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a b s t r a c t

With the continuous detection of new pollutants in the water environment, their potential harm cannot

be ignored. In order to explore an effective method to remove contaminants from wastewater, this pa-

per presents an underwater bubble plasma (UBP) activated peroxymonosulfate (PMS) strategy for rapidly

degrading the typical emerging contaminant tetracycline hydrochloride (TC) in water. The results indi-

cate that, compared with UBP alone (41.1 %), the UBP-PMS system (98.6 %) exhibits significantly enhanced

degradation ability, achieving a 57.5 % increase in TC degradation rate under identical conditions while

enabling long-term self-purification of wastewater without energy input within this system. In addition,

we studied the effects of initial TC concentration, the type of working gas, the initial pH value of the solu-

tion, and the water matrix on the degradation performance of the UBP-PMS system. The anti-interference

performance of the UBP-PMS system is proven to be strong, as six inorganic anions (HCO3
−, CO3

2−, NO3
−,

HPO4
2−, SO4

2− and Cl−) are added respectively to simulate the actual water environment. The contribu-

tion of different reactive species to the degradation process was evaluated qualitatively and quantitatively

by electron spin resonance (ESR) and scavenger experiments, of which the largest contribution was •OH,

followed by 1O2, ONOOH/O2
•-, SO4

•– and hydrated electrons. The potential degradation pathways of TC

were analyzed, and the toxicity of the degradation intermediates was evaluated by quantitative structure-

activity relationship (QSAR) analysis, revealing a gradual reduction in TC toxicity under the co-treatment

of UBP-PMS. This study provides a novel activation strategy involving UBP-PMS and provides valuable

insights into the degradation properties and mechanisms of emerging pollutants in actual water bodies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics have been widely used in clinical medicine, animal

husbandry, and agriculture due to their excellent ability to control

and treat infectious diseases [1,2]. However, the misuse and incor-

rect discharge of antibiotics have adverse effects on human health

and the ecological environment. Tetracycline hydrochloride (TC), a

broad-spectrum antibiotic, is currently mainly used in disease con-

trol, feed addition, and growth promotion of livestock and poultry

[3,4]. It is not only highly ecotoxic and environmentally persistent

but also has a high solubility [5,6]. After being metabolized in the

body, it is excreted in its original form and is difficult to biode-

grade in the environment [1]. Therefore, it is imperative to develop

an efficient method for removing TC from water.

∗ Corresponding author.

E-mail address: liuzhijie2010@163.com (Z. Liu).

Traditional wastewater treatment methods, such as physical

adsorption, chemical oxidation, and biological treatment, have

limitations such as low degradation efficiency, high operating

costs, and secondary pollution [7,8]. Therefore, advanced oxida-

tion processes (AOPs) have been proposed to solve the problems

existing in traditional methods. The main feature of AOPs is that

they can produce reactive species with strong oxidation properties

(mostly •OH), and under the reaction conditions of high temper-

ature and pressure, catalysts, etc., the refractory macromolecular

organics can be transformed into low toxic or non-toxic small

molecular substances [7,9]. In recent years, AOPs based on SO4
•–

have attracted more and more attention. Compared with •OH,

SO4
•– not only has a higher REDOX potential but also can react

with refractory organic matter in a wider pH range [10,11].

In general, SO4
•– is mainly produced by peroxymonosulfate

(PMS) and persulfate (PS), and due to the asymmetric character-
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istics of PMS, it is more easily activated than PS [10,12]. The com-

mon activation methods of PMS mainly include heat, alkali, ultravi-

olet radiation, transition metal ions and metal oxides, and carbon-

based materials activation [12,13]. These activation methods have

some problems, such as high energy requirements and secondary

pollution. Therefore, it is urgent to find an efficient way to acti-

vate PMS. Plasma has attracted more and more attention due to

its excellent pollutant removal efficiency and the ability to produce

chemicals that contribute to pollutant degradation [14–16]. A vari-

ety of physical and chemical effects produced during plasma dis-

charge can effectively activate PMS. However, plasma wastewater

treatment is faced with the strong coupling of the gas-liquid inter-

face mass transfer process, which seriously hinders the gas-phase

reactive species from entering the liquid phase, resulting in low

concentrations of reactive species in contact with pollutants. On

this basis, we propose the underwater bubble plasma (UBP), which

can be used as an effective mass transfer carrier to carry the gas-

phase reactive species into the water and contact with the pollu-

tants, aiming to solve the bottleneck problem of insufficient gas-

liquid mass transfer efficiency. Therefore, the process of combin-

ing UBP with PMS is a feasible way to improve energy efficiency,

achieve a high degradation rate, and reduce environmental pollu-

tion. However, the mechanism of UBP activation of PMS is not fully

understood, and the influence of different factors on the degra-

dation of pollutants in the UBP-PMS system is not yet known. In

addition, the actual wastewater often contains a large number of

inorganic ions, and the influence of their presence on the degra-

dation efficiency of pollutants remains to be studied. Most im-

portantly, whether the method combined with UBP and PMS can

achieve long-term self-purification without energy input of wa-

ter bodies, and reduce the toxicity of pollutants, and the reactive

species that play a major role in the system also needs to be fur-

ther explored.

Therefore, the purpose of this study is: (1) To compare the

degradation performance of TC in UBP system and UBP-PMS sys-

tem, to determine whether PMS can be effectively activated by

Plasma, and to investigate the long-term self-purification ability

of treated water. (2) Analyze the influence of different influencing

factors on the degradation rate of TC, and simulate the degradation

rate of TC in real water containing a variety of inorganic ions. (3)

To study the role of different reactive species in the TC degrada-

tion process, speculate the possible TC degradation pathways, and

evaluate the toxicity of TC before and after degradation.

Chemicals and reagents, and analysis methods are detailed in

Texts S1 and S2 (Supporting information). Batch experiments were

carried out in 300mL beakers containing 200mL solution. The de-

tails of the experimental setup are described in Text S3 (Support-

ing information). The standard curve of TC is shown in Fig. S1

(Supporting information).

The application of the UBP-PMS system in wastewater contain-

ing antibiotics, as demonstrated in Fig. 1a, highlights a signifi-

cant reduction in both the concentration and toxicity of antibiotics

due to the synergistic effects of UBP and PMS. Fig. 1b presents a

schematic diagram of TC degradation by the UBP system and the

UBP-PMS system, revealing that the discharge process of the com-

bined UBP-PMS system is substantially more vigorous and effica-

cious.

During the plasma generation process, the flow rate of the

working gas greatly affects the residence time of reactive species in

the reactor, thereby affecting their contact time with TC [17,18]. As

shown in Fig. 1c, during the UBP system, the degradation efficiency

of TC increases with the increase of the working gas flow rate. This

is because the increase in the working gas flow rate leads to an

increase in the supply of oxygen and nitrogen molecules, resulting

in an increase in the production of reactive oxygen and nitrogen

species (RONS) in the gas phase. Fig. 1d shows the degradation ef-

fect of the UBP-PMS system on TC. Compared with the UBP system,

the addition of PMS significantly promotes the degradation of TC,

because in addition to the RONS generated by the plasma acting

on TC, the heat, UV–visible light irradiation and shock wave effects

generated by the plasma may help activate PMS to produce •OH

and SO4
•–, as shown in Eq. 1 [19]. Therefore, there are far more

reactive species in the UBP-PMS system than in the UBP system.

In the UBP-PMS system, the degradation efficiency of TC first in-

creases and then decreases with the increase of the working gas

flow rate, which is attributed to the diffusion limit-driven satu-

ration dynamics. That is to say, the RONS that can interact with

TC is limited. When the working gas flow rate exceeds 1 SLM, the

residence time of RONS in the discharge area will be shorter, and

the degradation of TC will decrease, which in turn destroys the

number of RONS that can penetrate the aqueous phase and react

with TC [17]. In addition, when the gas flow rate is too high, the

small bubbles generated in the device will be combined into large

Fig. 1. (a) Application of UBP-PMS system in wastewater containing antibiotics. (b) Schematic diagram of TC degradation in UBP system and UBP-PMS system. (c) TC

degradation rate in UBP system. (d) TC degradation rate in UBP-PMS system. Experimental conditions: TC initial concentration=50mg/L, PMS concentration=0.3 g/L, volume:

200mL, type of working gas=Air.
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Fig. 2. (a) UBP activation mechanism of PMS. Comparison of TC degradation performance before and after treatment with different systems: (b) Ct/C0, (c) degradation rate

and energy yield. Experimental conditions: TC initial concentration=50mg/L, PMS concentration=0.3 g/L, volume: 200mL, working gas=1 SLM air.

bubbles, resulting in the decline of gas-liquid mass transfer effi-

ciency [20]. After 20min of discharge treatment, when the work-

ing gas flow rates were 0.2, 0.5, 1, and 5 SLM, the removal rates

of TC in the UBP system reached 18.9%, 36.0 %, 41.1%, and 64.1%,

respectively. At the same working gas flow rate, the degradation

efficiency of TC by the UBP-PMS system is 86.3%, 90.6 %, 98.6 %,

and 88.8%, respectively, which is higher than that of the UBP sys-

tem. In addition, when PMS is treated alone, the removal rate of

TC is 12.7 %, which is attributed to PMS’s own oxidation ability. As

shown above, 1 SLM was selected as the optimal working gas flow

rate in subsequent experiments. The kinetic constants and kinetic

curves of the UBP and UBP-PMS systems are shown in Fig. S2 (Sup-

porting information). The contrast of absorbance between the two

systems at 1 SLM air is shown in Fig. S3 (Supporting information),

and the corresponding voltage and current waveforms are shown

in Fig. S4 (Supporting information). We compared the degradation

results of TC by the UBP-PMS system with those of other tech-

niques. Encouragingly, in the UBP-PMS system, the degradation ef-

ficiency of TC after 20min is higher than that of other systems. The

specific data are shown in Table S1 (Supporting information).

HSO5
− Plasma−−−−−→ SO4

•− + •OH (1)

Fig. 2a shows the mechanism of UBP activation of PMS. As a

new AOP, plasma can generate a large number of reactive species

with high REDOX potential and other energies, which can promote

the degradation of pollutants [14,21]. In addition, various physical

and chemical effects produced by the plasma can activate the

PMS to produce SO4
•– with strong oxidation properties. Under

the joint action of UBP and PMS, pollutants can achieve efficient

degradation. At present, one of the biggest bottlenecks in the

large-scale practical application of plasma treatment is energy

consumption. How to achieve a high degradation rate and high

energy efficiency is the key problem to be solved [8]. As shown

in Fig. 2b, when the UBP-PMS system is used to treat TC, the

degradation rate is significantly improved, reaching 70.8 % within

5min, which is significantly higher than that of the UBP system

(9.5%). In addition, as shown in Fig. 2c, the energy efficiency of the

UBP-PMS system (0.83 g/kWh) is more than twice that of the UBP

system (0.34 g/kWh). Therefore, the addition of PMS can achieve a

high degradation rate and high energy efficiency at the same time.

In addition, the long-term self-purification ability of the water

body is also crucial in practical application. It refers to the ability

of the water body to purify and restore water quality through a

Fig. 3. Factors affecting TC degradation: (a) Initial concentration of TC, (b) the type

of working gas, (c) the initial pH value of the solution, (d) the water matrix. Exper-

imental conditions: PMS concentration=0.3 g/L, volume: 200mL.

series of physical, chemical, and biological processes [8]. As shown

in Fig. 2c, without input of the energy, the degradation rate and

energy efficiency of the UBP system and UBP-PMS system have

been improved to a certain extent after 168h. The degradation

rate of the UBP-PMS system has increased from 70.8% to 86.0%,

and that of the UBP system has only increased by 7.9%. This

shows that the UBP effectively activates PMS to participate in the

degradation process of TC. When the plasma is turned off, the

oxidation process continues, and reactive species are still produced

in the system. This process is conducive to further degradation of

residual pollutants in the solution. The long-term self-purification

ability of water is very important in practical applications, which

can further degrade pollutants without adding additional energy

so that the degradation efficiency and energy efficiency have been

improved. The UBP-PMS system proposed in this study can realize

long-term self-purification of water bodies, which provides a new

strategy for the degradation of pollutants in wastewater.

The effects of pollutant concentration, type of working gas, ini-

tial pH value of solution, and water matrix on TC degradation rate

were investigated, as shown in Fig. 3. The corresponding kinetic
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constants and kinetic curves are shown in Fig. S5 (Supporting in-

formation). Fig. 3a shows that as the initial concentration of TC in-

creases from 50mg/L to 200mg/L, the removal rate of TC decreases

from 98.6% to 76.5% after 20min of reaction. This is because the

amount of reactive species produced in the same system is de-

termined, and as the TC concentration increases, the competition

among TC molecules for the reactive species also increases, so the

degradation rate decreases. A large number of studies also show

that the increase in pollutant concentration has a great impact on

degradation efficiency [18,22].

Fig. 3b shows the degradation rate of TC under different work-

ing gases, in which O2>Air>Ar>N2. When the working gas is O2,

the reactive oxygen species generated by discharge are the main

factors for TC degradation, with •OH, O3, and H2O2 playing the

main role [23]. Meanwhile, during the discharge process, accom-

panied by the generation of UV, O3, and H2O2 generates more •OH

under its stimulation [23]. When the working gas is air, a large

amount of reactive nitrogen species and nitrogen ions (NOx, ·NOx,

HONOO, NOx
-) will be produced in the system. Due to the lower

oxidizing ability of reactive nitrogen species compared to reactive

oxygen species, the removal rate of TC decreases. In addition, the

formation of reactive nitrogen species consumes a certain amount

of oxygen, which leads to a decrease in the amount of reactive

oxygen species in the system [24]. When Ar is used as the work-

ing gas, •OH and H2O2 are the main substances for degrading TC.

When Ar is excited, it will exist in a metastable state (Ar (3P)),

and the high-energy electrons generated by excitation will interact

with water molecules to generate •OH and H2O2. When N2 is se-

lected, the degradation effect of TC is the worst, because the con-

tent of reactive nitrogen species is too high. The reaction equations

involved are in Text S4 (Supporting information).

The initial pH value of the solution can affect the activation of

PMS and the existing form of reactive species in aqueous solution.

Fig. 3c illustrates the degradation rate of TC in solutions with dif-

ferent initial pH values, demonstrating that suitable acidic condi-

tions are more conducive to the degradation of TC. This may be

due to the conversion of part of SO4
•– to •OH under alkaline condi-

tions. The oxidation–reduction potential of •OH (2.7V under acidic

conditions and 1.9V under alkaline conditions) is lower than SO4
•–,

so the degradation rate of TC under alkaline conditions is low [8].

But at the same time, it should be noted that in an environment

with too strong acidic conditions, acid-catalyzed decomposition of

PMS may occur, which will consume PMS without generating free

radicals [25]. In general, the degradation of TC can be accelerated

by adjusting the initial pH value of the solution in practical appli-

cations.

The water matrix is another important factor affecting TC

degradation rate. Deionized water, purified water, and tap water

were used to evaluate the effect of the water matrix on TC degra-

dation efficiency in the UBP-PMS system. As shown in Fig. 3d, the

degradation rate of TC in deionized water and purified water is

similar, much higher than that in tap water. This is because there

are a large number of ions in tap water, which is not conducive to

the generation of plasma and reactive species, so the degradation

rate of TC in tap water is low [26].

Natural water has certain ionic strength, and inorganic ions are

essential components, which can affect the activation of PMS and

the degradation of organic pollutants [27]. To evaluate the effect of

inorganic anions on TC degradation, we selected six inorganic an-

ions (HCO3
−, CO3

2−, NO3
−, HPO4

2−, SO4
2− and Cl−) as representa-

tives to study the degradation effect of TC, as shown in Fig. 4. The

results showed that these six inorganic anions slowed down the

degradation of TC to varying degrees. Among them, HCO3
−, CO3

2−,
HPO4

2−, and Cl− mainly consume •OH and SO4
•– in the system to

reduce the degradation rate of TC, as shown in Eqs. 2–9 [8,28].

As a free radical scavenger, NO3
− removes part of SO4

•– through

Fig. 4. Inhibitory impact of adding common inorganic anions: (a) HCO3
− , (b) CO3

2− ,
(c) NO3

− , (d) HPO4
2− , (e) SO4

2−; (f) Cl− . Experimental conditions: TC initial con-

centration=50mg/L, PMS concentration=0.3 g/L, volume: 200mL, working gas=1

SLM air.

Eq. 10, which affects the degradation of TC [29]. SO4
2− as the re-

action product after consumption of SO4
•– is not conducive to the

conversion of HSO5
•− to SO4

•– so SO4
2− has a certain effect on the

degradation of TC [30]. In general, the presence of inorganic anions

in the actual water will hinder the degradation of TC to a certain

extent, but the degradation rate can still reach >77.0%, indicating

that the UBP-PMS system has a good anti-interference ability.

HCO3
− + •OH→HCO3

• +OH− (2)

HCO3
− +OS4

•− →HCO3
• + SO4

2− (3)

CO3
2− + •OH→CO3

•− +OH− (4)

CO3
2− + SO4

•− →CO3
•− + SO4

2− (5)

HPO4
2− + •OH→HPO4

•− +OH− (6)

HPO4
2− + SO4

•− →HPO4
•− + SO4

2− (7)

Cl− + •OH↔HClO•− (8)

Cl− + SO4
•− →Cl• + SO4

2− (9)

NO3
− + SO4

•− →NO3
• + SO4

2− (10)

We used electron spin resonance (ESR) to verify the existence of

reactive species in the UBP-PMS system. As shown in Fig. 5a, when

the UBP-PMS system is turned on, signals of •OH (1:2:2:1), SO4
•–

(1:1:1:1:1:1), ONOOH (1:1:1) and 1O2 (1:1:1) can be detected [31].

When the UBP-PMS system is shut down •OH and SO4
•– signals
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Fig. 5. (a) ESR spectrum, (b) TC degradation rate after addition of scavengers, (c) reactive species contribution proportion. Toxicities of TC and its degradation intermediates:

(d) developmental toxicity, (e) mutagenicity, (f) Fathead minnow LC50, (g) oral rat LD50.

disappeared significantly, ONOOH signal weakened significantly,

and 1O2 signal also weakened, indicating that after the UBP-PMS

system was shut down, the ability to produce reactive species de-

creased. At this time, the reactive species that can continue to de-

grade pollutants are mainly 1O2, which is also the reason why the

UBP-PMS system can achieve long-term self-purification.

To evaluate the contribution rate of each reactive species to TC

degradation, we used the scavenger experiment for calculation. The

reactive species quenched by each scavenger are shown in Table

S2 [31]. The degradation rate of TC corresponding to the addition

of various scavengers is shown in Fig. 5b, and it is observed that

the degradation rate of TC decreases to varying degrees. The con-

tribution rate of various reactive species to TC degradation is ap-

proximately calculated by Eq. 11, and the contribution rate of var-

ious reactive species is normalized [32]. The results are shown in

Fig. 5c, and the order is: •OH > 1O2 > ONOOH/O2
•- > SO4

•– > hy-

drated electrons.

CR = DUBP−PMS − DS

DUBP−PMS

(11)

where DUBP-PMS refers to the degradation rate of TC in the UBP-

PMS system, and DS refers to the degradation rate of TC in the

system after adding different kinds of scavengers.

The degradation process of TC in the UBP system and UBP-PMS

system is studied by LC-MS technology, and the possible degrada-

tion paths of TC are speculated. The results of LC-MS are shown

in Fig. S6 (Supporting information), and the presumed degradation

paths are shown in Fig. S7 (Supporting information). Main degra-

dation intermediates are A1 (m/z 431), A2 (m/z 386), A3 (m/z 370),

A4 (m/z 165), A5 (m/z 133), A6 (m/z 119), B1 (m/z 431), B2 (m/z

417), B3 (m/z 388), B4 (m/z 345), B5 (m/z 249), B6 (m/z 173) and

B7 (m/z 87). Combined with these detection products and related

reports, we inferred the TC degradation path A in the UBP system

and the TC degradation path B in the UBP-PMS system. In path

A, the addition of •OH group occurs at the C–C double bond po-

sition of the TC molecule. Due to the low binding energy of the

C–N bond, the amino group is also removed after the two methyl

groups centered on the tertiary amine in the TC molecule are con-

tinuously attacked [7]. Then, under the attack of different reactive

species, A4 is formed through a series of ring opening and bond-

breaking reactions, and A4 is oxidized into lower molecular weight

intermediates A5, and A6, and then degraded into small molecules

such as H2O and CO2 [3,33]. In path B, similar to path A, the C–N

bond is broken, followed by further demethylation and deamina-

tion [34]. Finally, through a series of ring-opening reactions, B6

and B7 are formed, and under the impact of •OH, SO4
•–, 1O2, and

O2
•-, they are finally mineralized into small molecules such as H2O

and CO2 [4,35].

Based on the results of liquid chromatograph mass spectrom-

eter (LC-MS), we speculated that there are six degradation inter-

mediates (A1-A6) in TC degradation path A and seven degrada-

tion intermediates (B1-B7) in TC degradation path B. Degradation

of the intermediate information is summarized in Table S3 (Sup-

porting information). Then, the toxicity assessment software tool

(T.E.S.T.) was used to evaluate the developmental toxicity, muta-

genicity, Fathead minnow LC50 (96h), and oral rat LD50 of TC and

its degradation intermediates by quantitative structure-activity re-

lationship (QSAR), as shown in Figs. 5d–g [34,36]. In Figs. 5d and e,

both TC and its degradation intermediates showed “Developmen-

tal toxicant”, but the developmental toxicity of most degradation

intermediates was reduced, and the mutagenicity became “Nega-

tive” (A4, A6, B6, B7). Fig. 5f shows that the LC50 value of TC is

0.90mg/L, which is a “Very toxic” substance. The LC50 of the degra-

dation intermediates except A3, B4, and B5 was higher than that of

TC, and the LC50 of A5, A6, B6, and B7 increased sharply with the

degradation process, indicating that less toxic intermediates were

produced. In Fig. 5g, LD50 of TC is shown as a toxic substance, and

degradation intermediates A1, B3, and B5 are “Very toxic”. With

the progress of the degradation process, the toxicity is gradually

reduced through the fracture of the benzene ring, and some small

molecule products are labeled as “Harmful”. In general, although

the toxicity of some degradation intermediates is greater than TC,

with the continuous degradation process, its concentration is far

less than TC, so the overall toxicity of TC is gradually reduced dur-

ing the entire degradation process.

In summary, the performance and mechanism of TC degrada-

tion by UBP activated PMS process were thoroughly studied in this

study. The results show that UBP can effectively activate PMS, and

the degradation rate of TC can reach 98.6% within 20min. It is

worth noting that when the UBP is turned off, the activated PMS

can continue to degrade the TC, thereby improving energy effi-

ciency and achieving long-term self-purification of the wastewa-

5
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ter. The concentration of pollutants, the type of working gas, the

initial pH value of the solution, and the water matrix all affect

the degradation rate of TC. In addition, the presence of common

inorganic anions in the actual water has little influence on the

degradation system, and the UBP-PMS system shows good anti-

interference ability. In the degradation process, multiple reactive

species participate in the degradation of TC and show a synergistic

effect. According to the ESR and reactive species scavenging exper-

iments, the contributions of different reactive species are as fol-

lows: •OH > 1O2 > ONOOH/O2
•- > SO4

•– > hydrated electrons. Fi-

nally, two main degradation pathways of TC were speculated and

toxicity analysis was conducted. The results showed that the over-

all toxicity of TC decreased during the degradation process. It can

not only achieve high degradation efficiency, but also the activated

UBP-PMS system can realize long-term self-purification of wastew-

ater, which provides a practical technical scheme for the efficient

degradation of antibiotic wastewater.
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