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Simulation study of oxytetracycline 
contamination remediation 
in groundwater circulation wells 
enhanced by nano‑calcium 
peroxide and ozone
Xinyi Wang 1, Lei Zhang 1*, Chunmei Han 2, Yanyan Zhang 2 & Jiaxin Zhuo 3

The widespread use of antibiotics in recent years has led to increasing antibiotic contamination of 
shallow groundwater. As the most widely used tetracycline antibiotic, oxytetracycline has received 
a lot of attention from researchers due to its stable molecular structure and difficulty in degradation. 
Aiming at remediation of oxytetracycline pollution in shallow groundwater, nano-calcium peroxide 
(nCaO2) and ozone (O3) are used to enhance the degradation of oxytetracycline in groundwater 
circulation well (GCW). A three-dimensional sand box test device for circulation wells is designed to 
explore the repair efficiency of circulation wells strengthened by different oxidants. The results show 
that after nCaO2 and O3 enhancing circulation wells operate for 10 h, the average removal rate of OTC 
reaches 83%, and the highest removal rate is 88.13%, which is 79.23% and 13.96% respectively higher 
than that of nCaO2 and O3 enhanced circulation wells alone, and there is no rebound phenomenon 
after aeration stops. The in-situ treatment of enhanced GCW by nCaO2 and O3 has potential 
applications for the removal of OTC in groundwater environments.

Oxytetracycline is the most common tetracycline antibiotic1. It is widely used in animal husbandry, but only a 
small amount of oxytetracycline is absorbed and generally enters the environment in the form of faeces. Oxytet-
racycline has a stable molecular structure, which is difficult to be degraded by microorganisms, and it exists for a 
long time and causes environmental pollution2–5. López-Serna et al.6 detected the antibiotic concentration in the 
groundwater of Barcelona, Spain, and found that the local groundwater was polluted to varying degrees, with the 
highest concentration of tetracycline reaching 188 ng/L. Jiang7 detected 16 antibiotics in groundwater samples 
in northern China, and found that the content of oxytetracycline in groundwater in this area was 8325.8 ng/L. 
Therefore, at present, controlling oxytetracycline pollution is the primary task to eliminate antibiotic pollution8.

To address oxytetracycline contamination in groundwater, there are two common approaches: in-situ reme-
diation and ex-situ remediation. Because antibiotics flow with water when they enter groundwater, ex-situ reme-
diation is costly and the contaminant cannot be treated for a long time, so one of the in-situ remediation methods 
is chosen to treat the contamination. Groundwater Circulation Well (GCW) technology is based on in-situ air 
disturbance technology and gas phase extraction technology9,10. However, GCW technology alone can only 
transfer pollutants to the ground for treatment and cannot fundamentally degrade pollutants directly. Therefore, 
other means are often used to strengthen GCW, such as biological reinforcement11,12, electrical reinforcement13 
and surfactant reinforcement14,15. Ozone and calcium peroxide can be used to remove organic pollutants from 
groundwater. Ozone has the advantages of fast reaction speed and remarkable effect, and is widely used in 
groundwater treatment16–18, but it is easy to cause pollutants to rebound. As an oxidant, calcium peroxide will 
also produce O2 when it decomposes organic matter, which can provide oxygen source for microorganisms and 
remove pollutants faster19,20, so it is widely used in groundwater remediation. At the same time, the research 
shows that Ca(OH)2, another hydrolysis product of CaO2, can adsorb pollutants, and it is not easy to cause pol-
lutants to rebound21,22.
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As a highly active oxidant, nano-calcium peroxide can rapidly oxidize and decompose harmful substances 
such as oxytetracycline. Ozone is a strong oxidizing substance that can accelerate the decomposition and removal 
of oxytetracycline, thereby quickly and effectively repairing contaminated groundwater. NCaO2 and ozone are 
non-toxic and harmless environmental protection materials, which will not cause secondary pollution to the 
environment, and are more in line with the concept of green environmental protection development.Through 
indoor three-dimensional simulation experiments, the author explored the in-situ remediation of oxytetracycline 
contaminated groundwater by nCaO2 and O3 enhanced circulation wells, optimized the operating parameters of 
circulation wells, and put forward new ideas for long-term remediation of antibiotic contaminated sites.

Experimental materials and methods
Experimental reagents and instruments.  Oxytetracycline, sodium hydroxide, ammonia, cetyl trime-
thyl ammonium bromide (CTMAB), hydrogen peroxide, calcium chloride, anhydrous ethanol.

752N UV–Vis spectrophotometer: Shanghai Precision Scientific Instruments Co., Ltd.; IZ15 peristaltic pump: 
Baoding Lange Constant Flow Pump Co., Ltd.; SK-CFG-10P ozone generator: Jinan Sankang Environmental 
Protection Technology Co., Ltd.; FA1004N electronic analytical balance: Shanghai Precision Scientific Instrument 
Co., Ltd.; pHS-3B Precision Acidimeter: Shanghai Jiangyi Instrument Co., Ltd.; DGG-9053A electrothermal 
constant temperature blast drying oven: Shanghai Precision Scientific Instrument Co., Ltd.; Three-dimensional 
simulation sand box.

Experimental device.  The size of the three-dimensional simulation box is 80 cm × 30 cm × 35 cm, as shown 
in Fig. 1,with a total of 15 sampling ports, to facilitate experimental sampling.The middle position of the cir-
culation well is connected with the ozone generator, and a small hole is opened at the side to make the calcium 
peroxide solution flow into the circulation well, so as to ensure the contact between ozone and calcium peroxide 
to assist the rapid diffusion of the solution.

The quartz sand was washed with a large amount of water after passing through a 2 mm sieve, and then put 
into a blast drying box above 100 °C for 5 h for disinfection and sterilization. After cooling, the experimental 
device was filled to 5 cm above the sand box. The local tap water is used to simulate groundwater, and the peri-
staltic pump is used to slowly inject water into the left small tank at a flow rate of 8 cm/d to simulate groundwater 
flow. The experimental device uses quartz sand to simulate the aquifer, and the specific parameters of quartz 
sand are shown in Table 1.

Figure 1.   Simulation box experimental device, (1-oxygen generator; 2- flowmeter; 3- ozone generator; 4- 
peristaltic pump; 5- nCaO2 solution; 6- activated carbon; 7- water tank; 8- water injection port; 9- circulation 
well; 10- quartz sand; 11- aeration port; 12- sampling port; 13- distilled water tank).

Table 1.   Physical parameters of quartz sand.

Physical parameters
Grain size
(mm)

Osmotic coefficientc
(cm/s) pH Poriness

Density
(g/cm3)

Permeability
(m2)

Number 1–2 0.005 7.73 0.42 2.06 2.59 × 10–11
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Reaction principle.  Calcium peroxide combined with ozone technology is widely used to remove organic 
pollutants in groundwater and pretreat high-concentration organic wastewater. Calcium peroxide can catalyze 
ozone to produce more OH·, enhance the oxidation capacity of the system (Formulas 1–6), and produce O2, 
which can provide oxygen source for microorganisms and remove pollutants faster19. In addition, researchers 
have shown that Ca(OH)2, another hydrolysis product of CaO2, can adsorb pollutants and achieve the purpose 
of degrading pollutants23,24.

Material preparation.  According to the method of literature 25, 4 g CaCl2 was added to 40 ml distilled 
water and stirred evenly, and 0.6 g CTMAB was mixed with 160 ml distilled water as dispersant. The two solu-
tions were mixed and transferred to a magnetic stirrer. After mixing evenly, the pH was adjusted to about 10. The 
continuous dripping of 15 mL 28% hydrogen peroxide solution kept the rate stable and adjusted the pH to about 
11. At this time, White is slowly produced in the solution color precipitate, stand for 3 h.The upper layer of the 
beaker solution was filtered, the lower layer of the precipitate is centrifuged at 3000 rpm, the lower precipitate is 
washed with anhydrous ethanol, and the resulting mixed solution is placed in a suction filter for suction filtra-
tion. The filter cake was dried in a vacuum drying box at 60℃. NCaO2 can be obtained after full grinding of the 
obtained powder.

Experimental methods.  Material characterization.  Scanning Electron Microscope (SEM) scans the sur-
face of the sample by high-energy electron beam and converts it into the surface shape of the sample by second-
ary electron signal imaging. X-ray diffraction is to determine the crystal structure and material phase.

Optimisation of reaction conditions.  A beaker experiment was conducted to investigate the effect of different 
factors on the degradation of oxytetracycline by nCaO2/O3 system, such as the concentration of oxidation, the 
concentration of starting oxytetracycline and the pH of the solution.

Different oxidants strengthen the groundwater circulation well.  After 35 days of simulated contaminant leak-
age, the oxytetracycline leakage experiment was stopped and stood for 20 h. The GCW remediation of the OTC 
experiment was performed with different oxidants under optimal reaction conditions. Intermittent aeration was 
used in the experiment, with a total of 5 aerations, ozone aeration for 2 h, followed by closure of the ozone gen-
erator and standing for 1 h. When the water level in the sand box is stable, samples are taken from each sampling 
port and the OTC concentration in the groundwater is detected. Concentration contour maps were drawn and 
the remediation efficiency was analyzed.

Results and discussion
Material characterization.  The morphological structure of the nCaO2.  The SEM image of nCaO2 is 
shown in Fig. 2. The particle size and morphology of the nanoparticles can be clearly observed by electron mi-
croscope images.

Calcium chloride and hydrogen peroxide are used as the main materials, and CTMAB is used as the disper-
sant. The characterization results show that when the average diameter of the prepared nanoparticles is between 
80 and 150 nm, nCaO2 accords with the particle size of nano-sized materials, and the particles are uniformly 
dispersed and there is no agglomeration.

Analysis of the main components of nCaO2.  Whether the material is CaO2 can be qualitatively prepared by 
X-ray diffraction (XRD), and the effect of the added dispersant on the main structure and composition of the 
particles can be analyzed. It can be confirmed by Fig. 3 that there are characteristic peaks at 2θ of 30.4°, 35.73°, 
47.48°, 51.56°, 53.24°, 60.89°and 61.78°. Compared with the standard card of CaO2, it is found that the positions 
of the diffraction peaks are the same, indicating that the main components are the same. The standard line is not 
a smooth straight line, indicating that there are a small amount of impurities in the prepared material, but it will 
not affect the properties of nCaO2.

Optimization of degradation conditions.  By varying one variable at a time in beaker experiments, it 
was concluded that a starting concentration of 20 mg/L of Oxytetracycline, 0.25 g/L of calcium peroxide solu-
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tion and 8 mg/L of O3 at laboratory room temperature, with the solution pH on the alkaline side, was the most 
effective in degrading Oxytetracycline.

Strengthen groundwater circulation wells to repair OTC contaminated groundwa‑
ter.  NCaO2‑assisted GCW experimental study.  The OTC concentration in the sand box at different aeration 

Figure 2.   The SEM image of the nCaO2.

Figure 3.   XRD image of nCaO2.
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times is shown in Fig. 4. The horizontal axis is the length of the sand box, and the vertical axis is the height from 
the bottom of the sand box. The circulation well is installed at the center line of the sand box.

After 14 h of aeration, the average concentration of oxytetracycline in the sand box decreased from the initial 
17.35 mg/L to 15.72 mg/L, and the degradation rate was only 8.9%. The possible reason is that nCaO2 is difficult 
to dissolve in water, and the granular media in the aquifer will affect the diffusion of nCaO2, even the pores of 
the media will absorb a small amount of nano-calcium peroxide particles, and the oxytetracycline itself has 
a stable structure. However, under the influence of aeration, nano-calcium peroxide in aquifer flows into the 
whole box with the circulation of water, and oxytetracycline is distributed more evenly in the sand box under 
the impetus of circulation.

O3‑assisted GCW experimental study.  With the increase of aeration time, the OTC concentration in the whole 
sand box decreases significantly. From a horizontal point of view, the closer to the circulation well, the higher the 
OTC degradation efficiency, and vice versa. From the vertical point of view, OTC in the upper part of GCW is 
degraded first, then in the middle part, and the lowest efficiency is in the lower part of the circulation well. It can 
be clearly seen that the repairing area of the circulation well is an approximate conical area with the centerline of 
GCW as the axis, and the oxytetracycline concentration in the whole box is symmetrically distributed.

Figure 5 shows the distribution of oxytetracycline in the sand box at different aeration times. It can be seen 
from the figure that the average concentration of oxytetracycline decreased to 12.62 mg/L in the first 2 h of the 
reaction, which decreased by 36.8% compared with that before aeration, and the removal rate was 0.061 mg/
min. With the aeration experiment, the removal rate of oxytetracycline decreased slowly within 2–10 h of 
cumulative aeration, and after 10 h of cumulative aeration, the average concentration of oxytetracycline will 
reach 5.16 mg/L, which is 74.17% lower than that before aeration. After aeration, the tailing concentration of 
oxytetracycline is 5.16 mg/L.

Experimental study on GCW enhanced by nCaO2and O3.  As can be seen from Fig.  6, with the continuous 
aeration experiment, the concentration of oxytetracycline near the circulation well decreases the fastest, and it 
presents a symmetrical distribution centered on the aeration pipe in the circulation well. The concentration of 
OTC in the sand box decreases gradually, but the degradation efficiency is the highest in the area close to the 
circulation well, and the removal efficiency is the slowest in the area far away from the circulation well, that is, on 
both sides of the sand box. In the first 2 h of the reaction, the average concentration of oxytetracycline decreased 
to 10.93 mg/L, which was 45.35% lower than that before aeration, and the removal rate was 0.076 mg/min. With 
the aeration experiment, the removal rate of oxytetracycline decreased slowly. After 10 h of aeration, the average 
concentration of oxytetracycline reached 3.4 mg/L, which was 83% lower than that before aeration. After aera-

Figure 4.   OTC concentration distribution in sand box with different aeration time (mg/L).
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tion, the remediation entered the tailing stage, and the tailing concentration of oxytetracycline was 3.4 mg/L. 
Oxytetracycline is a refractory organic substance, and the presence of media with different particle sizes in the 
aquifer will hinder the contact between O3 and pollutants, thus affecting the oxidation efficiency. Through the 
analysis of the experimental results, when circulation well technology is used to remediate refractory organic 
substances, it will achieve better remediation effect when combined with other oxidation technologies.The 
groundwater in Daqing area is weakly alkaline, and the experimental effect was the most ideal. The nCaO2 
content added in this experiment was less, and the pH value of the solution before and after the experiment was 
small, which had little effect on the solution.

After 10 h of cumulative operation of GCW, the average removal rates of OTC in sand box aquifer are 74.2% 
and 83.3% under the action of O3 alone and nCaO2 in cooperation with O3. The highest removal rates in aquifer 
are 80.46%(C3) and 88.13%(C3), and the lowest removal rates are 69.31%(B5) and 76.81%(A5). The highest 
removal rate was only 0.5% and 0.3% higher than that of aeration for 10 h. After that, the tail concentration was 
5.16 mg/L and 3.4 mg/L in the stable stage of the experiment, which indicated that nCaO2 combined with O3 
enhanced the OTC degradation compared with O3 alone.

Figure 5.   OTC concentration distribution in sand box with different aeration time (mg/L).
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The variation of OTC concentration after stopping aeration.  At 0 h, 3 h, 6 h, 9 h, 12 h and 15 h after 
the experiment of O3 assisted circulation well repair technology, the average concentration of oxytetracycline in 
the simulated sandbox was 5.16 mg/L, 5.46 mg/L, 6.13 mg/L, 6.75 mg, 7.33 mg/L and 7.45 mg/L. Because in the 
aeration experiment, ozonation oxidizes part of the oxytetracycline dissolved in the aqueous phase, because the 
surface of the sand is rough and the specific surface area is very large, part of the oxytetracycline in the solution 
is adsorbed. The oxytetracycline adsorbed in the interstitial space of the sand desorbed and gradually transferred 
to the liquid, resulting in an obvious rebound in the concentration of oxytetracycline in the solution.

The average concentration of oxytetracycline in the sandbox was 3.4 mg/L, 3.25 mg/L, 3.12 mg/L, 3.05 mg/L, 
3 mg/L and 2.96 mg/L after the repair experiment of nCaO2 combined with O3 enhanced circulating well. It can 
be seen that the concentration of oxytetracycline in the sandbox decreased slowly after the end of the experi-
ment. The reason is that after the end of the experiment, the nCaO2 particles that remained in the sandbox did 
not participate in the reaction slowly released H2O2 in the water. Catalytic O3 molecules produce more oxidiz-
ing hydroxyl radicals, oxidize oxytetracycline in water, and spread to the whole simulation box with the flow of 

Figure 6.   OTC concentration distribution in sand box with different aeration time (mg/L).
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groundwater. The experimental results show that nCaO2 combined with O3 in-situ remediation technology can 
eliminate the rebound of pollutants in in-situ remediation, expand the repair area and prolong the repair time. 
And the pH value of the solution changed little before and after the experiment, which had little effect on the 
pH value of the solution.

Conclusion
Through experiments, the effects of nCaO2, O3, nCaO2 and O3 on oxytetracycline degradation were analyzed, and 
a set of three-dimensional experimental device was designed to simulate the groundwater aquifer. The effects of 
different oxidants (nCaO2, O3, nCaO2 and O3) on oxytetracycline degradation in groundwater circulation wells 
were explored, and the following conclusions were obtained.

(1)	 The effect of using nCaO2 enhanced circulation well alone to remove OTC from groundwater is not obvi-
ous. When using O3 enhanced circulation well alone to remove OTC, the OTC near the circulation well 
will be removed first, and the cone-shaped repair range around the center line of GCW will gradually 
form. The circulation of water can basically involve the whole tank, and the best time for GCW to repair 
OTC is 10 h, which can degrade 74.2% of pollutants in aquifer. Compared with O3 alone, the efficiency of 
nCaO2-O3-enhanced GCW in repairing OTC is obviously improved.

(2)	 After the aeration experiment of the circulation well was carried out for 10 h, the remediation experiment 
entered the tailing stage. After the aeration was finished, the oxytetracycline concentration in the remedia-
tion sand box of O3-assisted circulation well obviously rebounded, but nCaO2 and O3-enhanced circulation 
well could avoid the rebound of pollutant concentration, and the oxytetracycline concentration decreased 
slowly. The experiment shows that nCaO2-O3-enhanced circulation well has better effect on oxytetracycline 
degradation than O3-assisted circulation well alone.

NCaO2/O3 has obvious advantages in the remediation of contaminated sites. On the one hand, the technology 
can select the optimal O3 aeration rate and nCaO2 dosage for different contaminated sites, and the application 
scenarios are very extensive; on the one hand, as an in-situ remediation technology, nCaO2/O3 technology has the 
advantages of low cost, consumption resistance, high operational stability and high pollutant removal efficiency, 
which is in line with China’s national conditions, especially for large areas of non-sensitive land contaminated 
sites, organic steam intrusion contaminated sites and sudden environmental pollution events. The remediation 
effect is remarkable and the market prospect is broad. The remediation system has a certain continuity, will not 
interfere with the flow of groundwater, nor will it cause secondary pollution to the soil. In summary, nCaO2/O3 
technology has broad application prospects in the treatment of complex contaminated sites.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 21 November 2022; Accepted: 31 May 2023

References
	 1.	 Li, H. Y. & Chen, X. H. Pollution status and harm of antibiotics in environment. Comprehensive Utilization Res. China 36(5), 82–84. 

https://​doi.​org/​10.​3969/j.​issn.​1008-​021X.​2016.​16.​016 (2018).
	 2.	 Zhou, P. P. Investigation and health risk assessment of tetracycline antibiotics in drinking water and animal food in Anhui Province 

(Anhui Medical University, 2019).
	 3.	 Bao, Y. Y. Environmental behavior and ecotoxicity of tetracycline antibiotics in soil (Nankai University, 2008).
	 4.	 Wang, X. J. et al. Current status of antibiotic use and its behavior in ecological environment system. Soil Fertil. China 06, 286–292. 

https://​doi.​org/​10.​11838/​sfsc.​1673-​6257.​19499 (2020).
	 5.	 Chee-Sanford, J. C. et al. Occurrence and diversity of tetracycline resistance genes in lagoons and groundwater underlying two 

swine production facilities. Appl. Environ. Microbiol. 67(4), 1494–1502. https://​doi.​org/​10.​1128/​AEM.​67.4.​1494-​1502.​2001 (2001).
	 6.	 Rebeca, L. et al. Occurrence of 95 pharmaceuticals and transformation products in urban groundwaters underlying the metropolis 

of Barcelona Spain. Environ. Pollut. 174C, 305–315. https://​doi.​org/​10.​1016/j.​envpol.​2012.​11.​022 (2013).
	 7.	 Jiang, Y. et al. Distribution and ecological risk of antibiotics in a typical effluent–receiving river (Wangyang river) in north China. 

Chemosphere 112, 267–274. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2014.​04.​075 (2014).
	 8.	 Cheng, S. et al. Research progress of tetracycline pollution in water and its treatment. Shandong Chem. Ind. 45(16), 44–47. https://​

doi.​org/​10.​3969/j.​issn.​1008-​021X.​2016.​16.​016 (2016).
	 9.	 Li, N. Y. et al. Review on the development status of remediation technology for groundwater circulation wells. Drill. Eng. 48(09), 

119–126. https://​doi.​org/​10.​12143/j.​ztgc.​2021.​09.​015 (2021).
	10.	 Allmon, W. E., Everett, L. G., Lightner, A. T. et al. Groundwater circulating well technology assessment. Groundwater Circulating 

Well Technology Assessment. (1999).
	11.	 Goltz, M. N. et al. Field evaluation of in situ source reduction of trichloroethylene in groundwater using bioenhanced in-well 

vapor stripping. Environ. Sci. Technol. 39(22), 8963–8970. https://​doi.​org/​10.​1021/​es050​628f (2005).
	12.	 Wang, X. Remediation of aniline contaminated aquifer by circulating well and in-hole bioreactor technology (Jilin University, 2013).
	13.	 Sun, R. R. Study on remediation of organic contaminated sites by electro strengthening groundwater circulation wells (Donghua 

University, 2017).
	14.	 Bai, J., Sun, C. & Zhao, Y. S. Remediation simulation of typical NAPL pollutants in aquifers using groundwater circulation well 

technology. Res. Environ. Sci. 27(1), 3775–3781. https://​doi.​org/​10.​13198/j.​issn.​1001-​6929.​2014.​01.​12 (2014).
	15.	 Zhao, Y. S. et al. Remediation of naphthalene contaminated groundwater by Tween80 enhanced groundwater circulation technology 

based on solubilization mechanism. J. Central South Univ. Sci. Technol. 10, 3969–3974. https://​doi.​org/​10.​11817/j.​issn.​1672-​7207.​
2015.​10.​054 (2015).

https://doi.org/10.3969/j.issn.1008-021X.2016.16.016
https://doi.org/10.11838/sfsc.1673-6257.19499
https://doi.org/10.1128/AEM.67.4.1494-1502.2001
https://doi.org/10.1016/j.envpol.2012.11.022
https://doi.org/10.1016/j.chemosphere.2014.04.075
https://doi.org/10.3969/j.issn.1008-021X.2016.16.016
https://doi.org/10.3969/j.issn.1008-021X.2016.16.016
https://doi.org/10.12143/j.ztgc.2021.09.015
https://doi.org/10.1021/es050628f
https://doi.org/10.13198/j.issn.1001-6929.2014.01.12
https://doi.org/10.11817/j.issn.1672-7207.2015.10.054
https://doi.org/10.11817/j.issn.1672-7207.2015.10.054


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9136  | https://doi.org/10.1038/s41598-023-36310-1

www.nature.com/scientificreports/

	16.	 Liu, Z. H. et al. Journal of Shanghai university of engineering science. J. Shanghai Univ. Eng. Sci. 22(02), 141–146. https://​doi.​org/​
10.​3969/j.​issn.​1009-​444X.​2008.​02.​011 (2008).

	17.	 Gunten, U. V. Ozonation of drinking water: Part I. Oxidation kinetics and product formation. Water Res. 37, 1443–1467. https://​
doi.​org/​10.​1016/​S0043-​1354(02)​00457-8 (2003).

	18.	 Hu, X. et al. Oxidation of nonylphenol by ozone. Environ. Sci. 28, 584–587. https://​doi.​org/​10.​13227/j.​hjkx.​2007.​03.​024 (2007).
	19.	 Wu, Q. Y. et al. The promotions on radical formation and micropollutant degradation by the synergies between ozone and chemi-

cal reagents (synergistic ozonation): A review. J. Hazard. Mater. 418(5), 126327. https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​126327 
(2021).

	20.	 Gómez-Pacheco, C. V. et al. Tetracycline removal from waters by integrated technologies based on ozonation and biodegradation. 
Chem. Eng. J. 178, 115–121. https://​doi.​org/​10.​1016/j.​cej.​2011.​10.​023 (2011).

	21.	 Madan, S. S. et al. Adsorption kinetics, thermodynamics, and equilibrium of alpha-toluic acid onto calcium peroxide nanoparticles. 
Adv. Powder Technol. https://​doi.​org/​10.​1016/j.​apt.​2016.​07.​024 (2016).

	22.	 Zhang, A. et al. Application of calcium peroxide for efficient removal of triamcinolone acetonide from aqueous solutions: Mecha-
nisms and products. Chem. Eng. J. 345, 594–603. https://​doi.​org/​10.​1016/j.​cej.​2018.​01.​104 (2018).

	23.	 Madan, S. S., Wasewar, K. L. & Kumar, C. R. Adsorption kinetics, thermodynamics, and equilibrium of α-toluic acid onto calcium 
peroxide nanop articles. Adv. Powder Technol. 27(5), 2112–2120. https://​doi.​org/​10.​1016/j.​apt.​2016.​07.​024 (2016).

	24.	 Zhang, A. et al. Application of calcium peroxide for efficient removal of triamcinolone acetonide from aqueous solutions: Me 
chanisms and products. Chem. Eng. J. 345, 594–603. https://​doi.​org/​10.​1016/j.​cej.​2018.​01.​104 (2018).

	25.	 Li, T. Y. Nano CaO2 chemical reaction zone in situ repair 2,4-dichlorophenol contaminated groundwater study [D]. Changchun: 
Jilin University. (2019).

Acknowledgements
This study was funded by the National Natural Science Foundation of China (Grant Nos. 41877489), Heilongjiang 
Excellent Youth Fund (Grant Nos. JJ2020YX0502).

Author contributions
All authors contributed to the study conception and design. X.W.: Methodology, Writing-Original draf prepara-
tion; L.Z.: Conceptualization, Reviewing, Editing and Project administration; Y.Z. and C.H.: Writing-Original 
draf preparation, Methodology, Formal analysis; J.Z.: Data analysis.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.3969/j.issn.1009-444X.2008.02.011
https://doi.org/10.3969/j.issn.1009-444X.2008.02.011
https://doi.org/10.1016/S0043-1354(02)00457-8
https://doi.org/10.1016/S0043-1354(02)00457-8
https://doi.org/10.13227/j.hjkx.2007.03.024
https://doi.org/10.1016/j.jhazmat.2021.126327
https://doi.org/10.1016/j.cej.2011.10.023
https://doi.org/10.1016/j.apt.2016.07.024
https://doi.org/10.1016/j.cej.2018.01.104
https://doi.org/10.1016/j.apt.2016.07.024
https://doi.org/10.1016/j.cej.2018.01.104
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Simulation study of oxytetracycline contamination remediation in groundwater circulation wells enhanced by nano-calcium peroxide and ozone
	Experimental materials and methods
	Experimental reagents and instruments. 
	Experimental device. 
	Reaction principle. 
	Material preparation. 
	Experimental methods. 
	Material characterization. 
	Optimisation of reaction conditions. 
	Different oxidants strengthen the groundwater circulation well. 


	Results and discussion
	Material characterization. 
	The morphological structure of the nCaO2. 
	Analysis of the main components of nCaO2. 

	Optimization of degradation conditions. 
	Strengthen groundwater circulation wells to repair OTC contaminated groundwater. 
	NCaO2-assisted GCW experimental study. 
	O3-assisted GCW experimental study. 
	Experimental study on GCW enhanced by nCaO2and O3. 

	The variation of OTC concentration after stopping aeration. 

	Conclusion
	References
	Acknowledgements


