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Abstract
Petrochemical wastewater contains a variety of organic pollutants. Advanced oxidation processes (AOPs) are used for deep 
petrochemical wastewater treatment with distinct advantages, including the complete mineralization of organic substances, 
minimal residual byproducts, and compatibility with biological treatment systems. This work evaluates the effectiveness 
of three methods, namely, ozone, persulfate, and  O3-PMS (ozone-persulfate) processes, which were compared to remove 
soluble organic matter. The  O3-PMS process offered significant advantages in terms of organic matter removal efficiency. 
This process involves ozone dissolution in an aqueous persulfate solution, producing a more significant amount of hydroxyl 
radicals in comparison to single AOPs. The production of hydroxyl radicals and the synergistic effect of hydroxyl radicals and 
persulfate radicals were investigated. In the  O3-PMS process, transition metal ions were added to understand the mechanism 
of the  O3-PMS coupled catalytic oxidation system. The results showed that when the ozone concentration was in the range 
of 5 ~ 25 mg/L, the dosage of persulfate was in the range of 0.01 ~ 0.05 mol/L, the dosage of metal compounds was in the 
range of 0:0 ~ 2:1, and the reaction time was in the range of 0 ~ 2 h; the optimum chemical oxygen demand  (CODCr) and total 
organic content (TOC) removal effect was achieved under the coupled system with an ozone concentration of 10 mg/L, a 
persulfate dosage of 0.02 mol/L, a 1:2 dosage ratio of between  Fe2+ and  Cu2+ compounds, and a reaction time of 2 h. Under 
optimal reaction conditions, the rates of  CODCr and TOC removal reached 70% and 79.3%, respectively. Furthermore, the 
removal kinetics of the  O3-PMS coupled catalytic oxidation system was analyzed to optimize the removal conditions of COD 
and TOC, and the mechanism regulating the degradation of dissolved organic matter was explored by three-dimensional 
fluorescence and GC–MS technology. Thus,  O3-PMS coupled catalytic oxidation is an effective process for the deep treatment 
of wastewater. The careful selection of transition metal ions serves as a theoretical foundation for the subsequent prepara-
tion of catalysts for the ozone persulfate oxidation system, and this study provides a suitable reference for removing organic 
matter from petrochemical wastewater.
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Introduction

The petrochemical industry plays an essential role in the 
economic development of a country. Many important 
industries, such as energy, agriculture, and transporta-
tion, rely heavily on the petrochemical industry (Tian 
et al. 2020). However, petrochemical plants consume large 
quantities of water and subsequently generate wastewater 
(Wang et al. 2014). Petrochemical wastewater is charac-
terized by high pollutant load, low biodegradability, high 
salinity, and toxicity (Kumar et al. 2013). Petrochemical 
wastewater comprises both organic pollutants like phe-
nols, aldehydes, and benzenes, as well as inorganic pollut-
ants such as heavy metals and fluoride. Given the severe 
health risks associated with these highly toxic pollutants 
(Gopalakrishnan and Bharathiraja. 2022), petrochemical 
wastewater must be treated before being safely released 
into the environment.

Based on the size of the pollutant particles, the PCW 
(petrochemical wastewater) pollutants are categorized into 
suspended, colloidal, and dissolved fractions. Although 
the suspended and colloidal traces can be simply removed 
by physicochemical treatment (Tong et al. 2016), the dis-
solved organic matter (DOM) contains many difficult-to-
degrade compounds, such as benzene, aldehydes, phenols, 
polycyclic aromatic hydrocarbons (PAHs), naphthenic 
acids, petroleum hydrocarbons, and N/O/S-containing 
compounds. Such compounds require advanced and com-
plex treatment strategies (Liu et al. 2014; Wang et al. 
2021; Hayati et al. 2018).

Traditional methods for treating petrochemical waste-
water involve adsorption or coagulation coupled with 
biological processes. However, these methods have limi-
tations associated with process conditions. Hence, there 
is a growing need for alternative treatment approaches. 
Advanced oxidation processes (AOPs) emerge as a prom-
ising solution in this context. Various physical, chemical, 
and biological methods can treat petrochemical wastewa-
ter (Gopalakrishnan and Bharathiraja 2022). AOPs offer 
advantages such as the complete mineralization of organic 
matter, minimal residual material, and compatibility with 
biological systems (Fernandes et al. 2019, 2020). Among 
the various methods, the ozone-persulfate process is eco-
nomically feasible and easy to implement.

AOPs involve chemicals that generate hydroxyl radi-
cals to oxidize organic matter (Honarmandrad et al. 2022). 
The highly reactive hydroxyl radicals can convert impuri-
ties into water, inorganic ions, and carbon dioxide (Glaze 
et al. 1987) •OH and  SO4

−• are potent oxidizing radicals 
with redox potentials (E◦) equal to 2.8 V and 2.5–3.1 V, 
respectively, which can rapidly and non-selectively oxidize 
and decompose most organic compounds in wastewater 

(Babuponnusami and Muthukumar 2014; Lee et al. 2020). 
These two radicals are the primary oxidants responsible 
for the excellent performance of AOPs compared to con-
ventional treatments (Xiao et al. 2017). When ozone is 
dissolved in an aqueous persulfate solution, it leads to the 
generation of a substantial amount of hydroxyl radicals 
(•OH). The produced •OH activates the persulfate and 
generates  SO4

−•; the two oxidizing agents act synergisti-
cally in the system, improving the treatment efficiency of 
the system (Amr et al. 2013). The high DOM in waste-
water competes with PMS for  O3 to produce •OH. Addi-
tionally,  O3 exhibits excellent de-colorization and decom-
position properties for challenging-to-degrade pollutants 
through both direct oxidation via  O3 and indirect oxidation 
via free radicals (Wang et al. 2022); the  O3-PMS process is 
attractive because of its good stability (Yang et al. 2015).

The application research of  O3-PMS coupled catalytic 
oxidation process in petrochemical wastewater is still blank, 
and it is mostly used in domestic wastewater and degradation 
research of new pollutants, as shown in Table 1. This study 
investigated the efficiency of organic matter removal from 
petrochemical wastewater by the  O3-PMS coupled catalytic 
oxidation process. The degradation pathway and degradation 
efficiency of soluble organic matter by advanced oxidation 
technology were investigated to provide a basis for its fur-
ther application in practical industrial wastewater treatment. 
Furthermore, the reactive radicals involved were trapped 
and identified via quenching experiments to understand the 
mechanism of radical interactions in the  O3-PMS system. 
Finally, the optimal reaction parameters for the O3-PMS 
coupled catalytic oxidation were identified for economic 
evaluation.

Materials and methods

Experimental setup

Triangular wash bottles filled with water samples were 
placed in a magnetic rotor under the action of the magnetic 
stirrer as shown in Fig. 1. The water sample to be treated was 
added to each of the three triangular washing bottles. PMS 
was added to the samples in wash bottles a and c, following 

Table 1  Comparison of treatment effect of different wastewater by 
 O3-PMS process

Wastewater Source CODCr/TOC 
removal rate

References

landfill leachate 72% Amr et al. (2013)
Ciproxacin 70% Li et al. (2022)
Ibuprofen (IBP) 60% Chen et al. (2024)
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which they were mixed thoroughly. Next, the ozone reactor 
fed ozone to the two triangular wash bottles b and c. The 
gaseous ozone is reduced to  O2 upon entering the flasks by 
potassium iodide solution (see equation below).

Source of water samples

The experimental water samples were obtained from the 
catalyst workshop of Yueyang petrochemical plant in Hunan 
Province, China. This petrochemical plant primarily pro-
duces catalysts used in chemical processing and the produc-
tion of petrochemicals. Consequently, the plant consumes a 
lot of water, generating substantial amounts of petrochemical 
wastewater. Petrochemical wastewater treatment process is 
shown in Fig. 2.

Some indexes of water quality are shown in Table 2. The 
initial CODCr (chemical oxygen demand) of the experi-
mental wastewater water samples was 75,000 ± 500 mg/L; 
the TOC (initial organic carbon) was 30,000 ± 300 mg/L, 
whereas the total nitrogen content (ammonia nitrogen, nitrite 
nitrogen) was 300 mg/L or less. The chemical composition 
was highly complex. Since the chemical components could 

O3 + 2KI + H2O = O2 + I2 + 2KOH

not be entirely determined, CODCr was analyzed to deter-
mine the efficacy of the treatment. When the water samples 
were brought to the laboratory, the oil and large particles in 
the water were removed by vacuum filtration The filtered 
water samples were used for subsequent experiments.

Test method for removal of soluble organic matter

Petrochemical wastewater (200 mL) at room temperature 
(20 ~ 25 °C) was taken for soluble organic matter degrada-
tion experiments.  CODCr was used as the index of soluble 
organic matter removal rate. The wastewater water samples 

Fig. 1  Experimental schematic 
diagram showing the experi-
mental setup

Fig. 2  Petrochemical wastewater treatment process

Table 2  Initial water sample index

Sample index Numerical value

pH 11 ± 0.1
EC (μs/cm) 1215 ± 10
CODcr (mg/L) 75,000 ± 500
TOC (mg/L) 30,000.00 ± 300
NH3-N (mg/L) 30.45 ± 0.50
TN (mg/L) 289.00 ± 2.00
NO2-N (mg/L) 39.00 ± 2.00
NO2 (mg/L) 10.00 ± 1.00



29403Environmental Science and Pollution Research (2024) 31:29400–29414 

were filtered and added into a conical flask for ozone treat-
ment in an ozone generator (CF-YG60, Shanmei Shumei, 
China). A gas flow meter monitored the reactor effluent’s 
ozone concentration. Catalytic degradation of soluble 
organic matter was initiated when ozone and PMS were 
added to the conical flask. A magnetic stirrer mixed the solu-
tion at a constant stirring speed (180 r/min). Samples were 
removed at specified times and set aside for 6 h to maintain 
stability under ambient conditions. After the samples were 
dissolved through a dissolution apparatus, a UV spectro-
photometer (UV-3600Plus, Shimadzu, Japan) was used to 
measure its  CODCr. The total organic carbon/total nitrogen 
analyzer (MULTIN/C2100, Jena, Germany) measured the 
TOC in the water samples. Parallel testing was conducted 
on multiple samples, and each degradation experiment was 
repeated three times to ensure reliability, with the average 
value being calculated.

Method for determination of ozone concentration

The ozone concentration was determined through iodimetry, 
wherein ozone, exhibiting strong oxidation properties, reacts 
with an aqueous solution of potassium iodide to produce 
iodine. Subsequently, the generated iodine is titrated with 
a standard solution of sodium thiosulfate to sodium iodide, 
with the endpoint being the complete fading of the solution 
(Kasprzyk-Hordern et al. 2003). The reaction formula is as 
follows:

KI solution (20%, 20 mL) and deionized water (350 mL) 
were poured into a 500-mL iodine measuring bottle. After 
stable operation of the ozone generator, the gas flow is con-
trolled at 0.4 L/min, and the gas is passed into a 500-mL 
iodine bottle containing 20% potassium iodide solution for 
5 min. Then, 5-mL (1 + 5) sulfuric acid solution (pH 2) was 
added, and the bottle was plugged. After thorough mixing, 
it was left to stand for 5 min away from light. It was then 
titrated with 0.01 mol/L sodium thiosulfate standard solu-
tion until the solution was light yellow. Then, a few drops 
(about 1 mL) of 1% starch indicator were added and the titra-
tion was continued until the blue color just disappeared. The 
volume of sodium thiosulfate standard solution consumed 
was recorded. The ozone concentration can be calculated 
as follows:

Formula:

O3 + 2KI + H2O → O2 + I2(coloured) + 2KOH

I2 + 2Na2S2O3 → 2NaI(colourless) + Na2S4O6

CO3
(mg∕L) =

2400 ⋅ CNa ⋅ VNa

VO3

CO3  ozone concentration, mg/L;

VNa  sodium thiosulfate solution volume used, mL;

CNa  sodium thiosulfate solution concentration, mol/L;

VO3  amount of incoming ozone gas, mL.

Methods of analysis of organic substances

The changes in major organic pollutants in water were char-
acterized using a fluorescence spectrophotometer (F-7100, 
Hitachi, Japan). The changes in total organic carbon (TOC) 
in water were measured using a total organic carbon/total 
nitrogen (TOC/TN) analyzer. The non-polar and weakly 
polar DOM were detected using a 7890-B gas chromatograph 
5977 B mass spectrometer (Agilent, Santa Clara, USA) 
equipped with an HP-5 column (30 m × 250 μm × 0.25 μm, 
Agilent, Santa Clara, USA). DOM was detected by liq-
uid–liquid extraction (LLE) method using dichlorometh-
ane (DCM, HPLC grade) (Ge et al. 2022). The extract was 
dehydrated by anhydrous sodium sulfate. The temperature 
of the GC oven was set to 60 °C for 1 min, then increased to 
290 °C at a rate of 8 °C/min, and held for 5 min. The tem-
perature was rapidly increased to 320 °C at a rate of 2 °C/
min and held for 7 min. The operational parameters of the 
mass spectrometer aligned with the methodology employed 
by Ye et al. (2021). Quenching experiments were carried out 
to confirm the role of free radicals and identify the optimal 
conditions for the determination of CODcr in the coupled 
 O3-PMS catalytic oxidation system.

Results and discussion

Investigation of the effect of  O3‑PMS coupled 
catalytic oxidation on organic matter removal

TOC and  CODCr removal effect analysis

The wastewater was oxidized by ozone (ozone concentra-
tion was 25 mg/L), persulfate oxidation (persulfate dosage 
was 0.01 mol/L), and  O3-PMS oxidation (ozone concentra-
tion was 25 mg/L, and persulfate dosage was 0.01 mol/L), 
respectively. The plot of  CODCr removal rate in wastewater 
versus time (Fig. 3b) revealed that the  O3-PMS had the best 
removal effect. The TOC removal plot also demonstrated 
the same result.

From the experimental results, it can be seen that  O3-PMS 
oxidation can attain 60% and 40% removal of TOC and 
 CODCr, respectively, indicating that they have a higher effi-
ciency of wastewater treatment than ozone oxidation and 
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persulfate oxidation methods. This increase in efficiency can 
be attributed to the synergistic effect of •OH and  SO4

−• in 
solution.

Comparative analysis of three‑dimensional fluorescence

Three-dimensional fluorescence data was collected by fluo-
rescence photometry on the initially connected water sam-
ples, water samples oxidized by ozone (ozone concentration 
was 25 mg/L), water samples oxidized by peroxodisulfate 
(peroxodisulfate dosage was 0.01 mol/L), and water samples 
oxidized by  O3-PMS (ozone concentration was 25 mg/L; 
peroxodisulfate dosage was 0.01 mol/L).

Three fluorescent components (C1–C3) were identi-
fied from the three-dimensional fluorescence spectra. C1, 
with Ex (excitation wavelength)/Em (emission wavelength) 
maxima at 230/330 nm, indicated the presence of aromatic 
hydrocarbons with bicyclic and tricyclic rings (Maqbool 
et al. 2020); C2, with Ex/Em maxima at 245/350 nm, cor-
responded to biodegradable compounds and bio-derivatives 
with complex structures (i.e., three and four aromatic rings) 
(Li et al. 2008; Yu et al. 2020; Zito et al. 2020); and C3, with 
Ex/Em maxima at 210/325 nm, showed two peaks represent-
ing phenolic compounds and/or naphthenic acids with one 
ring (Ge et al.2022; Remolina et al.2022).

The three-dimensional fluorescence diagram reveals that 
the original water sample (b) has a high C1, C2, and C3 
content. The original water sample contains several compo-
nents, such as aromatic hydrocarbons, biodegradable com-
pounds, cyclic compounds, and other soluble organic com-
positions. The complex composition of the water renders the 
treatment difficult. When the water sample undergoes ozone 
treatment alone, as depicted in Fig. 4b, a significant reduc-
tion in impurities, including aromatic hydrocarbons, biode-
gradable compounds, cyclic compounds, and other soluble 
organic components, is observed compared to the original 
water samples. However, despite the evident removal effect 
with ozone treatment, a small portion of other organic com-
ponents is generated, possibly resulting from the degradation 

of large organic molecules into smaller ones under ozone 
oxidation. Persulfate oxidation occurred when only persul-
fate was added to the water samples (see Fig. 4c). Compared 
with the original water samples, part of the soluble organic 
matter in the water samples was also removed. However, the 
removal effect was still not obvious as other organic compo-
nents were also produced. Given that peroxodisulfate oxida-
tion involves large organic molecules, the organic matter is 
degraded into smaller molecules. When the water samples 
were treated with ozone and persulfate (Fig. 4d), most of the 
soluble organic matter in the water samples was removed 
compared with the original water samples. In comparison to 
ozone oxidation and peroxodisulfate oxidation, the  O3-PMS 
oxidation system demonstrates more significant removal of 
soluble organic matter. It generates fewer additional small 
organic molecules, indicating a synergistic effect between 
the  O3-PMS oxidation system, ozone, and peroxodisulfate. 
Persulfate exhibits a mutually synergistic effect, consistent 
with the study of Amr et al. (2013).

Transition metal ion selection

The organic matter degrading efficiency of the  O3-PMS 
system was further improved by adding transition metal 
ions. The metal ions catalyzed the system by activating the 
persulfate.

When the ozone concentration was 25 mg/L and persul-
fate dosing was 0.01 mol/L, transition metal ion compounds 
were added. The dosage of transition metal ion compounds 
 (FeSO4,  CuSO4,  MnSO4, and  ZnSO4) was 0.05 mol/L. The 
metal compounds were added to the coupled system to 
reduce the cost of the process.

As obvious from the experimental results, the catalytic 
efficiency of  Fe2+ and  Cu2+ compounds were the best. In the 
homogeneous system, the catalytic ability of mixed metal 
ions was greater than that of a single metal. The best tran-
sition metal ion combination for the two-two mixing was 
determined by the following experiment: the ozone concen-
tration was maintained at 25 mg/L, the persulfate dosage 

Fig. 3  Comparison of a TOC 
and b  CODCr removal efficiency 
by three oxidation methods
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was 0.01 mol/L, and the dosage of multiple transition metals 
was 0.05 mol/L. Figure 5 b shows the experimental results. 
 Fe2+ and  Cu2+ metal ion compounds were selected for the 
best catalytic effect. Due to the addition of persulfate, the 
solution is acidic. However, it was not necessary to control 
the pH as a previous study (De Oliveira et al.2017) pointed 
out that the metal ion dissolution was higher at lower pH. 
Additionally, the TOC removal rate showed a positive cor-
relation with the presence of metal ions, indicating a greater 
transformation from a non-homogeneous to a homogene-
ous reaction system, thereby enhancing pollutant removal. 
Moreover, the coupled system outperformed ozone alone, 
overcoming the limitation of ozone catalytic oxidation’s 
weak oxidation ability at low pH. Consequently, the impact 
of pH on the  O3-PMS coupled catalytic oxidation system 
was not investigated.

Study of the O3‑PMS coupled catalytic oxidation 
system

O3‑PMS coupled catalytic oxidation of free radicals

O3-PMS coupled catalytic oxidation systems, usually 
involving ·OH and  SO4

−•, were subjected to free radical 

quenching experiments to elucidate the role of free radi-
cals. TBA (thiobarbituric acid) is usually used as a ·OH 
quenching agent only, and EtOH (ethanol) can quench ·OH 
and  SO4

−• (Kong et al.2019; Yu et al.2019). The addi-
tion of TBA to the  O3-PMS coupled catalytic oxidation 
system resulted in a decrease in the degradation efficiency 
of organic matter. Similarly, the inclusion of EtOH also 
lowered the degradation efficiency, affirming the signifi-
cant roles of ·OH and  SO4

−• in the reaction system. The 
potential effect of superoxide radicals (•O2

−) must also 
be considered in the  O3-PMS coupled catalytic oxidation 
system. Experiments with Nitrotetrazolium Blue Chloride 
NBT showed that there was no change in absorbance at 
530 nm, indicating that NBT did not react with superox-
ide radicals (•O2

−) during the reaction (Bielski et al.1980; 
Zheng et al.2022). The results suggest that •O2

− radicals 
may not be present in the  O3-PMS coupled catalytic oxi-
dation system. Benzoquinone (BQ) was added as a selec-
tive quenching agent for •O2

− (Fan et  al.2019; Zhang 
et al.2018; Zheng et al.2022). However, it showed only 
minimal inhibition of the degradation of soluble organic 
matter when its concentration was increased to 20 mM. 
The above findings exclude the effect of •O2

− in the cou-
pled  O3-PMS catalytic oxidation system.

Fig. 4  Three-dimensional fluo-
rescence comparison of a initial 
water sample; b ozone oxida-
tion; c persulfate oxidation; 
d  O3-PMS coupled catalytic 
oxidation experiment
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In the  O3-PMS coupled catalytic oxidation system, the 
•OH and  SO4

−• act synergistically, as seen in Fig. 6. •OH 
activates PMS, which induces PMS to produce  SO4

−• in 
solution. Furthermore, when ozone is dissolved in an aque-
ous PMS solution, more •OH is produced (Eq. 3).

(1)∙OH + H+ + e− → H2O

(2)SO−
4
∙ +H+ + e− → HSO−

4
∙

Investigation of the effect of transition metal ions 
in  O3‑PMS coupled catalytic oxidation systems

Removing soluble organic matter by the  O3-PMS coupled 
catalytic oxidation system was not obvious without the addi-
tion of any metal ions. However, the addition of four differ-
ent ions had varying impacts on the removal efficiency of 
the  O3-PMS coupled catalytic oxidation system for soluble 

(3)SO−
4
∙ +OH−

→ SO2−
4

+ ∙OH

Fig. 5  Role of transition metal ions on the coupled  O3-PMS coupled catalytic oxidation system: a effect of single transition metal ion on 
 O3-PMS system; b effect of multiple transition metal ions on  O3-PMS system
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organic matter. When the four ions were mixed two at a time, 
the combination of  Fe2+ and  Cu2+ exhibited the most effec-
tive synergistic effect.

During the metal ion catalysis process, most of 
 HSO5

− can react with metal ions to produce a large amount 
of  SO4

−•:

High concentrations of metal ions generate large amounts 
of oxidants and free radicals in PMS to facilitate the deg-
radation of soluble organic matter. However, the degrada-
tion efficiency of soluble organic matter exhibited a gradual 
increase with higher metal ion concentrations, primarily 
limited by the concentration of PMS (Zhao et al. 2017).

Study of optimal reaction conditions for  O3‑PMS 
coupled catalytic oxidation

Orthogonal experimental design

A certain amount (0.05–0.15 mol/L) of transition metal 
ion  (Fe2+ and  Cu2+) mixture was added to the  O3-PMS 
coupled system. Orthogonal experiments were conducted 
as shown in Table 3, and the data were analyzed for four 
factors: ozone concentration (5 ~ 25 mg/L), persulfate dos-
age (0.01 ~ 0.05 mol/L), transition metal ion dosage ratio 

(4)Mn+ + HSO−
5
→ Mn+1 + OH− + SO−

4
∙

(5)Mn+1 + HSO−
5
→ Mn+ + SO−

5
+ OH+

(0:0, 0:1, 1:0, 2:1, 1:2), and reaction time (0 ~ 2 h), with 
five levels set (Fig. 7). This orthogonal analysis method was 
implemented following a previous study (Shang et al.2022). 
The range analysis of the  O3-PMS coupled catalytic oxida-
tion system via orthogonal experiments has been shown in 
Table 4.

Calculation of polar deviation:

wherein 

Ki  the sum of the results of the five trials corresponding 
to the ith level of the factor in the column; i is the 
number of levels under each factor.

ki  mean value of Ki;

n  number of levels under each factor;

Kmax  maximum value of the column ki;

K
i
=

n
∑

i=1

x
i

k
i
=

K
i

n

R = K
max

− K
min

Fig. 6  Interaction between •OH 
and  SO4

−•
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Kmin  The minimum value of the column ki.

The polar analysis results show that the order of factors 
is as follows: reaction time > peroxysulfate dosage > ozone 
concentration > transition metal ion dosage ratio.

Based on the extreme difference analysis, the effect 
curve is depicted in Fig. 8. The orthogonal experimen-
tal effect plot indicates that the oxidation efficiency was 
poorest at an ozone concentration of 15 mg/L, result-
ing in the lowest average  CODCr removal efficiency. The 

Table 3  Orthogonal experiment 
on reaction conditions of 
 O3-PMS coupled catalytic 
oxidation system

Serial number Ozone concen-
tration (mg/L)

Dosage of 
persulfate(mol/L)

Transition metal 
ion dosing ratio

Response 
time (h)

CODCr 
removal 
rate (%)

1 5 0.01 0: 1 0.0 0
2 5 0.02 1: 0 0.5 48.41
3 5 0.03 1: 1 1.0 51.91
4 5 0.04 1: 2 1.5 13.47
5 5 0.05 2: 1 2.0 32.78
6 10 0.02 1: 1 1.5 37.64
7 10 0.03 1: 2 2.0 52.71
8 10 0.04 2: 1 0.0 17.96
9 10 0.05 0: 1 0.5 29.06
10 10 0.01 1: 0 1.0 36.91
11 15 0.03 2: 1 0.5 19.65
12 15 0.04 0: 1 1.0 17.43
13 15 0.05 1: 0 1.5 24.62
14 15 0.01 1: 1 2.0 35.14
15 15 0.02 1: 2 0.0 5.96
16 20 0.04 1: 0 2.0 16.75
17 20 0.05 1: 1 0.0 30.63
18 20 0.01 1: 2 0.5 28.03
19 20 0.02 2: 1 1.0 36.26
20 20 0.03 0: 1 1.5 11.5
21 25 0.05 1: 2 1.0 18.7
22 25 0.01 2: 1 1.5 66.86
23 25 0.02 0: 1 2.0 51.62
24 25 0.03 1: 0 0.0 12.16
25 25 0.04 1: 1 0.5 8.85

Fig. 7  Orthogonal experimental effects of the  O3-PMS coupled catalytic oxidation system
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best reaction was achieved when the ozone concentra-
tion was 10 mg/L. Normally, the degradation rate of tar-
get pollutants by ozone in wastewater is influenced by 
the mass transfer of ozone. This, in turn, is connected to 
the decomposition kinetics of ozone in water, as well as 
the quantity and size of ozone bubbles generated (Chu 
et al.2007; Mitani et al.2005). At an ozone concentration 
of 10 to 15 mg/L, the  CODCr removal efficiency decreased 
because as the ozone concentration increased, the volume 

of bubbles in the reactor increased, affecting the mass 
transfer efficiency of ozone. On the contrary, at lower con-
centrations, the rapid generation of small bubbles during 
rupture expedited the indirect oxidation process of ozone, 
leading to the production of numerous hydroxyl radicals. 
This acceleration contributed to the degradation of organic 
pollutants and resulted in the degradation of organic pol-
lutants from large molecular pollutants to small molecu-
lar pollutants or even complete degradation to  CO2 and 

Table 4  Range analysis table 
of O3-PMS coupled catalytic 
oxidation system via orthogonal 
experiments

Extremum Element

Ozone discharge 
(L/min)

Dosage of persulfate 
(mol/L)

Transition metal ion 
dosing ratio

Response time (h)

K1 146.57 166.94 109.61 64.11
K2 174.28 179.89 138.85 134
K3 102.8 147.93 164.17 161.21
K4 123.17 74.46 118.87 154.09
K5 158.19 135.79 173.51 189
k1 29.314 33.388 21.922 12.822
k2 34.856 35.978 27.77 26.8
k3 20.56 29.586 32.834 32.242
k4 24.634 14.892 23.774 30.818
k5 31.638 27.158 34.702 37.8
Range 14.296 21.086 12.78 24.978

Fig. 8  Reaction kinetics analysis: a  CODCr removal; b TOC removal; c  CODCr/TOC removal rate; d zero-order reaction kinetics; e first-order 
reaction kinetics; f second-order reaction kinetics
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 H2O (Chu et al.2007; Hernández et al. 2022; Alimoradi 
and Stohr 2020). When the ozone concentration was 15 
to 25 mg/L, the  CODCr removal rate continued to increase 
with the ozone concentration due to the synergistic effect 
of ozone and persulfate in this coupled system.

The least effective  CODCr removal was observed at a per-
sulfate dosage of 0.04 mol/L, while the most efficient  CODCr 
removal occurred at a persulfate dosage of 0.02 mol/L. This 
disparity in removal efficiency can be mainly attributed to 
the constraint resulting from persulfate concentration. The 
highest and lowest average  CODCr removal efficiencies were 
attained at transition metal ion dosing ratios of 1:2 and 0:1, 
respectively. The oxidation efficiency was optimum when 
the reaction time was 2.0 h (Table 5). Thus, the  CODCr 
removal efficiency positively correlated with the reaction 
time. These orthogonal experimental results showed that the 
optimal removal conditions of  CODcr were as follows: ozone 
concentration of 10 mg/L, persulfate dosage of 0.02 mol/L, 
 Fe2+:  Cu2+ ion dosage ratio of 1:2, and a reaction time of 
2 h.

The water quality indices of the  O3-PMS coupled cata-
lytic oxidation system treated under optimal removal condi-
tions of  CODCr are shown in Table 6. Post  O3-PMS treat-
ment under the optimal reaction conditions, the  CODCr and 
TOC removal rates reached 70% and 79.3%, respectively. 
Furthermore, the TN and  NH3-N levels could be reduced 
to less than 30 mg/L. These rates were achieved under the 
optimal reaction conditions of  O3-PMS, resulting in a TOC 
removal rate of 79.3%.

Kinetic analysis of  O3‑PMS coupled catalytic 
oxidation reaction

The experimental results are modeled using the COD 
removal rate as the index and fit into kinetic equations 
(Ahmadi et al.2016). Typically, the simulated degradation 
process is described by zero-order, first-order, and second-
order kinetic equations. In the process of O3-PMS coupled 
catalytic oxidation treatment of petrochemical wastewater, 
samples were taken at 0, 15, 30, 45, 60, 75, 90, 105, and 
120 min. Zero-order, first-order, and second-order reaction 
kinetics equations were adopted, with C0-Ct, ln (C0/Ct), 
1/Ct-1/C0 as the ordinate and time t as the abscissa, respec-
tively. Reaction kinetics fitting was performed. The linear 
expression equations are as follows:

wherein

C0  CODCr concentration at the initiation of ozone-persul-
fate coupled catalytic oxidation reaction, mg/L.

Ct  COD concentration at time t in ozone-persulfate cou-
pling catalytic oxidation reaction, mg/L.

K0  zero-order rate constant of  O3-PMS coupled catalytic 
oxidation reaction.

K1  first-order kinetic rate constant of  O3-PMS coupled 
catalytic oxidation reaction;

K2  second-order rate constant  O3-PMS coupled catalytic 
oxidation reaction;

According to the fitting results (Fig. 8; Table 5), the 
linear correlation coefficients (R2) obtained by linear fit-
ting of zero-order, first-order, and second-order kinetics 
are 0.97434, 0.93783, and 0.93108, respectively. It can be 
seen that the  CODCr removal efficiency of  O3-PMS cou-
pled catalytic oxidation process basically conforms to the 
zero-order kinetic law.

C0 − C
t
= k0t

ln

(

C0

C
t

)

= k1t

1

C
t

= k2t +
1

C0

Table 5  Correlation analysis of fitted curves for O3-PMS coupled 
catalytic oxidation process

Reaction order Fitted equation Intercept Slope Linearly 
dependent 
coefficient (R2)

Zero-order y = a + b * x  − 2879.5 459.12 0.97434
First-order y = a + b * x  − 13.72 1.02 0.93783
Second-order y = a + b * x  − 4.84 2.49 0.93108

Table 6  Water quality indices of  O3-PMS coupled catalytic oxidation 
system treated under optimal reaction conditions

Sample index Numerical value

pH 5.0 ± 0.1
EC (μs/cm) 450 ± 10
CODCr (mg/L) 22,000 ± 100
TOC (mg/L) 6200.00 ± 20
NH3-N (mg/L) 18.32 ± 0.50
TN (mg/L) 29.30 ± 0.50
NO2-N (mg/L) 5.00 ± 0.10
NO2 (mg/L) 1.00 ± 1.00
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Gas chromatography‑mass spectrometry (GC–MS) 
analysis

The petroleum hydrocarbons in wastewater were analyzed 
by gas chromatography-mass spectrometry (GC–MS). 
The GC–MS analysis indicated the presence of hydrocar-
bon and aromatic compounds in the water, as detailed in 
Tables 7 and 8. The application of the  O3-PMS coupled 
catalytic oxidation method led to the removal or degrada-
tion of these identified compounds, providing additional 
confirmation of the effectiveness of the  O3-PMS coupled 
catalytic oxidation process.

The GC–MS analysis of organic matter in water sam-
ples before and after the reaction, combined with three-
dimensional fluorescence data (Fig. 4) was used to inves-
tigate the degradation mechanism of organic matter. The 
study inferred potential intermediate products and ana-
lyzed types of organic matter resistant to the  O3-PMS 
coupled catalytic oxidation process. This analysis serves 
as a foundational step for further research. As shown in 
Figs. 9 and 10, the  O3-PMS coupled catalytic oxidation 
can effectively degrade organic compounds such as tryp-
tophan  (C12H15N2O2) and tyrosine  (C9H11NO3), as well as 
some aromatic compounds and hydrocarbons. It is how-
ever not successful in degrading organic compounds such 
as  C8H16O2,  C7H12O2, and  C8H16O2, necessitating further 
treatment.

Table 7  Organic content in before processing wastewater water sam-
ples

Compound label Retention time Molecu-
lar 
formula

3-Heptanone C7H14O 12.04
Cyclotetrasiloxane, octamethy C8H24O4Si4 5.03
Hexanoic acid,2-ethyl C8H16O2 7.67
3,6-Heptanedione C7H12O2 17.44
Pentanoic acid, 5-hydroxy-,2,4-di-t-

butylphenyl esters
C19H30O3 14.11

Acetic acid,chloro-,octadecyl ester C20H39ClO2 20.74
Phtjalic acid,di(2-propylpentyl)ester C24H38O4 26.55

Table 8  Organic content in after processing wastewater water sam-
ples

Compound label Retention time Molecu-
lar 
formula

2-Butanone C4H8O 2.62
3,5-Octanedione,2,2,4,7-tetra-

methyl-
C12H22O2 3.65

3-Heptanone C7H14O 12.04
3,6-Heptanedione C7H12O2 17.44
Hexanoic acid,2-ethyl- C8H16O2 7.67

Fig. 9  Initial water sample 
GC–MS processing diagram: 
a initial water sample GC–MS 
mass spectrometry; b GC–MS 
mass spectrum of water treated 
by  O3-PMS coupled oxidation 
catalysis
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Cost evaluation of wastewater treatment

The  CODCr removal efficiency was used to calculate the cost 
of wastewater treatment which was compared with those 
reported in previous studies (Wang et al. 2020; Cako et al. 
2020). The  O3-PMS coupled catalytic oxidation system 
required specific energy inputs, including an ozone reactor, 
and persulfate and transition metal ions. The ozone reactors 
consumed 6 kW of electricity per hour, the PMS was priced 
at $0.036 per gram, and the added metal cost was $0.010 per 
gram. The wastewater treatment cost details are presented 
in Table 9.

The findings from this study suggest that  O3-PMS cou-
pled catalytic oxidation is a cost-effective technology for 

the treatment of petrochemical wastewater. Typically, it is 
applied upstream of the bioreactor to facilitate the break-
down of macromolecules into smaller ones, promoting 
absorption by microorganisms.

Fig. 10  Degradation pathway of soluble organic matter

Table 9  Cost assessment

Process CODCr pro-
cessing time 
(h)

Electricity 
cost/m3 (US 
$)

Chemical 
cost/m3 (US 
$)

Total cost/
m3 (US $)

O3 5.0 0.35 0.00 0.35
PMS 2.0 0.00 0.098 0.098
O3-PMS 2.0 0.22 0.102 0.322
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Conclusions

In this study,  O3-PMS exhibited significant advantages in the 
deep treatment of petrochemical wastewater. The optimal 
parameters, degradation mechanism, and economic evalua-
tion of the catalytic process were investigated in this study. 
The best  CODCr removal was achieved at an ozone con-
centration of 20 mg/L, a persulfate dosage of 0.02 mol/L, a 
 Fe2+:  Cu2+ dosage ratio of 1:2, and a reaction time of 2 h. 
The results of quenching experiments demonstrated that 
hydroxyl radicals and persulfate radicals had a critical role 
in the mixed system. In the presence of reactive species, 
complex molecules in challenging-to-degrade pollutants 
underwent fragmentation into smaller molecules, leading 
to their removal.  O3-PMS coupled catalytic oxidation can 
effectively degrade aromatic and hydrocarbon compounds. 
Using the coupled  O3-PMS catalytic oxidation system, 
the total cost of treating 1  m3 of wastewater to achieve 
 CODCr ≤ 20,000 mg/L  (CODCr treatment rate of 70%) was 
calculated to be US$0.322.

Overall, the  O3-PMS coupled catalytic oxidation process 
is a cost-effective technology for advanced industrial waste-
water treatment. In future research, the connection of multiple 
 O3-PMS coupled catalytic oxidation reaction systems in series 
or parallel configurations could enhance treatment capacity 
and efficiency. Integrating additional  O3-PMS coupled cata-
lytic oxidation systems is anticipated to further enhance the 
 CODCr removal rate, ultimately meeting recommended waste-
water discharge standards.
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