-to-charge ratios (m/z), a total of 12 major intermediates (P1-P12) were identified,
and three possible degradation pathways (Pathways I, II, and III) were proposed accord-
ingly [40—-42], as illustrated in Figure 7. Pathway I was dominated by the deamination,
dehydroxylation, and ring-opening reactions of the TC (m/z = 445). First, under the at-
tack of reactive species, TC underwent demethylation and hydroxyl oxidation to form
P1 (m/z = 397). Subsequently, the side chain was further removed and carbonylation
occurred, yielding P2 (m/z = 351). As the oxidation reaction proceeded, the conjugated
structure was gradually destroyed, forming the deaminated product P3 (m/z = 287) and
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the dehydroxylated product P4 (m/z = 217). Finally, ring-opening cleavage generated the
small-molecule intermediate P5 (/z = 158). In Pathway 1I, the benzene ring and enol struc-
ture of the TC molecule were easily attacked by reactive species, triggering hydroxylation
and ring-opening reactions. TC first underwent a hydroxyl addition reaction to form P6
(m/z =379), and then sequentially generated P7 (m/z = 265) and P8 (m/z = 221) through
decarbonylation and dehydroxylation reactions. Pathway III mainly involved the oxidation
and cleavage of the side chain of the TC molecule. The dimethylamino and hydroxyl
groups on the TC molecule underwent oxidation under the action of reactive species to
form P9 (m/z = 430), followed by side chain cleavage accompanied by deamination to yield
P10 (m/z = 271). The small-molecule intermediates generated from the three pathways
(e.g., P5, P8, and P10) were further continuously attacked by the reactive species in the
system (-OH, SOy ~, 10, O~ and 103-), undergoing deep oxidation and mineralization
reactions. They were eventually completely degraded into small molecules such as P11
(m/z =125) and P12 (m/z = 115) and ultimately converted into inorganic products such as

CO; and H,O, achieving the harmless removal of TC.

.
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Figure 7. Proposed pathways of TC in D-CdS8/PI system.

Figure 8 presents radar plots based on IgK values (common logarithm of toxicity
concentration, where higher values indicate lower toxicity), systematically revealing the
acute and chronic ecotoxicity differences of TC and its 12 degradation intermediates to
fish, Daphnia, and Green Algae. Figure 8a—f displays the IgK distribution across different
toxicity assessment dimensions. TC showed relatively high IgK values for all three model
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organisms, indicating controllable original toxicity. In contrast, degradation products exhib-
ited significant toxicity differentiation: P1, P6, and P12 showed generally higher IgK values
than TC, with P1 exceeding 4.0 in multiple dimensions (Figure 8a,c), confirming reduced
toxicity and a low-toxicity category. Conversely, P2, P7, and P11 showed significantly
low 1gK values (some below 2.0, Figure 8b,d), with toxicity levels far exceeding the TC,
indicating that some degradation processes could increase toxicity. Meanwhile, Daphnia
showed greater sensitivity to most products, with generally lower IgK values than fish
and Green Algae, and chronic toxicity 1gK values were overall lower than acute toxicity
(Figure 8e,f), indicating more prominent long-term ecological risks. Overall, Figure 8
clearly demonstrates the evolution of dynamic toxicity during TC degradation, where the
high toxicity risk of certain intermediates cannot be ignored, providing key support for
optimizing catalytic conditions and regulating degradation pathways to reduce overall
ecological risk.

(a) P12 6TC P1

P11 . P2

P10

P4

(@)

P10

(e) P12

6
\il / ™ X

/// \ \\ . y

P7 P6

Figure 8. Ecotoxicity radar charts of TC and its degradation intermediates based on IgK values. Acute
chronic toxicity to (a) fish, (b) Daphnia, and (c) Green Algae; chronic toxicity to (d) fish, (e) Daphnia,
and (f) Green Algae.
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3. Materials and Methods
3.1. Materials

Detailed information on the reagents is given in Text S2 in the Supporting Information.

3.2. Synthesis of Catalysts

Synthesis of D-CdS: 3.5 mmol of CdCl,-2.5H;0 and 0.4 mL of 10 vol% H,O, were
dissolved in 20 mL acidic aqueous solution (pH = 1). Meanwhile, 5 mmol, 8 mmol and
10 mmol of NayS-9H,O were separately dissolved in 20 mL deionized water. Under
stirring, the CdCl,-2.5H,0 solution was added slowly into the Na;S-9H,O solution. After
the completion of dropping, the obtained suspension was transferred into a Teflon-lined
stainless-steel autoclave and hydrothermally treated at 160 °C for 18 h. After cooling to
room temperature, the precipitate was washed three times with deionized water and then
dried in a vacuum-drying oven at 60 °C for 12 h. The as-prepared samples were named D-
CdS5, D-CdS8 and D-CdS10 according to the different molar amounts of NayS-9H,O added.

Synthesis of CdS: The synthesis procedure of CdS was basically consistent with D-CdS.
The only differences were that the dosage of Na,S-9H,0 was adjusted to 3.5 mmol, and
3.5 mmol CdCl,-2.5H,O was directly dissolved in 20 mL deionized water.

3.3. Characterization of Materials

XRD (D8 ADVANCE, Bruker AXS GmbH, Karlsruhe, Germany) was employed to
determine the crystal structure of the samples with Cu Ko radiation at 40 mA. Functional
group information was obtained through FI-IR (Thermo Fisher Scientific, Waltham, MA,
USA). Micro-morphology was observed using SEM (GEMINI 300, Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). XPS (ESCALAB Xi+, Thermo Fisher Scientific, Waltham,
MA, USA) was employed to analyze the elemental composition and variations in chemical
states of the samples before and after the reaction. The specific surface area and pore size
distribution of the porous materials were evaluated using nitrogen adsorption measure-
ments (BET, Quantachrome Instruments, Boynton Beach, FL, USA). The electrochemical
properties of materials were measured using an electrochemical workstation in a standard
three-electrode system.

3.4. Catalytic Activity Experimental Procedure

TC degradation experiments were carried out in 100 mL beakers containing 50 mL
of 10 mg/L TC solution and 20 mg catalyst. An amount of 1.0 mM PI was added to the
TC solution to initiate the degradation reaction. Magnetic stirring was maintained during
the reaction for uniform catalyst dispersion. At set intervals, 1.5 mL aliquots were taken
and immediately quenched with 0.2 mL of 2.0 M Nay5,03. The samples were filtered
through a 0.22 pm polyethersulfone filter (MilliporeSigma, Burlington, MA, USA) and
TC concentrations were analyzed via high-performance liquid chromatography (HPLC,
Zhejiang Fuli Analytical Instruments Co., Ltd., Wenling, Zhejiang, China). All tests were
performed in triplicate to guarantee reliable and reproducible results.

The experimental details of TC concentration analysis and degradation product detec-
tion can be found in Text S3 in the Supporting Information.

4. Conclusions

In summary;, this study prepared D-CdS catalysts via a simple hydrothermal method
for PI activation to degrade TC. The optimal catalyst D-CdS8 achieved a 92.3% removal rate
of 10 mg/L TC within 90 min with a ks value of 0.02937 min~!, much higher than the pure
CdS system in the presence of P1. Mechanistic investigations revealed that the introduction
of Cd vacancies effectively reduced charge transfer resistance and accelerated interfacial
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electron transfer, thereby enhancing PI activation, which in turn increased the yield of
I03- and -OH and ultimately improved TC degradation. The D-CdS8/PI system achieved
stable and efficient TC degradation under diverse water matrices and coexisting common
interfering ions and retained outstanding recyclability after three cycling experiments.
Potential degradation intermediates of TC were identified via LC-MS analysis, and the
toxicity evolution of degradation products was assessed using the ECOSAR, verifying the
environmental benignity of the developed catalytic system. This study provided a simple
and feasible strategy for designing high-efficiency defective CdS catalysts to activate PI
for the remediation of antibiotic-contaminated water and also offered a new idea for the
advanced purification of organic pollutants in aqueous environments.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal16070611/s1. Text S1: Catalyst recycling and regeneration
procedure; Text S2: Chemicals; Text S3: Experimental analysis; Table S1: Physicochemical parameters
of CdS and D-CdS8; Figure S1: XPS survey spectra of CdS and D-CdS8; Figure S2: Comparison of TC
degradation performance in different systems. (a) D-CdS8/PI (this study). (b) CuzV,O0g-H,O/PI [43].
(c) CuCopO4/PI[44]. (d) C3N5-Nv/PI [45]. (e) CuFeS, /PI[46]; Figure S3: Degradation curves of TC in
different water matrices; Figure S4: Cyclic stability of D-CdS8 for TC degradation; Figure S5: XRD pat-
terns of fresh and used D-CdS8 catalysts; Figure S6: FI-IR spectra of fresh and used D-CdS8 catalysts.
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