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Abstract: Antibiotics are a new class of organic compounds that have antibacterial and anti-inflammatory
effects in the clinic, but their widespread use has serious adverse effects on the natural water environment.
Sulfadiazine (SDZ) is a typical kind of antibiotic, and the treatment effect of the traditional biochemical
degradation process has not been ideal. Thus, in order to find a more efficient and clean degradation
method, we investigated the degradation effect of ozone/persulfate (O3/PMS) advanced oxidation
process (AOPs) on SDZ in prepared water and natural water for the first time and compared it with the
experimental results of ozone (O3) and ozone/ultraviolet (O3/UV) methods. The experimental results
showed that when the initial mass concentration of O3 was 3 mg/L, the initial mass concentration
of SDZ was 10 mg/L, the temperature was 25 ◦C, the pH was 6.8 ± 0.1, the Kobs of O3/PMS was
0.2497 min−1, and the Kobs values of O3 and O3/UV were 0.1242 and 0.1328 min−1, respectively. The
time required for O3/PMS to degrade SDZ below the detection limit (0.01 mg/L) was about 7 min
shorter than that of O3 and O3/UV. It was found that in O3/PMS, the increase in the initial mass
concentration of SDZ inhibited its degradation, and the increase in the initial mass concentration
of ozone increased the degradation rate of sulfadiazine. The degradation process conformed to the
pseudo-first-order reaction kinetic equation. O3/PMS was suitable for weak alkaline environments.
When pH was 9, the concentration of free radicals was the highest. Excessive alkalinity led to mutual
quenching of free radicals and reduced the degradation rate. The mineralization effect of O3/PMS
was slightly worse than that of the O3/UV process, but O3/PMS effectively degraded SDZ and
fluorescent substances dissolved in water, with good prospects in practical engineering applications.

Keywords: ozone/ultraviolet; O3/PMS; sulfadiazine; advanced oxidation; degradation efficiency

1. Introduction

Antibiotics are chemical substances produced by or synthesized in the metabolic
processes of higher animals, plants, or microorganisms (including fungi, bacteria, and
actinomycetes). They can selectively inhibit or kill some microorganisms and pathogenic
cells at low concentrations. The appearance and successful application of antibiotics
have significantly reduced the incidence and mortality of various infectious diseases. In
addition, they can effectively treat various bacterial infectious diseases, protect the healthy
development of human beings, and promote the development of chemistry, biology, and
other basic sciences [1,2]. In 1950, the U.S. Food and Drug Administration (FDA) first
approved the addition of antibiotics to animal feed in a sub-therapeutic dose, improving
the feed conversion rate and promoting animal growth. Since then, antibiotics have been
widely promoted in animal husbandry [3–7].

However, after antibiotics enter the human body or animals, only 20–30% can be
absorbed. The remaining antibiotics are eliminated from the body in the form of parent
or intermediate into surface water bodies or sewage treatment plants, which increases the
evolutionary selection pressure of the microbial community in the environment [8–11].
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Furthermore, antibiotics are toxic to microorganisms and can inhibit the biochemical system
of conventional sewage treatment. Therefore, general domestic sewage treatment plants
cannot effectively remove and degrade antibiotics in water, resulting in the discharge
of some untreated antibiotics into natural water bodies, which makes them have a high
detection frequency in the water environment, and the detection mass concentration ranges
from ng/L to mg/L [12–20]. As a typical sulfonamide antibiotic, sulfadiazine, with the
structure diagram shown in Figure 1, has vigorous antibacterial activity and is widely used
in animal husbandry, so it is frequently detected in natural water [21–24].
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Figure 1. Sulfadiazine (SDZ) structure diagram (black represents C-atom, blue represents N-atom,
red represents O-atom, gray represents H-atom, and yellow represents S-atom).

AOPs have been applied in the treatment of landfill leachate, industrial wastewater,
and medical wastewater, and can effectively reduce the pollution of chemical oxygen de-
mand (COD), biochemical oxygen demand (BOD), and ammonia nitrogen (NH4

+-N) in
water. In addition, they can improve the biodegradability of wastewater [25–27]. Existing
research results on AOPs show that the ozone-advanced oxidation process can remove
antibiotics from water [28,29]. However, the separate ozone oxidation process has disad-
vantages: low ozone utilization rate, expensive treatment cost, incomplete degradation
of antibiotics, selectivity of ozone oxidation, and poor oxidation effect on some organic
substances [30,31]. The ozone combination can solve the above problems, improve ozone uti-
lization, and produce more non-selective hydroxyl radicals (·OH) [32–34]. At present, AOPs
based on the sulfate radical (SO4

−·) are widely concerned because SO4
−· has high oxidation

redox potential (ORP) (Eθ = 2.5–3.1V), a longer half-life (30–40 µs), and a broad pH applica-
tion range [35–37]. In O3/PMS’s oxidation process, O3 acts as a strong oxidant to activate
PMS to produce ·OH and SO4

−·. The reaction process is shown in Equations (1)–(7) [38].

−O3SOO− + O3 → −O3SO−5 k = 21,200M−1s−1 (1)

−O3SO−5 → SO−5 · + O−3 (2)

−O3SO−5 → SO2−
4 + 2O2 (3)

SO−5 · + O3 → SO−4 · + 2O2 k = 1.6× 105 M−1s−1 (4)

2SO−5 · → 2SO−4 · + O2 k = 2.1× 108 M−1s−1 (5)

O−3 · → O− · + O2 k = 2.1× 103 M−1s−1 (6)

O− · + H2O → ·OH + OH− (7)

We compared the degradation effect and oxidizing ability of SDZ by the three most
practical ozone-based advanced oxidation technologies, namely, O3/PMS, O3, and O3/UV,
and the most suitable process for degrading SDZ in the water among the three methods
was selected. The effects of single factors such as the dosage of O3 and PMS, the initial
concentration of SDZ, and the initial pH on the removal effect and the research on the
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mineralization effect were investigated, and the optimal reaction conditions of O3/PMS
were determined. At the same time, a synchronous comparative analysis of O3/PMS was
carried out with the O3 and O3/UV processes to provide data support for practical engi-
neering applications. Based on the single factor influence experiment, the degradation and
mineralization process dynamics of SDZ were analyzed to help the subsequent modeling
and prediction of the degradation effect of O3/PMS degradation SDZ.

2. Experimental Materials and Methods
2.1. Experimental Device

The experimental device was divided into three parts, as shown in Figure 2: (1) the
ozone-generating part, which consisted of an air pump, air dryer, and ozone generator;
(2) the reactor part, composed of a plexiglass column reaction vessel (diameter: 15 cm,
height: 50 cm), aeration head, and peristaltic pump; and (3) the tail gas absorption part,
which consisted of a tail gas absorption bottle containing potassium iodide solution.
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Figure 2. Experimental device diagram.

The reaction was carried out in the reactor. The gas flow was 1 L/min and the volume
of the reaction solution was 5 L. The initial pH of the solution was 6.8± 0.1 and was adjusted
by 9.8 g/L sulfuric acid solution and 4 g/L sodium hydroxide. The temperature control
device controlled the temperature at 25 ± 0.5 ◦C. The ozone generator was connected to
the tail gas collection device, which was operated for 10 min in advance to stabilize it;
then, the liquid to be reacted was added, and the peristaltic pump started to circulate the
water in the reactor. At the time of ozone introduction, 5 mL samples were taken every
2 min for 0–20 min, and sodium thiosulfate (Na2S2O3) solution with a concentration of
158 g/L was added immediately to quench the residual ozone in the water, and the reaction
was stopped. The concentration of SDZ in the solution was detected by high-performance
liquid chromatography (HPLC).

2.2. Experimental Materials

The SDZ was purchased from Beijing Bailingwei Technology Co., Ltd. (Beijing, China).
Potassium peroxymonosulfate, formic acid, and acetonitrile were purchased from Shang-
hai McLean Biochemical Technology Co., Ltd. (Shanghai, China). Sodium thiosulfate,
anhydrous sodium sulfate, sodium nitrate, sodium chloride, sodium bicarbonate, tert-
butanol, anhydrous ethanol, and potassium iodide were purchased from the Tianjin Jin-
dong Tianzheng fine chemical reagent factory (Tianjin, China). Among them, formic acid
and acetonitrile were chromatographically pure and the rest were analytically pure. The
concentration of SDZ was ≥99%. The water intake location of the natural water body is
Yangjiaweizi Watershed, Erdao District, Yitong River, Changchun City, Jilin Province. See
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Table 1 for specific parameters of water quality. After filtering with qualitative filter paper,
the river water was spiked with 10 mg/L SDZ solution for the experiment.

Table 1. Water quality analysis results of the Yitong River.

Water Quality Index Value

COD (mg/L) 38.81
Total nitrogen (TN, mg/L) 4.39

NH4
+-N (mg/L) 1.73

Total phosphorus (TP, mg/L) 0.16

2.3. Analytical Method

With SDZ mother liquor configuration, 50 mg SDZ was placed into a 1 L brown volu-
metric flask, fixed in ultrapure water, and stirred on a heated magnetic stirrer at 30 ◦C for
6 h until complete dissolution. The SDZ concentration determination method was HPLC
with the Agilent1200 system (Beijing, China) and Waters Symmetry C18 (4.6 × 150 mm,
5 µm column) column (Milford, CT, USA). The column temperature was controlled at
30 ± 1 ◦C, and the mobile phase ratio was 0.1% formic acid: acetonitrile = 83:17 (v/v).
The flow rate was 1 mL/min, and the detection wavelength was 270 nm. The ozone
concentration was measured by iodimetry (GB 28232–2020). Total organic carbon (TOC)
was analyzed by a TOC analyzer (Vario TOC select, elemental) (Hanau, Germany). The
fluorescent substances were analyzed by an absorption three-dimensional fluorescence
spectrometer (aqualog-800-c, Horiba Scientific) (Kyoto, Japan). The water quality indexes in
natural water bodies were determined according to the environmental protection industry
standards of the People’s Republic of China. Thus, rapid digestion spectrophotometry
(HJ/T 399–2007) was adopted to test COD, and TN was determined using an alkaline potas-
sium persulfate digestion ultraviolet spectrophotometry (HJ 636–2012). Nessler reagent
spectrophotometry (HJ 535–2009) was used to test NH4

+-N, and TP was determined using
an ammonium molybdate spectrophotometry (GB/T 11893–1989). All experiments were
repeated three times, the average value was taken, and the data were analyzed by Origin
2021 from OriginLab, (Northampton, MA, USA).

3. Results and Discussion
3.1. Comparison of SDZ Degradation Efficiency between O3/PMS and O3 and O3/UV

When the initial mass concentration of SDZ was 10 mg/L, the mass concentration
of O3 was 3 mg/L, the temperature was 25 ± 0.5 ◦C, and the initial pH of the solution
was 6.8 ± 0.1. The degradation efficiency of SDZ by the O3/PMS (PMS concentration was
22.8 mg/L) advanced oxidation method was investigated and compared with that of O3 and
O3/UV (the UV wavelength is 254 nm because O3 has good absorption performance [39]).
Figure 3 shows the results. At the same time, the degradation efficiency of O3, O3/UV, and
O3/PMS on SDZ was analyzed and compared using the pseudo-first-order kinetic model.
The results are shown in Table 2. Kobs is a pseudo-first-order kinetic reaction rate constant,
which is used to reflect the attenuation of SDZ in water samples. The larger the Kobs, the
faster the degradation rate of SDZ [40].

Table 2. Pseudo-first-order rate constant of SDZ degradation by O3, O3/UV, and O3/PMS (reaction
conditions: SDZ = 10 mg/L, O3 = 3 mg/L, T = 25± 0.5 ◦C, pH = 6.8± 0.1, O3/PMS (PMS = 22.8 mg/L),
UV = 0.9 mw/cm2).

Treatment Process Kobs (min−1) R2

O3 0.1456 0.9599
O3/UV 0.193 0.7255

O3/PMS 0.2504 0.9326
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O3 = 3 mg/L, T = 25± 0.5 ◦C, pH = 6.8± 0.1, O3/PMS (persulfate) (PMS = 22.8 mg/L), UV = 0.9 mw/cm2).

It can be seen from Figure 3 and Table 2 that there was little difference between the
degradation effect of O3 alone and O3/UV on SDZ, both of which reached a degradation
rate of more than 94% within 20 min, and the reaction rate was not different. However, in
the middle stage of the O3/UV reaction, the reaction rate was faster than that of O3 alone.
This was because in the O3/UV system, UV radiation accelerated ozone decomposition
and produced ·OH with a more robust oxidation capacity to accelerate the degradation of
SDZ, which was the same as the research results of Zizeng Yang [41]. For O3/PMS, the
experimental data showed that O3/PMS reached a 95.9% SDZ degradation rate at 12 min,
and SDZ degraded below the detection limit at 13 min, while the degradation rates of O3
and O3/UV were only 73.8% and 76.5%, respectively, at 12 min. It can be seen from the
experimental results that the oxidation ability of the O3/PMS system was much stronger
than that of O3 alone and O3/UV. This was because O3, as a strong oxidant, activated
PMS to produce ·OH and SO4

−· so that the two free radicals with strong oxidation in the
reaction system acted simultaneously and enhanced the degradation effect of SDZ.

In addition, when detecting the ozone concentration in the solution, it was found that
the ozone concentration of O3 alone remained unchanged, while the ozone concentration
in O3/PMS and O3/UV was at a low level, which indicated that PMS and UV promoted
the decomposition of ozone. Therefore, in the process of degradation of SDZ by O3/PMS,
O3 and PMS were not the superposition of different treatment effects but had the ability of
synergy. In conclusion, O3/PMS was significantly better than the other two methods in the
treatment effect.

3.2. O3/PMS Single Factor Influence Experiment
3.2.1. Effect of Initial Mass Concentration of SDZ on Degradation Efficiency

The initial mass concentration of O3 in this experiment was 3 mg/L, the concentration
of PMS was 22.8 mg/L, and the initial pH of the solution was 6.8 ± 0.1. The initial mass
concentration of SDZ was set with five concentration gradients of 2, 4, 6, 8, and 10 mg/L.
The experimental results are shown in Figure 4, and the pseudo-first-order rate constants
are shown in Table 3.
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Figure 4. Effect of initial mass concentration of SDZ on degradation effect of O3, O3/UV, and O3/PMS
(reaction conditions: SDZ = 2, 4, 6, 8, 10 mg/L, O3 = 3 mg/L, T = 25± 0.5 ◦C, pH = 6.8± 0.1, O3/PMS
(PMS = 22.8 mg/L), UV = 0.9 mw/cm2). (a) O3, (b) O3/UV, (c) O3/PMS.
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Table 3. Pseudo-first-order rate constants of O3, O3/UV, and O3/PMS under different initial mass
concentrations of SDZ (reaction conditions: SDZ = 2, 4, 6, 8, 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C,
pH = 6.8 ± 0.1, O3/PMS (PMS = 22.8 mg/L), UV = 0.9 mw/cm2).

Treatment Process Mass Concentration (mg/L) Kobs (min−1) R2

O3

2 0.2814 0.9195
4 0.2228 0.8428
6 0.2048 0.8731
8 0.1261 0.9624

10 0.1242 0.9556

O3/UV

2 0.3872 0.9893
4 0.2303 0.8369
6 0.1930 0.7255
8 0.1625 0.9737

10 0.1328 0.9203

O3/PMS

2 0.5563 0.9935
4 0.3979 0.9793
6 0.3551 0.8767
8 0.3363 0.9802

10 0.2497 0.9389

It can be seen from Figure 4 and Table 3 that the increase in the initial mass concentra-
tion of SDZ inhibited the degradation efficiency of SDZ by the three treatment methods.
The data in Table 3 show that the degradation of SDZ by the three treatment methods
met the pseudo-first-order reaction kinetics, and the reaction rate constant (Kobs) of SDZ
gradually decreased with the increase in the initial mass concentration of SDZ. In the O3
reaction system, the degradation of SDZ was mainly divided into direct ozone oxidation
and ·OH indirect oxidation. The ozone oxidation ability was slightly weak, mainly ·OH
oxidation. O3/UV included two kinds of oxidation in O3, and the UV photolysis effect
produced by UV was feeble [42], so the ·OH oxidation effect still dominated it. In O3/PMS,
oxidation was caused mainly by ·OH and SO4

− produced in the system. The increase in the
initial mass concentration of SDZ led to the increase in intermediate products in the process
of oxidative degradation of SDZ. These intermediates were oxidized and finally converted
into CO2 and H2O. They competed with SDZ for oxidants, decreasing the concentration
of oxidants acting on SDZ, thereby reducing the degradation rate of SDZ. Comparing the
three methods, the Kobs of O3/PMS was higher than that of O3 and O3/UV, indicating that
the reaction rate of SDZ degradation by O3/PMS was significantly higher than that of the
other two treatment methods.

3.2.2. Effect of Oxidant Dosage on Degradation Efficiency

The oxidants in the test included O3 and PMS. To investigate the effect of the dosage
of two oxidants on the degradation effect of SDZ, the initial mass concentration of SDZ
was set as 10 mg/L, and the initial pH of the solution was 6.8 ± 0.1. When investigating
the influence of O3 dosage, the mass concentrations were set as 1, 2, 3, 4, 5, and 6 mg/L.
Moreover, the PMS concentration was maintained at 22.8 mg/L. When investigating the
influence of PMS dosage, its concentration was set to 5.7, 11.4, 17.1, 22.8, 28.5, and 34.2 mg/L,
and the ozone mass concentration was maintained at 3 mg/L. The test results are shown in
Figure 5, and the pseudo-first-order rate constants are shown in Tables 4 and 5.
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Figure 5. The effects of different oxidant dosages on SDZ degradation in O3, O3/UV, and O3/PMS
processes (reaction conditions: SDZ = 10 mg/L, O3 = 3 mg/L, UV = 0.9 mw/cm2, T = 25 ± 0.5 ◦C,
pH = 6.8 ± 0.1; (a–c) O3 = 1, 2, 3, 4, 5, 6 mg/L; (c) PMS = 22.8 mg/L; (d) PMS = 5.7, 11.4, 17.1, 22.8,
28.5, 34.2 mg/L, O3 = 3 mg/L). (a) Ozone dosage in O3, (b) Ozone dosage in O3/UV, (c) Ozone
dosage in O3/PMS, (d) PMS dosage in O3/PMS.

Table 4. Pseudo-first-order rate constants of O3, O3/UV, and O3/PMS under different ozone dosage
conditions (reaction conditions: SDZ = 10 mg/L, O3 = 3 mg/L, UV = 0.9 mw/cm2, T = 25 ± 0.5 ◦C,
pH = 6.8 ± 0.1, O3 = 1, 2, 3, 4, 5, 6 mg/L; PMS = 22.8 mg/L).

Treatment Process Mass Concentration (mg/L) Kobs (min−1) R2

O3

1 0.0730 0.9821
2 0.0174 0.9975
3 0.1456 0.9599
4 0.1646 0.9666
5 0.2019 0.9670
6 0.2436 0.9716

O3/UV

1 0.0241 0.9322
2 0.0447 0.9928
3 0.1930 0.7255
4 0.1946 0.8941
5 0.2441 0.8802
6 0.2613 0.9692

O3/PMS

1 0.0098 0.9888
2 0.2359 0.8774
3 0.2504 0.9326
4 0.3025 0.9390
5 0.3158 0.9649
6 0.3408 0.8539

As shown in Figure 5, the degradation efficiency of SDZ increased with the increase in
ozone concentration. When the ozone concentration was 1 mg/L, O3, O3/UV, and O3/PMS
degradation rates in 20 min were 30%, 40.6%, and 19.1%, respectively. When the ozone
concentration increased to 6 mg/L, O3 and O3/UV degraded SDZ below the detection
limit in 12 min, while it took only 10 min to degrade SDZ below the detection limit in the
O3/PMS system. The 20 min degradation efficiency of O3/PMS was lower than that of
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O3 and O3/UV (when the O3 concentration was 1 mg/L) because the ozone concentration
was too low. In O3/PMS, firstly, enough ozone was needed to oxidize and activate PMS.
When the initial O3 concentration was low, this process consumed O3, so there was not
enough O3 to participate in the subsequent degradation process of SDZ. With the increase in
ozone dosage, the degradation efficiency of the three processes was significantly improved
because the more significant the ozone dosage, the stronger the promotion of free radicals.
From the comparison of Kobs values corresponding to O3 dosage from 2 mg/L to 6 mg/L
in the three processes, it can be seen that the reaction rate of O3/PMS increased with the
increase in ozone dosage, and the reaction rate of each dosage was greater than that of O3
and O3/UV under the same conditions.

Table 5. Pseudo-first-order rate constants of O3/PMS under different PMS dosing concentrations
(reaction conditions: SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, pH = 6.8 ± 0.1, PMS = 5.7, 11.4,
17.1, 22.8, 28.5, 34.2 mg/L).

Treatment Process Mass Concentration (mg/L) Kobs (min−1) R2

O3/PMS

5 0.1790 0.9783
10 0.1851 0.9687
15 0.1954 0.9743
20 0.2570 0.8570
25 0.2405 0.9502
30 0.2408 0.9480

For the dosage of PMS, when the dosage increased from 5.7 to 22.8 mg/L, the 12 min
degradation rate of SDZ increased from 84.6% to 91.3%, which indicated that the reaction
rate remained almost unchanged as the dosage continued to increase, and the degradation
rate was not much improved. This phenomenon may be that excessive HSO5

− reacted with
·OH and SO4

−· to produce fewer oxidizing species (Equations (8) and (9)) [43,44]. Another
reason was that ·OH and SO4

−· quench each other, decreasing the SDZ degradation
rate (Equations (10)–(12)) [45–47]. Therefore, the larger the ozone dosage, the higher the
degradation rate of SDZ, and there was an optimal dosage of PMS. Excessive PMS reacted
with free radicals and caused mutual quenching between free radicals, but could not further
effectively promote the degradation of pollutants.

HSO−5 + SO−4 · → SO−5 · + HSO−4 (8)

HSO−5 + ·OH → SO−5 · + H2O (9)

SO−4 · + SO−4 · → S2O2−
8 (10)

OH + ·OH → H2O2 (11)

SO−4 · + ·OH → HSO−5 (12)

3.2.3. Effect of Initial pH on Degradation Efficiency

To investigate the effect of initial pH on the degradation efficiency of SDZ, the initial
mass concentration of O3 was 3 mg/L, the initial concentration of PMS was 22.8 mg/L, and
the initial mass concentration of SDZ was 10 mg/L. In addition, the pH was set to 3, 5, 7, 9,
and 11 gradients. The test results are shown in Figure 6, and the pseudo-first-order rate
constant is shown in Table 6.
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Figure 6. Effect of pH on SDZ degradation in O3, O3/UV, and O3/PMS processes (reaction conditions:
pH = 3, 5, 7, 9, 11, SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, O3 = 3 mg/L, PMS = 22.8 mg/L,
UV = 0.9 mw/cm2). (a) O3, (b) O3/UV, (c) O3/PMS.
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Table 6. Pseudo-first-order rate constants of O3, O3/UV, and O3/PMS processes at different pH
(reaction conditions: pH = 3, 5, 7, 9, 11, SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, O3 = 3 mg/L,
PMS = 22.8 mg/L, UV = 0.9 mw/cm2).

Treatment Process pH Kobs (min−1) R2

O3

3 0.1320 0.9732
5 0.1366 0.9750
7 0.1433 0.9873
9 0.1903 0.9496

11 0.2042 0.9719

O3/UV

3 0.1051 0.9937
5 0.1401 0.9694
7 0.1421 0.9305
9 0.1531 0.9466

11 0.1733 0.8975

O3/PMS

3 0.2594 0.8776
5 0.2194 0.9654
7 0.2074 0.9726
9 0.3663 0.9947

11 0.2486 0.7970

pH is the critical factor affecting the advanced ozone oxidation process. As shown in
Figure 6, although the three processes effectively degraded SDZ, whether acidic, neutral, or
alkaline, the pH of the solution significantly impacted the degradation rate of SDZ. The
degradation rates of O3 and O3/UV increased with the increase in pH. The degradation
rates were 76.4% and 78.5%, respectively, at pH 3 and 14 min, and 86.6% and 92.3%,
respectively, at pH 11 and 14 min. O3/PMS showed the best degradation effect at pH 9,
and the degradation rate reached 92.2% at 10 min. The continuous increase in pH led to the
decline in the SDZ degradation effect.

The pH of the reaction system is essential for the ozonation process because the oxida-
tion species involved in the degradation of SDZ were different in different pH environments.
In an acidic environment, ozone decomposition was very slow due to the lack of OH−, and
ozone molecules in the reaction system continued accumulating, thus directly oxidizing
SDZ in molecular form. In an alkaline environment, OH− initiated the decomposition of
ozone molecules to generate OH− [48,49], and ozone molecules and ·OH simultaneously
participate in the oxidation of SDZ. Although the concentration of ozone molecules de-
creased, the concentration of ·OH with more vital oxidation ability increased [50–52], so
it generally showed a better oxidation effect under alkaline conditions. For O3/PMS, it
showed the most substantial synergistic effect between O3 and PMS at pH 9. OH− caused
ozone decomposition to produce ·OH, which accelerated the decomposition of PMS [44].
When the pH continued to rise, more free radicals were produced in the system, and their
mutual quenching was the possible reason for the decline in the SDZ degradation effect.

In addition, according to the chemical formula structure of SDZ (Figure 7), SDZ has
two functional groups, which made it show different dissociation states at different pH
values: protonated, neutral, and deprotonated. With the increase in solution pH value,
the main existing form of SDZ in water changed from proton to neutral and then to a
deprotonation state. Compared with the proton state and neutral state, the deprotonation
state was easier to react with oxidant, which was consistent with the result mentioned
above that O3/PMS had the best degradation efficiency of SDZ at pH 9 [41].
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3.3. Mineralization Effect of O3, O3/UV, and O3/PMS on SDZ

The initial mass concentration of O3 was 3 mg/L, the PMS concentration was 22.8 mg/L,
the initial mass concentration of SDZ was 10 mg/L, and the pH was 6.8 ± 0.1. The mineral-
ization of SDZ oxidized by the three processes was investigated. The experimental results
are shown in Figure 8.
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Figure 8. Mineralization effect of O3, O3/UV, and O3/PMS on SDZ (reaction conditions: pH = 6.8± 0.1,
SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, O3 = 3 mg/L, PMS = 22.8 mg/L).

The test data in Figure 3 show that the degradation rate of SDZ by the three methods
reached more than 94% within 20 min. However, as shown in Figure 8, the removal rate of
TOC (total organic carbon) within 20 min was not high. The highest was O3/UV, as the
removal rate of TOC reached 22.9%. O3/PMS was slightly lower, 18.4%, and the lowest
removal rate was only 12.9% with O3. This showed that although the three methods
degraded SDZ well within 20 min, they produced a large number of intermediate products,
and the oxidation process was not complete. After 40 min of continuous oxidation, the
removal rate of TOC in O3/UV was still the highest, reaching 61.9% and more than 54%
in O3/PMS, while the removal rate of TOC by O3 only reached 28.6%. This showed
that the intermediate products produced in the process of oxidizing SDZ were not easy
to oxidize and degraded directly by ozone molecules, while ·OH reacted directly with



Water 2022, 14, 2476 14 of 19

it. Therefore, the reaction between ·OH and organic matter was not selective, and the
oxidation process was more thorough, which completely oxidized the organic matter to
improve the removal rate of TOC. Therefore, it can be speculated that ·OH played an
essential role in the oxidation of O3/UV and O3/PMS.

3.4. Radical Quenching Experiment of Sulfadiazine Degradation by Ozone/Persulfate

In order to study the effects of ·OH and SO4
−· free radicals in O3/PMS on the degra-

dation process of sulfadiazine, tert-Butanol (TBA) was selected as the ·OH quencher, and
ethanol (EtOH) was selected as the quencher of ·OH and SO4

−· for experiments.
The reaction rate constants of TBA with ·OH and SO4

−·were 3.8~7.6× 108 M−1s−1 and
4.0~9.1× 105 M−1s−1, quenching only ·OH in the presence of ·OH. The reaction rate constants
of EtOH with ·OH and SO4

− were 1.2~2.8 × 109 M−1s−1 and 1.6~7.7 × 107 M−1s−1 reacted
with both at the same time, so it was considered that EtOH quenched two free radicals at the
same time [53]. The experiment was carried out under the following conditions: tempera-
ture, 25± 0.5 ◦C; PMS concentration, 22.8 mg/L; initial SDZ concentration, 10 mg/L; ozone
concentration, 3 mg/L; pH, 3, 6, and 9; TBA and EtOH concentration, 14.8 and 9.2 mg/L;
reaction time, 10 min.

The experimental results are shown in Figure 9. According to the experimental results,
the degradation of SDZ by O3/PMS was close to the endpoint when the reaction was carried
out for 10 min. The degradation rate of the zero-concentration group under three different
pH conditions exceeded 80%, while the degradation rate of the best weak alkaline group
(pH = 9) exceeded 90%. At pH 3, the addition of TBA had little effect on the degradation of
sulfadiazine, but the addition of EtOH had a significant effect, and the degradation rate
decreased by 27%. This may be due to the inhibition of the generation of ·OH under acidic
conditions, and only SO4

− played the main oxidation role in the two free radicals. At pH 9,
the effect of TBA increased significantly, and the effect of EtOH weakened. The reason is
that in alkaline conditions, there are many ways of ·OH generation in O3/PMS, including
O3 activating PMS to produce ·OH, OH− reacting with O3 to produce ·OH, and SO4

−·
reacting with OH− to convert to ·OH (see Equations (13) and (14) for details), which led to
the dominant position of ·OH in the two free radicals in an alkaline environment.

SO−4 · + OH− → SO2−
4 + ·OH (13)

SO−4 · + H2O → HSO−4 + ·OH (14)
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Figure 9. The effects of TBA and EtOH on the degradation of sulfadiazine by O3/PMS at different pH
levels (reaction conditions: pH = 3, 6, 9, SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, O3 = 3 mg/L,
PMS = 22.8 mg/L, TBA = 14.8 mg/L, EtOH = 9.2 mg/L).
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3.5. Degradation Test of SDZ in Natural Water

The oxidative degradation experiment of SDZ in natural water was carried out
in O3/PMS. Absorption-three-dimensional fluorescence spectroscopy (Horiba Scientific
aqualog-800-c) was used to measure water samples in the experiment. The excitation light
source was a deuterium lamp, and the photomultiplier tube (PMT) voltage was 500 V. The
response time was 0.5 s and the scanning speed was 2400 nm/min. The excitation wave-
length scanning range was 200–400 nm with a step size of 2 nm. The emission wavelength
scanning range was 250–500 nm with a 2 nm step size. The slit width was 5 nm [54]. The
test results are shown in Figures 10 and 11. As shown in Figure 10, from the change process
of the three-dimensional fluorescence spectrum, the natural river water used for the test
contained a variety of fluorescent organics, mainly humic acid, chlorophyll, fulvic acid, etc.
After 20 min of degradation treatment, the concentrations of various organic substances
in water decreased. After 60 min of treatment, most detectable organics degraded to a
lower concentration, and the fluorescence almost disappeared, indicating that O3/PMS can
effectively remove a variety of fluorescent organics in water. It can be seen from Figure 11
that under the condition of river water quality, compared with the degradation test results
of SDZ in pure water, the efficiency of O3/PMS oxidative degradation of SDZ was signifi-
cantly inhibited. This was mainly due to the competition of various types of organics in
natural water for active oxidizing substances in the oxidation system. Therefore, although
the degradation efficiency of SDZ was reduced under the condition of river water quality,
the application of O3/PMS in the advanced treatment of actual water bodies to degrade
this kind of pollutants still had good prospects.

Water 2022, 14, x FOR PEER REVIEW 16 of 21 
 

 

 
(a) 

 
(b) 

 ( )

 
(c) 

 

 

Figure 10. Cont.



Water 2022, 14, 2476 16 of 19

Water 2022, 14, x FOR PEER REVIEW 16 of 21 
 

 

 
(a) 

 
(b) 

 ( )

 
(c) 

 

 
Figure 10. Three-dimensional fluorescence spectrum of SDZ water sample under river water quality
conditions (reaction conditions: excitation light source, deuterium lamp; photomultiplier tube (PMT)
voltage, 500 V; response time, 0.5 s; scanning speed, 2400 nm/min; excitation wavelength scanning
range was 200–400 nm, step size was 2 nm; emission wavelength scanning range was 250–500 nm,
step size 2 nm; slit width, 5 nm). (a) Raw water, (b) Treatment for 20 min, (c) Treatment for 60 min.
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increase in ozone concentration. There was an optimal concentration of PMS. The 

most suitable pH range was weak alkalinity, and the factors affecting the degradation 

of SDZ by the three processes agree with the pseudo-first-order reaction kinetic equa-
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(3) The strong oxidation ability of O3/PMS was attributed to the formation of ·OH and 

SO4−. When the reaction was carried out for 60 min, it had a nearly 54% mineralization 

effect on SDZ, slightly lower than 62% of O3/UV. When SDZ was degraded in natural 

water, O3/PMS showed efficient degradation of fluorescent organics, significantly 

better than other ozone-advanced oxidation processes. 

(4) Future research should focus on the insufficient mineralization ability of O3/PMS and 

apply it to the degradation of more sulfonamides to improve the stability and ap-

plicability of this technology. In addition, the influencing factors need to be modeled 

and calculated to provide data prediction and a theoretical analysis basis for the spe-

cific practical application of this method. 
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Figure 11. Degradation effect of O3/PMS on SDZ in different water samples (reaction conditions:
pH = 6.8 ± 0.1, SDZ = 10 mg/L, O3 = 3 mg/L, T = 25 ± 0.5 ◦C, O3 = 3 mg/L, PMS = 22.8 mg/L).

4. Conclusions

(1) In this experiment, the O3/PMS process was used for the first time to degrade the
typical antibiotic SDZ. The combination of O3 and PMS produced an apparent syner-
gistic effect and improved the degradation efficiency of SDZ. Under the experimental
conditions of initial SDZ concentration of 10 mg/L, ozone concentration of 3 mg/L,
and pH of 6.8 ± 0.1, the time required for O3/PMS to degrade SDZ below the de-
tection limit was 8 min less than that of O3 and O3/UV. Existing studies show that
the treatment effect of a single UV factor was poor, and even the O3/UV combined
process can only achieve limited improvement. The Kobs value increased from 0.1456
to 0.193 min−1, while the O3/PMS process Kobs was 0.2504 min−1.

(2) The single factor experiment showed that the degradation rate of SDZ by O3/PMS
decreased with the increase in the initial concentration of SDZ and increased with the
increase in ozone concentration. There was an optimal concentration of PMS. The most
suitable pH range was weak alkalinity, and the factors affecting the degradation of
SDZ by the three processes agree with the pseudo-first-order reaction kinetic equation.
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(3) The strong oxidation ability of O3/PMS was attributed to the formation of ·OH and
SO4

−. When the reaction was carried out for 60 min, it had a nearly 54% mineralization
effect on SDZ, slightly lower than 62% of O3/UV. When SDZ was degraded in natural
water, O3/PMS showed efficient degradation of fluorescent organics, significantly
better than other ozone-advanced oxidation processes.

(4) Future research should focus on the insufficient mineralization ability of O3/PMS
and apply it to the degradation of more sulfonamides to improve the stability and
applicability of this technology. In addition, the influencing factors need to be modeled
and calculated to provide data prediction and a theoretical analysis basis for the
specific practical application of this method.
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