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Abstract: This study investigated key factors in the petrochemical industry and evaluated
the oxidation performance of ozonation catalytic oxidation for treating phenol-simulated
wastewater and actual wastewater spiked with phenol. In simulated phenol wastewater,
optimal conditions (ozone dosage of 8 mg/L/min, pH 11, total dissolved solids (TDSs) of
1000 mg/L, and initial phenol concentration of 50 mg/L) yielded a maximum chemical oxygen
demand (COD) removal rate of 90.60%. For actual wastewater spiked with phenol under the
same conditions, maximum removal rates of phenol, COD, and total organic carbon (TOC)
were 65.45%, 63.57%, and 79.65%, respectively. The degradation mechanisms and changes
in organic matter during ozonation were analyzed using three-dimensional fluorescence
spectroscopy, ultraviolet spectroscopy, and gas chromatography–mass spectrometry (GC-
MS). The findings demonstrate that ozonation oxidation is an effective wastewater treatment
method, significantly reducing pollutant concentrations and enhancing water quality.

Keywords: ozone oxidation; phenol; petrochemical wastewater; oxidation mechanism;
three-dimensional fluorescence spectroscopy

1. Introduction
The petrochemical industry serves as a vital cornerstone of modern manufacturing,

with its products extensively utilized across various sectors including energy, plastics,
and chemical raw materials [1,2]. However, the wastewater generated during petrochem-
ical production is characterized by its complex composition, often containing numerous
hazardous pollutants [3]. These contaminants typically originate from the chemical raw
materials employed in production processes, exhibiting high toxicity and resistance to
degradation [4,5]. Due to their stability in the environment, these substances present a long-
term risk to both ecosystems and human health. For example, such chemical pollutants can
infiltrate the ecological chain through the water cycle, potentially leading to detrimental
effects on the human central nervous system and impairing liver and kidney functions [6,7].
Among these pollutants, phenol is one of the most prevalent in petrochemical wastewater
and serves as a typical representative that has been extensively studied.

The presence of phenol in petrochemical wastewater not only poses a direct threat to
the stability of aquatic ecosystems but also jeopardizes the safety of surrounding water
resources [5]. Elevated concentrations of phenol inhibit the activity of microorganisms in
wastewater, subsequently diminishing the efficacy of conventional biological treatment
methods [8]. Furthermore, due to phenol’s high chemical oxygen demand (COD), it can
induce severe hypoxic conditions in water bodies, further disrupting the ecological balance
of aquatic environments [9]. Consequently, the efficient treatment of phenolic and other
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specific pollutants in petrochemical wastewater has emerged as a critical area of research
within the field of water treatment.

At present, the removal of characteristic contaminants primarily utilizes a range of
technologies, including physical adsorption methods, biological decomposition methods,
and advanced oxidation processes [10–14]. Among these, the physical adsorption method,
particularly activated carbon adsorption, is notable for its high efficiency and ease of oper-
ation. However, its effectiveness can be limited by the saturation levels of the adsorbent,
and there are challenges associated with the regeneration of the adsorption materials [15].
The biological degradation method relies on microbial metabolism to convert phenolic
compounds into carbon dioxide and water. While this method is cost-effective and envi-
ronmentally friendly, the high toxicity and variable concentrations of phenol can inhibit
microbial activity, adversely impacting treatment efficiency [9]. In contrast, advanced
oxidation technology has attracted increasing interest in recent years due to its potent
oxidative capabilities and broad applicability.

Advanced oxidation processes (AOPs) serve as a method for wastewater treatment,
focusing on the generation of highly reactive oxidants that can effectively decompose
persistent organic pollutants in wastewater [16]. Ozone oxidation technology, a subset
of advanced oxidation, has gained significant traction in wastewater treatment due to its
rapid effectiveness and absence of secondary pollution [17,18]. A key characteristic of
ozone oxidation technology is the production of strong oxidizing free radicals through
the decomposition of ozone, which can efficiently degrade organic pollutants in wastewa-
ter [13,19]. The reaction mechanism involves two primary pathways: one in which ozone
molecules directly oxidize pollutants, and another in which the free radicals generated
from ozone decomposition react with the pollutants, transforming them into harmless
byproducts such as carbon dioxide and water [20,21]. Recent advancements in AOPs
have focused on enhancing radical generation efficiency and optimizing process param-
eters for industrial applications. For instance, Eghbali et al. demonstrated that coupling
ozone with heterogeneous catalysts significantly improved hydroxyl radical (•OH) yield,
achieving near-complete mineralization of phenolic compounds in synthetic wastewa-
ter [22]. Similarly, Hassani and colleagues highlighted the role of pH-responsive catalysts
in tailoring ozone decomposition pathways, thereby enhancing selectivity toward target
pollutants [23]. These studies underscore the importance of catalyst design and reaction
condition optimization in advancing ozone-based AOPs.

Despite these advancements, challenges persist in applying ozone oxidation to real-
world petrochemical wastewater, which often contains complex matrices of salts, suspended
solids, and competing organic compounds. Previous studies have primarily focused on
synthetic wastewater under idealized conditions, leaving a gap in understanding the
interplay between ozone dosage, pH, total dissolved solids (TDSs), and initial pollutant
concentration in actual industrial effluents. Furthermore, mechanistic insights into the
degradation pathways of phenol and its intermediates under varying ionic strengths remain
underexplored.

Therefore, this paper systematically investigates the effect of ozone concentration
on the removal of phenol, utilizing ozone as an oxidant for phenolic pollution and other
pertinent characteristics in petrochemical wastewater. The experimental design examines
the influence of various reaction conditions on phenol degradation efficiency, including
the initial mass concentration of phenol and the impact of initial pH levels on phenol
degradation. Furthermore, based on the experimental data, this study analyzes the reaction
kinetics of ozone oxidation of phenol, providing theoretical support and reference for
optimizing the practical application of ozone oxidation technology in wastewater treatment.
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2. Materials and Methods
2.1. Materials

Phenol, sulfuric acid, and sodium hydroxide were all analytically pure and purchased
from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. Silver sulfate, mercury
sulfate, and potassium dichromate, also of analytical purity, were purchased from Nanjing
Chemical Reagent Co. Ltd, Nanjing, China. Simulated phenol wastewater was formulated
by dissolving analytically pure phenol in deionized water without the addition of any salts
or total dissolved solids (TDSs). The concentration of phenol in the simulated wastewater
was established at 50 mg/L, with a COD of 120 mg/L. In the case of actual wastewater, the
COD was measured at 68 mg/L and the total dissolved solids (TDSs) at 2156 mg/L, with a
phenol concentration of 25 mg/L in the spiked wastewater.

2.2. Ozone Oxidation Experiment

At room temperature, 5 L of phenol simulated wastewater (initial pH 8) or actual
wastewater (initial pH 8) was injected into the reaction column; ozone was generated
by an ozone generator (model: CF-G-3-10g, size: 380 × 840 × 460 mm, Qingdao Guolin,
Qingdao, China), and the set flow rate of ozone was passed into the reaction column
for aeration. The ozone concentration was checked periodically during the experiment
to ensure that it remained stable. The ozone oxidation experimental setup is shown in
Figure S1. The reaction conditions—including ozone dosage (ozone concentration of
20 mg/L, aeration volume of 1.5 L/min), pH, and oxidation time—were controlled, and
samples were withdrawn every 10 min to measure COD, total organic carbon (TOC), and
phenol concentrations. In the experiment, the solution was adjusted to the target pH by
adding sodium hydroxide solution or sulfuric acid solution. The phenol concentration
was determined spectrophotometrically using 4-aminoantipyrine, with the corresponding
standard curves outlined in Figure S2.

3. Results and Discussion
3.1. Effect of Oxidation Time on COD Removal Rate

As illustrated in Figure 1a, the COD removal rate stabilizes around 60 min of reaction
time, achieving a rate of 83.22%. Consequently, a total reaction time of 60 min was selected
for subsequent simulation experiments. Similarly, as shown in Figure 1b, the COD removal
rate for actual wastewater (spiked with phenol) tended towards a plateau at around
60 min, reaching a rate of 57.45%. Thus, a total reaction time of 60 min was also defined for
the subsequent experiments involving actual wastewater.

Figure 1. Effect of ozone oxidation time on COD removal rate (ozone dosage: 6 mg/L/min; pH = 7;
reaction time: 120 min): (a) simulated wastewater; (b) actual wastewater (spiked with phenol).
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In this reaction mechanism, the trend in the COD removal rate illustrates the re-
lationship between the reaction rate and time. Initially, during the experiment, a high
concentration of reactants resulted in rapid oxidation, leading to a significant increase in
the COD removal rate. However, after 60 min, the COD removal rate began to plateau.
This decrease in efficiency can be attributed to the depletion of readily available reactants
and the persistence of remaining, difficult-to-biodegrade organic compounds.

3.2. Effect of Ozone Dosage on COD Removal Rate

As depicted in Figure 2a, the COD removal initially increased with the rising ozone
dosage, reaching an optimum of 96.58% at an ozone dosage of 8 mg/L/min after 60 min
of oxidation, before subsequently declining. Similarly, in Figure 2b, the TOC removal
demonstrated a comparable trend, increasing until it peaked at 95.37% under the same
ozone dosage and time conditions. Figure 2c shows that the initial rate of phenol removal
increased gradually with the ozone dosage, stabilizing after 20 min. The optimal phenol
removal rate reached 99.55% at an ozone dosage of 8 mg/L/min and an oxidation time
of 60 min. Further analysis in Figure 2d indicates that the COD removal incrementally
increased with ozone dosage, peaking at 56.53% when the ozone dosage was 8 mg/L/min
and the oxidation time was 60 min. Figure 2e reveals that the TOC removal rate increased
consistently with rising ozone dosage, achieving an optimum of 57.42% under the same
dosage and time conditions. Lastly, Figure 2f illustrates that the phenol removal rate also
increased steadily with ozone dosage, reaching an optimum of 76.85% at an ozone dosage
of 8 mg/L/min and an oxidation time of 60 min.

The removal of organic matter from wastewater increases with higher ozone dosage.
This is due to improved ventilation, which supplies sufficient ozone for the treatment
process. As the amount of ozone gas increases, so does the driving force for mass transfer
between the gas and liquid phases, resulting in enhanced mixing of ozone with wastewater.
This enhanced interaction increases the production efficiency of hydroxyl radicals (•OH),
allowing for more effective mineralization of organic pollutants [24]. However, various
experimental limitations can constrain the efficiency of ozone utilization in oxidation
processes. Excessive ozone ventilation does not lead to an unlimited increase in efficiency;
rather, it can decrease the residence time of ozone in the wastewater. This reduction in
residence time lessens the contact reactions between ozone molecules, active substances,
and organic matter [24,25].

Figure 2. Cont.
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Figure 2. Effect of ozone dosage on oxidation performance in different wastewater types (pH = 7;
reaction time: 60 min): (a) simulated wastewater COD removal rate, (b) simulated wastewater
TOC removal rate, (c) simulated wastewater phenol removal rate, (d) actual wastewater (spiked
with phenol) COD removal rate, (e) actual wastewater (spiked with phenol) TOC removal rate, and
(f) actual wastewater (spiked with phenol) phenol removal rate.

3.3. Effect of pH on COD Removal Rate

As shown in Figure 3a, COD removal increased progressively with increasing pH,
achieving an optimum removal rate of 96.58% at a pH of 11 after 60 min of oxidation.
Similarly, Figure 3b indicates that TOC removal also increased with rising pH, peaking at
90.33% at a pH of 11 with the same oxidation duration. Figure 3c shows that the removal
of phenol increased steadily with higher ozone dosage, stabilizing after 30 min. The best
phenol removal rate of 99.60% was observed at a pH of 9 and after 60 min of oxidation. In
Figure 3d, the COD removal rate demonstrated a consistent increase with pH, reaching a
maximum of 69.75% at a pH of 11 after 60 min. Likewise, Figure 3e illustrates that TOC
removal grew steadily with increasing pH, with an optimum removal rate of 63.57% at a
pH of 11 and an oxidation time of 60 min. Lastly, as depicted in Figure 3f, phenol removal
initially increased steadily with rising ozone dosage, achieving an optimum rate of 80.63%
at a pH of 11 and 60 min of oxidation.

Wastewater pH is a crucial factor in the removal of organic matter through catalytic
ozone oxidation, as it influences the state of organic compounds, the decomposition of
ozone, and the surface properties of the catalyst [26]. Experimental results indicate that the
efficiency of the catalytic oxidation reaction is enhanced under alkaline conditions. This
enhancement can be attributed to two main reasons: Firstly, an increased presence of •OH
in alkaline environments facilitates the reaction with ozone, leading to a greater production
of •OH and thereby improving the degradation effect. Secondly, alkaline conditions
may alter the structure of organic matter in wastewater, promoting its dissociation and
resulting in more effective and rapid oxidation [27]. When pH < pKa, phenol exists as
a neutral molecule (C6H5OH) with a low electron density of the benzene ring, and the
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direct oxidation reaction with ozone molecules (O3) is slow. When pH > pKa, phenol
deprotonates to phenol anion (C6H5O−); the benzene ring electron density increases, and
it is more susceptible to electrophilic attack by ozone and hydroxyl radical (•OH), thus
accelerating degradation. At pH 11, the phenol removal of the simulated wastewater was as
high as 99.60%, and the COD and TOC removal rates were 96.58% and 90.33%, respectively.
The phenol, COD, and TOC removal in the actual wastewater (pH 11) reached 80.63%,
69.75%, and 63.57%, respectively, which was significantly better than that in neutral or
acidic conditions. Under alkaline conditions, ozone decomposed rapidly to generate highly
reactive •OH (E◦ = 2.8 V), whose oxidizing capacity is much higher than that of molecular
ozone (E◦ = 2.07 V), thus significantly enhancing the mineralization efficiency.

Figure 3. Effect of pH on oxidation performance in different wastewater types (ozone dosage:
6 mg/L/min; reaction time: 60 min): (a) simulated wastewater COD removal rate, (b) simulated
wastewater TOC removal rate, (c) simulated wastewater phenol removal rate, (d) actual wastewater
(spiked with phenol) COD removal rate, (e) actual wastewater (spiked with phenol) TOC removal
rate, and (f) actual wastewater (spiked with phenol) phenol removal rate.
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3.4. Effect of TDSs on COD Removal Rate

As illustrated in Figure 4a, the COD removal rate declined with increasing TDS levels.
The optimal COD removal achieved was 88.91% with a TDS dosage of 1000 mg/L and an
oxidation duration of 60 min. Figure 4b shows a gradual decrease in the TOC removal rate
with rising TDS concentrations, with a maximum TOC removal of 87.51% also recorded at
a TDS dosage of 1000 mg/L and an oxidation time of 60 min. In Figure 4c, it is observed
that the phenol removal rate initially increases with higher ozone dosages but stabilizes
after 30 min. The best phenol removal rate of 98.50% was achieved with a TDS dosage of
1000 mg/L and an oxidation duration of 60 min.

Figure 4. Effect of TDSs on oxidation performance in different wastewater types (ozone dosage:
6 mg/L/min; pH = 7; reaction time: 60 min): (a) simulated wastewater COD removal rate,
(b) simulated wastewater TOC removal rate, (c) simulated wastewater phenol removal rate,
(d) actual wastewater (spiked with phenol) COD removal rate, (e) actual wastewater (spiked with
phenol) TOC removal rate, (f) actual wastewater (spiked with phenol) phenol removal rate.

In Figure 4d, a similar trend is noted, where COD removal decreases as TDS levels
increase, with an optimal COD removal of 62.30% at a TDS dosage of 1000 mg/L and an
oxidation time of 60 min. Figure 4e indicates that TOC removal initially increases with TDS
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concentration, achieving a peak removal rate of 63.57% under the same dosage and time
conditions. As demonstrated in Figure 4f, the phenol removal rate increases with the ozone
dosage until it stabilizes after 50 min, achieving a maximum removal rate of 79.36% at a
TDS dosage of 1000 mg/L and an oxidation time of 60 min.

The preceding analysis illustrates the impact of TDS content in the solution on ozone
oxidation efficiency. An increase in TDSs elevated the ionic strength of the solution, which
may hinder the mass transfer and diffusion of ozone molecules, leading to a decrease in
COD and TOC removal efficiencies. Conversely, at a TDS level of 1000 mg/L, the elec-
trolytes present in the system might facilitate free radical generation, thereby enhancing
ozone oxidation and resulting in improved COD and TOC removal efficiencies. Nonethe-
less, further increases in TDSs could diminish the effectiveness of free radicals due to the
“shielding effect”.

3.5. Effect of Initial Phenol Concentration on COD Removal Rate

As illustrated in Figure 5a, the COD removal rate gradually declined with increasing
initial phenol concentration. The optimal COD removal rate reached 90.60% when the
initial phenol concentration was 50 mg/L and the oxidation time was 60 min. Figure 5b
shows that TOC removal initially increased gradually with the rise in initial phenol concen-
tration, peaking at an optimum removal rate of 83.55% at an initial phenol concentration of
50 mg/L and a 60 min oxidation time. Figure 5c indicates that the phenol removal rate
initially increased with the initial phenol concentration but stabilized after 30 min. The
optimal phenol removal rate of 99.16% occurred at an initial phenol concentration of
50 mg/L and an oxidation time of 60 min.

Figure 5. Cont.
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Figure 5. Effect of initial phenol concentration on oxidation performance in different wastewater
types (ozone dosage: 6 mg/L/min; pH = 7; reaction time: 60 min): (a) simulated wastewater COD
removal rate, (b) simulated wastewater TOC removal rate, (c) simulated wastewater phenol removal
rate, (d) actual wastewater (spiked with phenol) COD removal rate, (e) actual wastewater (spiked
with phenol) TOC removal rate, (f) actual wastewater (spiked with phenol) phenol removal rate.

In Figure 5d, the COD removal rate demonstrated a gradual decrease with increasing
initial phenol concentration, achieving an optimal removal rate of 65.45% at an initial
phenol concentration of 50 mg/L and an oxidation time of 60 min. As shown in Figure 5e,
TOC removal also increased gradually with higher initial phenol concentrations, with
the peak removal rate reaching 63.57% under the same conditions of 50 mg/L phenol
concentration and 60 min of oxidation time. Finally, Figure 5f illustrates that the removal
rate of phenol experienced an initial increase with increasing concentration, followed by
stabilization after 30 min. The optimal phenol removal rate of 79.65% was observed at an
initial phenol concentration of 50 mg/L and an oxidation time of 60 min.

The removal of COD exhibited a gradual decrease as the initial concentration of phenol
increased. This phenomenon may be attributed to the initial reaction of ozone directly with
phenol, resulting in the rapid destruction of the benzene ring through the generation of
•OH. This process produces intermediate compounds such as quinones and carboxylic
acids. Furthermore, a higher concentration of phenol depletes the available ozone and
free radicals, leading to insufficient oxidants in the reaction system and consequently
limiting the COD removal efficiency [28]. Therefore, it can be concluded that a greater
initial concentration of phenol correlates with a slower mineralization rate.

3.6. Oxidation Mechanism

As illustrated in Figure S3a, regional characteristic peak I (Ex/Em: 300–400/300–400)
was identified in the raw water, suggesting that the primary soluble organic pollutants
present in the simulated wastewater were aromatic proteins, with the highest fluorescence
intensity recorded in region II at 9200. Figure S3b demonstrates that the characteristic peak
I (Ex/Em: 300–300/300–400) remained detectable in the simulated wastewater following
oxidation treatment under optimal conditions for 10 min; however, the highest fluorescence
intensity decreased to 327. As shown in Figure S3c,d, after 30 min and 60 min of oxidation
treatment, the fluorescence intensity associated with peak I diminished significantly, with
the peak intensity stabilizing at 327. Notably, the characteristic peak I completely disap-
peared in the water samples after 30 min and 60 min of oxidation treatment, indicating the
complete degradation of aromatic protein organics present in the raw water.

As shown in Figure S4a, regional characteristic peak I (Ex/Em: 220–270/250–300) was
observed in the actual wastewater spiked with phenol, confirming that the primary soluble
organic pollutants were aromatic protein organics and microbial metabolites. Figure S4b–d
show that the characteristic peak I entirely vanished, and the fluorescence intensity experienced
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a significant reduction after the wastewater underwent treatment for 10 min under optimal
conditions, demonstrating the efficient degradation of aromatic protein organics.

In the initial phase of treatment, ozone molecules exert their strong oxidizing proper-
ties by directly attacking the aromatic ring structure present in aromatic protein organics,
leading to the rupture of chemical bonds. This stage primarily yields small molecular
intermediates, including aldehydes, ketones, and organic acids. The pronounced decrease
in fluorescence intensity of the characteristic peaks indicates the disruption and partial
degradation of the aromatic structure. As the reaction time extends, ozone and •OH persist
in deeply oxidizing the intermediate products, further cleaving C–C and C–H bonds, ul-
timately converting organic matter into simpler inorganic compounds such as CO2 and
H2O [29,30]. At this juncture, the characteristic peaks of aromatic proteins vanish entirely,
signifying the complete destruction of their aromaticity and organic structure. The total
disappearance of these characteristic peaks indicates the successful degradation of aromatic
protein pollutants in water.

As demonstrated in Figure S5, an obvious absorption peak was observed in the 250 nm–
300 nm range of the raw water, which is typically associated with phenolic compounds and
aromatic structures, thereby confirming the presence of phenol in the wastewater. Following
ozone oxidation treatment, the absorption peak in this range diminished significantly,
indicating the effective removal of phenol from the wastewater, which was oxidized into
various short-chain organic acids and subsequently mineralized into CO2 and H2O. Beyond
the 500 nm wavelength, the UV-Vis spectra of the phenol-simulated wastewater across
different time intervals converged to a consistent level, devoid of significant absorption
peaks. Post-ozone oxidation, the UV absorption peaks in the phenol-simulated wastewater
showed a tendency to disappear, suggesting that the majority of phenols were effectively
oxidatively degraded and removed. The results from the UV-Vis spectral scanning confirm
that the polycyclic aromatic hydrocarbons (PAHs) and phenols in the phenol-simulated
wastewater were successfully degraded following ozone oxidation treatment.

As illustrated in Figure 6, the raw water exhibits distinct absorption peaks in the
250 nm–300 nm range, which are typically associated with phenolic compounds and aro-
matic structures. This observation confirms the presence of phenol in the wastewater [31].
Following ozone oxidation treatment, the absorption peak in this region nearly vanished,
indicating that phenol was effectively removed from the wastewater, undergoing oxida-
tion into various short-chain organic acids before being mineralized into CO2 and H2O.
Beyond the 500 nm wavelength, the UV-Vis spectra of the actual wastewater (spiked with
phenol) showed convergence over time, with no significant absorption peaks. After ozone
oxidation, the UV absorption peaks for the actual wastewater (spiked with phenol) also
diminished, suggesting that the majority of phenols had undergone oxidative degradation
and were effectively eliminated. The results from the UV-Vis spectral scan demonstrated
that the PAHs and phenols in the phenol-simulated wastewater were significantly degraded
following ozone oxidation treatment.

As depicted in Figure 7, both ozone (O3) and •OH play integral roles in the degrada-
tion of phenol during the reaction. In the initial oxidation stage, ozone molecules directly
attack the phenol’s benzene ring while generating highly reactive •OH radicals through
a chain reaction [32]; the two together trigger the initial oxidation of phenol: •OH prefer-
entially attacks the electron-rich sites of the benzene ring through electrophilic addition,
leading to the hydroxylation of phenol and the formation of isomers such as catechol
and hydroquinone, which are then further oxidized to quinone intermediates such as
o-benzoquinone and p-benzoquinone [33,34]. During the ring opening phase, the quinone
intermediate undergoes successive attacks by ozone and •OH, and the benzene ring struc-
ture is progressively broken down to form small-molecule organic acids (e.g., oxalic, acetic,
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formic, and butanedioic acids) [35]. It is worth noting that isomers such as dihydroxyben-
zene may be generated in the side reactions, but these byproducts are still continuously
degraded by the oxidation system. Eventually, all intermediates are further mineralized
by the oxidant and converted to CO2 and H2O [36]. The mechanism indicates that the
high oxidation potential of •OH is pivotal in phenol degradation, while ozone molecules
enhance mineralization through direct oxidation and free radical reactions. Figure S6 and
Table S2 represent the fitted graphs of zero-, one-, and two-stage reactions for the treatment
of simulated wastewater carried out by the reaction system.

Figure 6. UV-Vis scanning spectra of actual wastewater (spiked with phenol): (a) 200–800 nm;
(b) 220–300 nm.

Figure 7. Possible degradation pathways for phenol.

As shown in Figure 8, the inhibitory effect of 100 mg/L NaHSO3 on COD and phenol
removal was slightly greater than that of 100 mg/L MeOH. COD removal was recorded at
45.19% and 50.00% for systems with 100 mg/L NaHSO3 and 100 mg/L MeOH, respectively.
This finding suggests that the oxidation by •OH is the dominant mechanism in the ozone
oxidation system alone. NaHSO3 serves as a more effective quencher of •OH [37,38],
further supporting the critical role of •OH in the elimination of both COD and phenol
within the ozone oxidation process.
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Figure 8. Effect of free radical quencher on ozone oxidation system: (a) COD removal; (b) phenol
removal.

4. Conclusions and Discussion
This study systematically investigates the effectiveness of ozone oxidation technol-

ogy in treating simulated wastewater characteristic of the petrochemical industry. In
experiments using phenol-simulated wastewater, the maximum COD removal achieved
was 90.60% with an ozone dosage of 8 mg/L/min, a pH of 11, TDSs of 1000 mg/L, and
an initial phenol concentration of 50 mg/L. In actual wastewater spiked with phenol,
the maximum removals of phenol, COD, and TOC were 65.45%, 63.57%, and 79.65%,
respectively, under the same conditions of ozone dosage, pH, TDSs, and initial phenol con-
centration. The changes in organic matter and the degradation mechanisms during ozone
oxidation were evaluated using 3D fluorescence spectroscopy, UV spectroscopy, and gas
chromatography–mass spectrometry (GC-MS) analysis. The results demonstrate that ozone
oxidation significantly reduces pollutant concentrations in wastewater, primarily through
the action of free radical oxidation. Following ozone treatment, unsaturated organic matter,
certain conjugated structures, and benzene ring systems in the wastewater were effectively
destroyed and transformed into inorganic substances via oxidative degradation. The dis-
appearance of characteristic fluorescence peaks and the declining UV absorption peaks
further confirm that pollutants were efficiently removed. Additionally, the ozone oxidation
process for phenol followed the kinetic law of primary reactions, and free radical quenching
experiments highlighted the dominant role of •OH within the ozone oxidation system.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/w17040605/s1. Figure S1: Ozone oxidation experimental device;
Figure S2: Standard curve for the spectrophotometric determination of phenol by 4-aminoantipyrine;
Figure S3: Three-dimensional fluorescence spectra of simulated wastewater: (a) raw water, (b) optimal
condition reaction for 10 min, (c) optimal condition reaction for 30 min, (d) optimal condition reaction
for 60 min; Figure S4: 3D fluorescence spectra of actual wastewater (spiked with phenol): (a) raw
water, (b) optimum condition reaction 10 min, (c) optimum condition reaction 30 min, (d) optimum
condition reaction 60 min; Figure S5: UV-Vis scanning spectra of simulated wastewater: (a) 200-800
nm, (b) 250-300 nm; Figure S6: Fitted kinetics curves of different stages of reaction for modelling
COD degradation in wastewater: (a) zero-stage reaction, (b) one-stage reaction, (c) two-stage reaction;
Figure S7: GC-MS product scan spectrum of the phenol; Table S1: Phenol and its degradation
intermediates; Table S2: Parameters of the fitted curves for the kinetic equation of COD degradation
in simulated wastewater.
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