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Abstract: As an alternative to the traditional advanced oxidation process of adding potassium
persulfate (PS) and its activator to the solution separately, in this study, M(AC-PS), an integrated
activator and catalyst, was synthesized by vacuum ball milling of PS and activated carbon (AC)
to improve the PS’s utilization efficiency. The joint mechanical milling caused a change in the
preferentially exposed crystal surface of the PS and the generation of more π-π* structures on the
AC, leading to successful and stable connection of the PS onto the surface of the AC. Within 40 min,
the M(AC-PS) achieved a degradation rate of 97.3% for tetracycline (TC, 20 mg/L), while the mixed
system where AC and PS were separately ball milled achieved only a 53.1% removal of TC. Reactive
oxygen species and electrochemical tests showed that M(AC-PS) mainly oxidized TC through non-
free radical mechanisms. In M(AC-PS), AC provided oxygen-containing functional groups (e.g.,
C=O) to activate the PS and electron holes as an electron transfer medium, generating 1O2 and
promoting electron donation from the TC to enhance the oxidation of the TC. Almost no catalytic
components were detected in the solution, indicating that the obtained solid composite material
avoids the limitations of solid–liquid interface contact and mass transfer, and then improves the
efficiency of activation and catalysis. This study presents a simple and feasible method for obtaining
efficient and convenient material for the advanced oxidation treatment of wastewater.

Keywords: activated carbon; potassium persulfate; ball milling; tetracycline; non-radical mechanism

1. Introduction

Antibiotics have been routinely utilized in various fields, including human medical
treatment and animal husbandry. However, their excessive use and persistence in the
environment have led to their emergence as a new type of pollutant [1]. China is the largest
consumer of antibiotics globally, with a significant portion of antibiotics being excreted
and released into domestic sewage while still retaining their biochemical activity [2]. As a
result, these antibiotics contaminate surface water, groundwater, and sediment, leading to
severe water pollution [3]. Moreover, the overuse of antibiotics can lead to the generation of
antibiotic resistance genes, posing a major threat for human health [4]. Tetracycline (TC) is
one of the antibiotics which is most extensively used worldwide due to its stable chemical
structure and antibacterial properties [5]. As a broad-spectrum antibiotic, it is widely used
in the medical treatment and prevention of human and animal diseases because of its low
price and effective bactericidal performance. Meanwhile, TC is also widely applied in
aquaculture, animal husbandry, and agricultural production as a growth promoter [6]. The
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excessive use and incomplete treatment of TC will cause serious harm to human health
and the environment [7]. Consequently, there is an urgent need to identify efficient and
suitable approaches for the degradation of TC [8].

Recently, various new materials have emerged that can be used in the physical and
chemical techniques to treat drugs and dyes, including adsorption, coagulation, filtration,
and degradation [9–13]. Compared with other methods, chemical catalysis is considered an
effective environmental pollution control and energy conversion technology which has the
advantages of high catalytic efficiency, low energy consumption, and good applicability,
and, therefore, has a wide application prospect. In recent decades, advanced oxidation
processes (AOPs) have been proposed as effective catalytic techniques to treat organic
pollutants in wastewater [14]. AOPs utilize strong oxidants to generate highly reactive
species that can directly oxidize and convert organic pollutants into simpler, biodegradable
compounds. Among the different AOPs, persulfate (PS)-based AOPs have gathered sig-
nificant interest due to the production of abundant sulfate radicals (SO4

−·) for oxidation
reactions [15]. Compared with traditional Fenton reactions producing hydroxyl radicals
(·HO), PS-based AOPs have the characteristics of excellent selectivity, strong oxidation per-
formance, wide application range of pH, and no secondary pollution [16]. Sulfate radicals
exhibit a longer half-life and higher oxidation efficiency, making them highly promising
for various applications [17]. To ensure the oxidation ability, PS needs to be activated to
generate SO4

−·. Various methods, including ultrasound, heating, light, transition metals,
and so on, have been employed to activate persulfate [18]. However, these activation
methods have the drawbacks of high consumption and low application performance.

Due to the problem of metal ion leaching, some non-metallic carbon materials, such as
activated carbon (AC), carbon nanotubes (CNT), biochar (BC), and graphite, have become
alternative solutions for PS activation [18]. According to the report, the FeS@BC/PS system
can achieve a 90% degradation rate for 200 mg/L tetracycline (TC). BC can inhibit the
aggregation of catalyst, ensure the effective utilization of FeS, and serve as the adsorption
substrate and electron shuttle, promoting the electron transfer between pollutants and
oxidants [19]. Guan et al. found that the CNT/PDS system showed good activation
performance and stability for the degradation of sulfamethoxazole through non-radical
mechanisms even at lower pH levels [20]. Oh et al. demonstrated that the CuFe2O4/AC
system exhibits excellent activation and adsorption properties as well as recyclability, with
AC being used as a catalyst for PMS activation and as a renewable adsorbent [21]. Among
these catalysts, AC stands out as the most extensively utilized carbon material for PS-based
AOPs. AC is easy to obtain and possesses a high specific surface area, is abundantly porous,
and has active functional groups, making it more cost-effective compared to other carbon
materials [22]. AC has four main active sites involved in PS activation, including sp2 hybrid
carbon at defective edges, oxygen-containing functional groups, delocalized π electrons,
and surface defects [16,23]. These active sites can activate PS to produce strong oxidative
free radicals, such as SO4

−· and/or HO−· [24]. However, in existing studies, AC and PS
are added to the solution separately, and the dissolved PS and pollutants compete for
adsorption sites on the surface of the AC (which has strong adsorption capacity), which is
unfavorable for PS activation and pollutants’ degradation. To our knowledge, there have
been no reports about a solid composite of PS and AC to directly activate PS for catalytic
degradation of pollutants. Typically, PS in the solution needs to be adsorbed on the solid
AC first, and then the activation products oxidize the pollutants.

The preparation of composite materials usually uses chemical methods, especially
in the synthesis of composite carbon materials, which require a high temperature or a
significant amount of chemical reagent for thermal or hydrothermal synthesis. Compared
to physical methods [25], these chemical processes tend to consume more energy and
materials. Ball milling is a powerful physical non-equilibrium processing method that can
mechanically reduce the grain size of solids, generating ultrafine particles [26]. During
the ball milling process, local micro regions with high temperature and high pressure
are formed, and the mechanical effects such as shearing, compression, and grinding can
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provide the energy required for chemical reactions. This is an efficient and economical
material composite technology [27] and has been employed to synthesize some carbon-
based nanocomposites, aiming to improve the properties of materials in the following
ways: (i) the macro-scale materials can be transformed into nano-scale particles with higher
surface activity through mechanical ball milling; (ii) the high-energy effect in the grinding
process can produce a series of functional groups on the surface of the material to improve
the reactivity and electron transfer capacity; and (iii) two or more materials can be mixed
to form a sosoloid to change the way the reaction proceeds [28,29]. Nowadays, most
carbon-based materials prepared by mechanical methods are composited with transition
metal to suppress the leakage of metal ions, and these obtained composite materials are
used to investigate the ability of metal and carbon materials to jointly activate liquid phase
PS. The preparation of non-metallic composite catalysts by direct ball milling of solid AC
and PS has not been reported yet. Whether AC can effectively activate PS in composite is
still unknown.

The commonly used PS activation methods mainly involve reactions in the liquid-
phase system or across the solid–liquid interface. Additionally, in advanced oxidation
processes involving PS, there are still limitations such as narrow pH application range, easy
dissolution or limited interfacial mass transfer of catalyst, low synthesis yield, and high
costs. Herein, a direct composite material of non-metal carbon catalyst and solid oxidant
was innovatively obtained through a high-yield and low energy consumption approach.
This is different from the traditional process of adding PS to the solution. In this study, a
solid composite material composed of AC and PS (M(AC-PS)) is successfully synthesized
using a simple physical ball milling method, forming a novel AOPs material that combines
catalytic and oxidation functions. The interaction between AC and PS occurs directly in
the solid catalyst, avoiding the limitation of interfacial mass transfer, ensuring the full
reaction of PS, and providing an integrated utilization for activator and oxidant. The goals
of the present research are to verify the activation ability of the AC on the PS bound to it,
investigate the TC degradation performance of M(AC-PS) obtained under different AC
and PS dosage ratios, analyze the influence of reaction conditions (pollutant concentration,
initial pH, inorganic anion, and natural organic matter) on catalytic oxidation performance,
evaluate the stability of composite materials, and reveal the activation mechanism of solid
composite system.

2. Experimental Procedure
2.1. Reagents and Materials

Activated carbon (AC) was purchased from Sigma-Aldrich (Shanghai, China). Tetracy-
cline hydrochloride (TC) and potassium persulfate (K2S2O8, PS) were obtained from Titan
Technology (Shanghai, China). Sodium nitrate (NaNO3), sodium bicarbonate (NaHCO3),
sodium chloride (NaCl), sodium sulfate (Na2SO4), humic acid (HA), potassium iodide (KI),
and L-histidine were purchased from Aladdin Technology (Shanghai, China). Spin trapping
reagents, including 5,5-dimethyl-1-pyrrolin-n-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine
(TEMP), were obtained from Huaxun Medical Technology (Tianjin, China). Distilled water
was used to prepare the chemical solutions for the experiments. All chemicals used were of
analytical grade, and no additional purification was required.

2.2. Preparation of Ball Milled Carbon Materials

In the ball milling preparation, 1 g of activated carbon (AC) and different dosages of
PS were used to obtain M(AC-PS) with different AC and PS mass ratios (1:1, 1:2.5, 1:5, 1:8,
and 1:10). AC and PS mixture was added to a zirconia ball mill (Shanghai Jingxin Industrial
Development Co., Ltd., Shanghai, China), and then agate balls with diameters of 3, 6, and
15 mm were used as the grinding medium in the mass ratio of 3:5:2 (100 g total). After
blowing with nitrogen for 20 min, the ball mill ran at a rotational speed of 300 rpm. The
composite materials were ground for 12 h. The rotation direction of ball mill changed every
3 h, with a 5 min rest period between rotations. Finally, the ball milled composite carbon
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material was collected and stored in a dry centrifuge tube. The obtained composite carbon
material, with an AC/PS ratio of 1:1, 1:2.5, 1:5, 1:8, and 1:10, was named as M(AC-PS)1,
M(AC-PS)2, M(AC-PS)3, M(AC-PS)4, and M(AC-PS)5, respectively. Additionally, AC and
PS were separately ball milled using the aforementioned method, and the resulting samples
were named as MAC and MPS.

2.3. Characterization Method

The crystallinity of PS, MPS, AC, MAC, and M(AC-PS) before and after the pollu-
tant degradation reaction was determined by X-ray powder diffraction (XRD) (Rigaku
Corporation, UlitmaIV, Tokyo, Japan). Fourier transform infrared spectroscopy (FTIR)
was performed on the tensor 37 FTIR spectrometer (BRUKER, Mannheim, Germany) to
determine functional groups in the above-mentioned substances. The morphology and
size of MAC and M(AC-PS) were characterized by a JEM-2800 transmission electron mi-
croscopy (TEM) (JEOL, Tokyo, Japan) at 200 kV. X-ray photoelectron spectroscopy (XPS)
(Thermal Science Laboratory 250Xi, Thermo, Waltham, MA, USA) and the multi-station
Extended Automatic Rapid Surface Comparator (Micromeritics, ASAP 2460, Norcross,
GA, USA) were used to determine the surface element composition, specific surface area,
and pore size and distribution of sample. The electrochemical measurements, including
cyclic voltammetry (CV), linear sweep voltammetry (LSV), and transient photocurrent (IT),
were conducted with a CHI 760E electrochemical workstation (CH Instrument, Chenhua,
Shanghai, China) in a standard three-electrode system using Ag/AgCl electrode as refer-
ence electrode and platinum plate as counter electrode. The MAC or M(AC-PS) working
electrode was prepared by ultrasonically dispersing 5 mg of the material in a mixture of
0.4 mL Nafion, 0.1 mL of water, and 0.5 mL of ethanol, and then depositing two drops of
the mixture onto a polished iron disc electrode (EIS). The electrolyte solution used was a
0.1 mol·L−1 sodium chloride solution, which was not stirred or deoxygenated during the
measurement process.

2.4. Degradation Experiments

All degradation experiments were conducted in 100 mL closed reaction bottles at a
controlled temperature of 25 ◦C (±2 ◦C) on a shaker (Changzhou Danrui experimental
equipment Co., Ltd., Changzhou, China) operating at 200 rpm for a duration of 40 min.
The initial concentration of TC solution used is 20 mg/L. In the comparative experiments,
PS (1 mM), MPS (1 mM), AC (0.1 g/L), MAC (0.1 g/L), mixture of AC and PS, mixture
of MAC and MPS, and M(AC-PS) (AC = 0.1 g/L, PS = 1 mM) were added to the reaction
systems, respectively. The initial pH (pH 3–11) of solution was adjusted using 0.1 M
sodium hydroxide or hydrochloric acid. At regular intervals, 1 mL of the suspension was
withdrawn using a syringe, followed by centrifugation and filtration through 0.22 µm filter
for subsequent analysis.

2.5. Analytic Methods

The sample solution was measured by a high-performance liquid chromatograph
(HPLC, Ultimate 3000, ThermoFisher, USA) equipped with C18 column (3 µm,
ϕ3.0 × 100 mm) to calculate the removal rate of TC, and the PS concentration in solu-
tion was determined by potassium iodide spectrophotometry using an ultraviolet–visible
spectrophotometer (UV-VIS) (Shanghai Yi electric Analytical Instrument Co., Ltd., Shanghai,
China) [30]. The reactive oxidative species generated during the reaction were determined
by electron paramagnetic spectrometer (EPR) (Bruker, Germany).

3. Results and Discussion
3.1. Characterization of Materials

Figure S1 shows the TEM images of AC and M(AC-PS) (AC:PS mass ratio = 1:2.5).
The original AC appears as a layered structure. During the mixing and milling process,
AC and PS undergo collision, friction, and compression, resulting in fracture, aggrega-
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tion, and deformation [29]. It can be observed that the obtained composite material has
undergone significant changes, exhibiting a block-like structure, while PS is attached to
the AC. Energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 1) reveals that the
M(AC-PS) composite materials consist of C, O, and S elements, while O and S elements
are uniformly distributed on the C substrate. All the distribution regions of the S and O
elements overlap, as the O and S in the PS are directly connected. The EDS element analysis
(Figure S2) also reflects that the main elements in the composite material are C, O, and S,
with a mass ratio of S to O of 1:2, consistent with the mass ratio of S and O in PS. It can be
seen that the PS has successfully combined with the AC, forming a uniformly distributed
AC-PS composite material.
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N2 adsorption–desorption isotherms were obtained to determine the specific surface
area (BET) and pore size distribution of AC, MAC, and M(AC-PS) (Figure 2a,b), and
the detailed parameters are summarized in Table 1. All carbon materials exhibit Type
I adsorption isotherms with narrow hysteresis loops, indicating their sorption behavior
at low relative pressures [31]. AC exhibits strong adsorption capacity, the adsorption
capacity of MAC is lower than that of AC, while M(AC-PS) gradually loses its adsorption
performance with the increase in PS dosage. The pore size distribution analyses reveal that
AC and MAC have a large number of micropores and mesopores, forming a hierarchical
pore structure. Mesopores are mainly distributed on the surface of M(AC-PS)1, but the
pores of M(AC-PS)(2,3,4,5) are significantly reduced. Table 1 shows that the ball milling
process leads to a decrease in the specific surface area (from 1503.55 to 668.57 m2/g), pore
volume (from 1.068 to 0.438 cm3/g), and average pore size (from 2.63 to 0.63 nm) of the
AC, indicating the pore collapse in AC caused by the high-energy impacts during ball
milling [32]. After the addition of PS for mixed ball milling with AC, the specific surface
area and pore volume of M(AC-PS) continue to decrease. This can be attributed to the
binding of PS with AC, where the PS occupies a portion of the pores on the AC. However,
the average pore size of M(AC-PS) increases with the increase in the PS dosage. This may
be due to the oxidation property of PS, which enlarges the pore of the AC through oxidation
during ball milling, resulting in an increased in the pore size of M(AC-PS) [33]. Wang et al.
reported that a pore size of around 5 nm on carbon is most conducive to the diffusion
and adsorption of TC. Mesopores exhibit better adsorption performance, with the optimal
adsorption occurring at a pore size of 5.98 nm [34]. According to the surface structure
analysis of various materials, AC has stronger adsorption capacity for TC than for MAC,
and the ball milling process reduces the adsorption performance of AC. The adsorption
capacity of obtained M(AC-PS) series materials significantly decreased.
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Table 1. Surface structure analysis of M(AC-PS).

AC MAC M(AC-PS)1 M(AC-PS)2 M(AC-PS)3 M(AC-PS)4 M(AC-PS)5

BET surface area (m2/g) 1503.55 668.57 92.26 10.94 3.91 2.58 3.48
Pore volume (cm3/g) 1.068 0.438 0.100 0.013 0.004 0.015 0.004
Average pore size (nm) 2.63 0.63 5.61 2.29 21.04 18.96 3.91

As shown in the XRD patterns of Figure 3a, AC exhibits characteristic peaks at 23.3◦

and 44.2◦, corresponding to amorphous carbon (002) and crystalline carbon (101), re-
spectively. These results are consistent with previous reports [35]. By comparison, the
crystallization degree of MAC improved after ball milling. In the spectrum of PS, there is a
prominent peak corresponding to the (020) crystal plane of K2S2O8 located at 27.6◦. While,
for MPS, more characteristic peaks can be observed at 18.2◦, 24.2◦, and 25.8◦. These peaks
can be assigned to the crystal planes (−110), (1–11), and (101) of K2S2O8 (PDF#32-0846). It
can be seen that more crystal planes of K2S2O8 are exposed through the ball milling process.
The XRD pattern of M(AC-PS) simultaneously contains the characteristic peaks of AC and
PS. It is noteworthy that the diffraction peak at 24.2◦ corresponding to the (1–11) crystal
plane of K2S2O8 is significantly enhanced, indicating a change in the preferentially exposed
crystal plane of composite material. It may be formed by the interleaving of the crystal
faces of the AC and PS. This crystal plane may be more conducive to the link formation
between AC and PS. Additionally, mixed ball milling may produce more lattice defects
and smaller crystallite size, causing peak broadening of M(AC-PS). The crystal structure of
M(AC-PS) after the reaction is similar to that of AC, indicating that the PS in the composite
is consumed during the reaction process, and there are also active structures on the surface
of the MAC that participate in the reaction.

The surface functional groups of various materials were characterized by FTIR spec-
troscopy (Figure 3b). The results show that the types of functional groups on PS and
AC do not change significantly after milling. For M(AC-PS), the characteristic peaks of
AC are at 3429 cm−1 (−OH), 1623 cm−1 (C=C) [36], and 1165 cm−1 (C-H) [37], and the
characteristic peaks of functional groups on PS can be clearly seen at 2360 cm−1, 1064 cm−1,
and 575 cm−1, which correspond to the cumulated double bond(O=S=O), S=O, and ionic
bond of potassium, respectively [38–40]. Moreover, a new peak at 860 cm−1 corresponds
to S-O-C [41]. The appearance of S-O-C verifies that AC and PS are successfully bonded
under mechanical action, indicating these two materials have been closely combined to
form a stable composite material during the milling process. The broad band at 3429 cm−1

corresponds to the stretching vibration of −OH [42,43]. This peak in MAC and M(AC-PS)
is slightly stronger than that in AC, and almost disappears in M(AC-PS)-after reaction. The
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results showed that −OH is consumed as an active functional group during TC degradation.
The other functional groups of M(AC-PS)-after reaction are basically consistent with AC,
indicating that the PS bound to the AC is consumed during the reaction.
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The XPS was employed to detect the surface components of materials, and the obtained
spectra of MAC and M(AC-PS) are shown in Figure 4a–f. The total spectrum (Figure S3)
shows that MAC has a carbon content of 84.72% (atomic percentage) and an oxygen
content of 15.73%. In contrast, M(AC-PS) has a reduced carbon content of 44.34% and
an increased oxygen content of 40.81%. At the same time, the sulfur content in M(AC-
PS) is 14.85%, and the O/S mass ratio is 2.75, which is much higher than the ratio in PS,
indicating the presence of a large number of oxygen-containing functional groups on the
AC in M(AC-PS). The C 1s XPS spectrum of MAC (Figure 4a) was deconvoluted into five
peaks at 284.8, 286.3, 287.7, 289.3, and 290.4 eV, corresponding to C-C (75.83%) [44], C-OH
(16.56%), C=O (carbonyl, 3.11%), O=C-OH (carboxyl, 4.17%), and π-π* shake-up satellite
(0.36%) [45], respectively. The C1s XPS spectrum of M(AC-PS) (Figure 4b) has six peaks at
284.8, 286.2, 289.8, 290.1, 292.5, and 293 eV, among which 284.8 and 286.2 eV correspond
to C-C (14.8%) and C-OH (6.01%), respectively. Both 289.8 and 290.1 eV correspond to
O=C-OH (a total of 39.67%), and 292.5 and 293.0 eV correspond to π-π* oscillating satellite
peaks (a total of 26.15%) [45,46]. The significant increase in π-π* satellite in M(AC-PS)
indicates the greatly enhanced electron transfer capability of the composite material. The
C1s XPS spectrum peaks of M(AC-PS)-after reaction (Figure 4c) are at 284.8, 286.3, 288.5,
and 292.0, corresponding to C-C (63.39%), C-OH (17.73%), O=C-OH (13.91%), and π-π*
(4.97%), respectively. Through the comparative analysis, it was found that from MAC to
M(AC-PS) and then to M(AC-PS)-after reaction, the C-OH content first decreased from
16.53% to 6.01% and then increased to 17.73%, and the content of O=C-OH increased from
4.17% to 52.77% and finally decreased to 13.91%. Meanwhile, the π-π* oscillating satellite
content also decreased to 4.97% after the reaction. These results show that C-OH and some
C-C on the AC transform into O=C-OH when the PS is added into the ball milling system,
and the generated O=C-OH and π-π* oscillating satellites are consumed during the reaction.
The O1s XPS spectra (Figure 4d–f) of the above three materials also confirm that the C-OH
peak at 532.3 eV significantly decreases after co-ball milling and then increases after the
reaction, while the content of C=O at 531.3 eV changes in the opposite way [46]. The two
peaks in the S 2p spectrum of M(AC-PS) at 168.5 and 169.8 eV (Figure S4) are attributed to
C-SOx-C and SO4

2−, respectively, further proving the bonding of S on the AC [31,47].
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after reaction.

3.2. Catalytic Degradation of TC by M(AC-PS)
3.2.1. Activation and Catalytic Performance of M(AC-PS)

The results of the TC degradation experiments using different materials are shown
in Figure 5a and Figure S5. The removal rate of TC (20 mg/L) by AC at a concentration
of 0.1 g/L reaches 39.4% in 40 min. Under the same conditions, MAC has a TC removal
efficiency of only 24.4%. It can be seen that the ball milling process reduces the adsorption
capacity of AC; this result is consistent with the BET analysis results mentioned earlier. The
TC removal rate in the PS system is only 3.3%, while it reaches 25.2% in the MPS system,
suggesting that the ball milling process has activated the PS. This may also be related to the
more exposed crystal planes of the PS after ball milling. In the mixed system of AC and PS
(AC/PS), the removal efficiency of TC is 41.9%, almost equal to the sum of the independent
removal efficiencies (42.7%) in the AC and PS systems. The removal efficiency of TC by
MAC/MPS is 53.1%, slightly higher than the sum of the individual removal efficiencies
of MAC and MPS (49.6%). This indicates that AC has almost no activation ability for PS,
while MAC has weak activation ability for MPS.

It is noteworthy that the activation ability of AC for PS is greatly enhanced after
mixed ball milling. The composite material M(AC-PS) obtained by co-ball milling AC and
PS exhibits a removal efficiency of up to 97.3% for TC. Considering the low adsorption
performance (24.4%) of MAC, it can be concluded that the removal of TC by M(AC-PS) is
mainly due to the oxidative degradation of activated MPS. Combined with the changes in
the preferentially exposed crystal planes shown in the above XRD analysis, AC is perhaps
more likely to activate PS through the connected (1–11) crystal plane. The pseudo-first-
order kinetics can well fit the reaction process of M(AC-PS), also indicating that the removal
of TC is not only due to adsorption, but also involves degradation. According to the
first-order kinetic fitting analysis (Figure 5b,c), the reaction rate constant of M(AC-Ps) is
1.9252 min−1, while the rate constants of PS, MPS, AC, and MAC are 0.05168, 0.06695,
0.08718, and 0.1089 min−1, respectively. It is obvious that the reactivity of M (AC-PS) is
much higher. The AC in M(AC-PS) exhibits excellent activation performance in relation to
the PS on it. The ball milled composite can be directly used as catalytic oxidation material
for TC degradation.
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Figure 5. Degradation of TC by various materials (a), the reaction kinetics of PS, MPS, AC/PS, and
MAC/MPS system (b), M(AC-PS) system (c), degradation of TC in M(AC-PS) systems with different
ratios of AC and PS (d), reusability of M(AC-PS) in TC degradation (e), change in PS concentration
in solution (f), the influence of TC concentration (g), pH (h), and inorganic anion and HA (i) on TC
removal. Conditions: initial pH of 4, temperature of 25 ◦C, TC concentration of 20 mg/L, AC/MAC
dosage of 0.1 g/L, PS/MPS concentration of 1 mM, M(AC-PS) dosage of 38 mg, and a stirring speed
of 220 rpm.

When the mass ratio of AC to PS is 1:1, 1:2.5, 1:5, 1:8, and 1:10, the prepared composite
materials achieve TC degradation efficiencies of 99.3%, 97.3%, 83.6%, 46.6%, and 45.8%,
respectively (Figure 5d). It can be observed that the degradation efficiency of TC decreases
as the mass ratio of AC to PS in M(AC-PS) changes from 1:1 to 1:10. This is because the
adsorption capacity of M(AC-PS) significantly decreased with the increase in the PS dosage,
and the surface of the AC can only accommodate a certain amount of PS. Excessive PS exists
as MPS in the reaction system, resulting in a weaker degradation effect. Considering the
cost and efficiency, the optimal mass ratio of AC and PS used in M(AC-PS) is determined
to be 1:2.5, and this ratio is applied for subsequent experiments and analysis.

3.2.2. Reusability of M(AC-PS)

To investigate the activation and catalytic stability of solid composite materials, the
TC concentration in the M(AC-PS) system was adjusted back to 20 mg/L after the first
round of reactions. The reaction systems were then divided into two groups (Figure 5e):
the first directly underwent the subsequent reactions, while 1 mM of PS was added to the
second group, then the two systems were placed back in the shaker for the next cycle of
reactions. After 40 min, the above steps were repeated for the third round of reactions. In
the second run, the removal rate of TC in the first group decreased to 30.9%, indicating
the PS in the M(AC-PS) was not completely consumed during the first reaction process;
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AC in M(AC-PS) can still activate PS to degrade TC. With the consumption of PS and the
loss of AC adsorption capacity during the degradation process, the removal rate of TC was
only 2.5% in the third run. For the second group with PS addition, the TC degradation rate
in the second run reached around 88.3% with the existence of sufficient oxidant, which
was significantly higher than the degradation rate (41.9%) of the PS/AC system. This
further confirms that the degradation of TC is initiated by the activation of PS by AC, and
the ability of the AC in M(AC-PS) to directly activate the connected PS is stronger than
its ability to activate the PS in the solution. The interaction between solids significantly
improves the activation performance of AC on PS. The TC removal efficiency in the third
round decreased to 30.5% due to the rapid loss of surface-active sites on the AC.

Additionally, the PS concentration in the solution during the reaction was measured
without adding pollutants to investigate the existing form of PS in the M(AC-PS) reaction
system (Figure 5f). It was observed that the PS concentrations were initially only 0.045 mM,
and then 0.008, 0.012, 0.014, and 0.031 mM at 10, 20, 30, and 40 min, respectively. According
to the proportion of PS in the M(AC-PS), the amount of PS added to the reaction system
is 1 mM, which means that the highest amount of PS released into the solution is only
4.5% of the total amount. A large amount of PS exists on the AC and is triggered during
the TC degradation process without entering the liquid phase. The small amount of PS
present in the solution can also be activated and decomposed by the AC in the M(AC-PS).
Furthermore, almost no radicals were detected in the solution of this system, indicating the
solid-phase interaction in M(AC-PS) not only improves the activation efficiency of AC on
PS, but also significantly enhances the non-radical processes of PS activation.

3.3. Effect of Reaction Conditions on TC Degradation
3.3.1. Effect of TC Concentration

Figure 5g illustrates the removal of TC at different concentrations. Within 20 min,
M(AC-PS) can completely remove TC at a concentration of 10 mg/L. When the initial
concentrations of TC increase to 20, 30, and 50 mg/L, the removal rates of TC within 40 min
reach 97.3%, 84.1%, and 47.5%, respectively. TC needs to be adsorbed onto the surface of
AC and then react with the activation product of PS to achieve degradation. At high TC
concentrations (>20 mg/L), the adsorption sites and fixed PS on the AC are insufficient,
limiting the adsorption and reaction between M(AC-PS) and TC and leading to the decrease
in removal efficiency. Compared with the PS-based TC oxidation degradation processes
reported in the literatures (Table 2), the solid composite material prepared in this study
achieves good removal efficiency at a lower dosage of AC and PS. Unless otherwise stated,
the TC dosage used in subsequent experiments is 20 mg/L.

Table 2. Comparison of parameters in different research.

Activator Preparation Method TC Dosage Activator
Dosage PS Dosage Degradation

Rate Reaction Time

FeS@BC Physical ball milling 200 mg/L 0.05 g/L 10 mM 87% 30 min [19]
BCM50 Physical ball milling 20 mg/L 0.02 g/L 0.5 mM 69.30% 60 min [48]

Fe-N@MFC Chemical
process 5 mg/L 0.5 g/L 1.8 mM 90.50% 60 min [49]

MRSB Chemical
process 20 mg/L 1 g/L 8 mM 87.05% 120 min [2]

Co–CN Chemical
process 10 mg/L 0.5 g/L 0.8 mM 99.30% 24 min [50]

AC Physical co-ball milling 20 mg/L 0.1 g/L 1 mM 97.3% 40 min This study

3.3.2. Effect of pH

For reaction systems utilizing carbon materials to activate PS, pH is a key factor
affecting the AOPs reactions, and its impact is significant. Therefore, the influences of
initial pH on TC degradation in the M(AC-PS) system were investigated. This is shown in
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Figure 5h. When the pH value is below 7, TC can be quickly removed, with a degradation
rate of over 95% within 40 min. At pH 4, the first-order kinetic constant of reaction reaches
the maximum of 1.9525 min−1. When the pH is above 7, the degradation rate of TC begins
to decrease. At pH 9, the degradation rate is 85.7%, and it further decreases to 78.4% at
pH 11.

It is clear that M(AC-PS) exhibits higher degradation performance under neutral and
acidic conditions, where AC has better activation ability for PS. The changes in TC degrada-
tion with pH may be attributed to the following factors. On the one hand, the pH change
affects the charge distribution on the carbon material surface. In low pH environments, the
concentration of surface hydrogen ions on M(AC-PS) increases, enhancing the activity of
acidic functional groups (e.g., O=C-OH). This may make carbon materials more effective in
activating PS and enhance their ability to remove TC. On the other hand, the decomposition
of PS is hindered under alkaline conditions, resulting in a reduction in SO4

−· production.
SO4

−· can react with hydroxide ions to generate ·OH, as shown in Equation (1) [51]. Fur-
thermore, ·OH can further react with OH− to generate water (Equation (2)), leading to the
elimination of radicals.

SO4
−· + OH− → SO4

2− + ·OH (1)

SO4
−· + ·OH + OH− → H2O + SO4

2− (2)

3.3.3. Effect of Inorganic Anions and Natural Organic Matter

In natural water bodies, there are often multiple co-existing inorganic anions that
can potentially influence the pollutant degradation process. Therefore, the effects of
common inorganic anions such as NO3

−, Cl−, HCO3
−, and SO4

2− on TC degradation
were investigated (Figure 5i). With the addition of Cl−, NO3

−, HCO3
−, and SO4

2−, the
TC degradation rate decreased from 97.3% to 90.8%, 91.5%, 88.2%, and 91.9%, respectively.
This indicates a slight negative effect of Cl− on TC degradation. The reason is that Cl−

can react with SO4
−· and ·OH to produce other low oxidation state species as shown in

Equations (3)–(7) [2], leading to a decrease in the TC degradation rate. Compared to other
anions, NO3

− and SO4
2− have a smaller impact on the degradation rate of TC, which may

be due to their ability to generate species with slightly lower oxidation–reduction potentials
and slower reaction rates when reacting with SO4

−· and ·HO [52]. HCO3
− can react with

·HO and SO4
−· to generate HCO3· with a lower oxidation potential, slowing down the

reaction rate, as shown in Equations (8) and (9) [53]. Additionally, the pH increase caused
by HCO3

− hydrolysis can also lead to a decrease in the TC degradation rate. After adding
typical natural organic matte humic acid (HA), which is widely present in natural water
bodies, the degradation rate of TC decreased to 90.3%. This may be due to the competition
between HA and TC for the active species in the solution. Furthermore, HA has strong π-π
stacking, which is easily adsorbed on the catalyst surface and covers the active sites [54,55].
In general, M(AC-PS) maintains a high TC degradation rate in the presence of inorganic
ions and HA.

SO4
−· + Cl− → SO4

2− + Cl· (3)

·OH +Cl− → HClO· (4)

HClO· + H+ → Cl· + H2O (5)

Cl· + Cl− → Cl2· (6)

Cl· + Cl2· → Cl2 + Cl− (7)

HCO3
− + SO4

−· → HCO3· + SO4
2− (8)

HCO3
− + · HO→ HCO3· + HO− (9)
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3.4. Possible Mechanism of TC Degradation by M(AC-PS)
3.4.1. Identification of Reactive Oxygen Species in Reactions

Free radical scavenging experiments were carried out in the MPS/TC and M(AC-
PS)/TC degradation systems to identify the active substances produced by PS activation
(Figure 6a,b). Methanol (MeOH), tert-butanol (TBA), and L-histidine (L-His) were used to
quench ·HO and SO4

−·, ·HO, and 1O2, respectively [56,57]. The degradation of TC by MPS
decreased from 25.2% to 8.3% with the addition of MeOH or TBA. This inhibition suggests
that the oxidation of TC by MPS is mainly attributed to ·HO, and the ball milling process
can activate PS to produced ·HO. For the M(AC-PS) system, the degradation rate of TC
decreased from 97.3% to 91.3%, 71.8%, and 63.3% after the addition of MeOH, TBA, and
L-His, respectively, suggesting that a small amount of ·HO and SO4

−· participated in the
reaction. Due to the limitation of solid–liquid interface conduction [58] after the MPS is
fixed on the MAC, the quencher in the solution cannot capture the reactive oxygen species
(ROS) generated on the MAC surface in time, leading to the inhibition effect of adding
MeOH on TC degradation was lower than that of adding TBA. According to the result of
the L-His scavenging experiment, 1O2 is involved in this reaction process, indicating that
TC oxidation in the M(AC-PS) system mainly occurs through the non-radical mechanism.
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In order to further determine the produced ROS and reaction mechanism of the
M(AC-PS) system, an EPR test was performed using 5,5-dimethyl-1-pyrrolidinium n-oxide
(DMPO) and 2,2,6,6-tetramethyl-4-piperidinol (TEMP) as spin trapping agents. As shown
in Figure 6c, weak DMPO(·HO) and DMPO(SO4−·) signals were observed in the M(AC-
PS)/TC system, indicating that a small amount of MPS is activated by MAC to produce free
radicals, which is consistent with the results of the scavenging experiments. These results
indicate that free radicals are not the main active substances causing TC degradation in
the M(AC-PS) system. As shown in Figure 6d, high intensity 1O2 characteristic peaks were
observed in the M(AC-PS)/TC system, which are not present in the M(AC-PS) system. It
can be observed that the non-free radical effect of single-linear oxygen begins to appear
after the addition of TC. However, there is still a TC removal rate of 63.3% in the scavenging
experiment with the addition of L-His, as shown in Figure 6b, indicating that there are
other degradation mechanisms in the M(AC-PS)/TC system. Ghosh et al. reported that
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the catalytic degradation of organic pollutants by carbon materials can also be achieved
through the electron transfer mechanism [59]. In Figure 6e, it is found that unlike the MAC
system, electron holes [60] with a g value of 2.016 exist in the M(AC-PS) system [61]. This
may be due to the active electron migration in the π-bond of AC during the ball milling
process [62], which may provide an electron transfer pathway in the reaction. The above
XPS analysis also demonstrated a significant increase in π-π* in the M(AC-PS).

3.4.2. Analysis of the TC Degradation Mechanism of M(AC-PS)

The free radical scavenging experiment and EPR testing results reveal that 1O2 is
the main active species involved in the oxidative degradation of TC. It was reported that
C=O can form an epoxy structure under the action of PS, which can activate another PS
molecule to generate 1O2, thereby oxidizing and degrading organic pollutants [63,64].
In XPS analysis, more C=O bonds were also found on the M(AC-PS). Furthermore, the
1O2 scavenging experiment exhibits the existence of other reaction mechanisms in TC
degradation. XPS and EPR analyses demonstrate the significant increase in π-π* and
electron holes in the M(AC-PS), which potentially facilitate an electron transfer process.
According to reports, PS can be electrostatically adsorbed onto carbon materials through
π-bonds and sp2 hybridized electrons, and then transfer electrons through electron holes
on AC [65,66]. In this study, a complex is formed between PS and AC, and electrons may
be directly taken from TC in the oxidation reaction.

Apart from the 1O2, the electron transfer pathway is also important for achieving
highly selective degradation of pollutants in AOPs technology. To further determine the
degradation mechanism of TC by M(AC-PS), the electron transfer process was verified
by electrochemical tests (Figure 7). When the prepared material was used as an electrode,
the internal electron transfer ability of the material and the electron transport between
material and contaminant can be confirmed by the current changes in the presence or
absence of PS and before and after the addition of TC [67,68]. From the i-t curves of MAC
and M(AC-PS) (Figure 7a), it can be observed that the current in the M(AC-PS) system
gradually decreases to a stable value, while the current in the MAC system remains at 0
in the three-electrode system, indicating the better conductivity of M(AC-PS). After the
addition of TC, the currents in both the M(AC-PS) and MAC systems fluctuate, and finally
stabilize again, which shows that TC provides electrons as an electron donor in the process
of TC degradation, resulting in a weak current. There is direct electron transfer between
M(AC-PS) and TC. According to the CV curve (Figure 7b), M(AC-PS) has a wider open
circuit voltage range compared to MAC, and also shows a better electron conduction
ability. Based on the above analysis, it can be concluded that the degradation of TC by M
(AC-PS) is mainly a non-free radical process involving singlet oxygen and direct electron
transfer mechanisms (Figure 8), rather than being predominantly controlled by the free
radical mechanism as reported in most of the literature. This avoids the problem of reactive
consumption of free radicals from other substances, and greatly improves the degradation
efficiency of TC.
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4. Conclusions

In this study, M(AC-PS) was successfully synthesized using the physical ball milling
method and exhibited effective degradation performance on TC. Exploring the effects of
reaction conditions on degradation, it was found that the TC removal efficiency is more
than 97% under both acidic and neutral conditions when the ratio of AC to PS is 1:2.5.
Inorganic anions had a slight inhibitory effect on TC removal, with the following order:
HCO3

− > Cl− > HA > SO4
2− > NO3

−. Mechanistically, the significantly improved TC
oxidation degradation performance in the M(AC-PS) system can be attributed to the
synergistic effect generated during the ball milling process. An effective connection is
formed between AC and PS. The AC, after co-milling, can provide activation sites for PS
and serve as a medium for electron conduction. The PS bound onto the AC can not only be
activated by the surface functional groups to generate 1O2, but can also directly interact
with TC through the rapid electron transfer function of AC. Additionally, the activation
process is mainly carried out in a solid composite catalyst, with only a trace amount of PS
being dissolved in the solution, providing a more convenient and effective way to utilize
the catalyst. Therefore, M(AC-PS) appears to be a promising green material for the in situ
remediation of contaminated water bodies.
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M(AC-PS), Figure S4: XPS S 2p spectrum of M(AC-PS).
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