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In this study, the degradation of bisphenol A (BPA) by ozonation was studied

systematically by investigating the effects of different factors, including ozone

dosages (0.25–1.50mg/L), temperatures (10–50°C), initial solution pH (3.0–11.0)

and interfering ions. The reaction kinetics were analyzed at the same time. In

addition, the generation of intermediates was analyzed and the possible

mechanism was proposed by combining with the density functional theory

(DFT) calculation. At last, the variation and controlling effect of toxicity was

also evaluated. The results showed that ozonation had a stronger degrading

ability of BPA (1.0 mg/L). A complete removal efficiency was obtained within

10min when dosing only 1.0mg/L ozone. The BPA degradation reactions were

well fittedwith pseudo-second-order kinetics and couldwell adapt with thewide

range of pH (3.0–9.0), during which over 91% removal of BPA was achieved. The

indirect pathway by •OH oxidation was proved mainly responsible for BPA

degradation by the scavenging and electron paramagnetic resonance

experiments. HCO3
−, NH4

+ and humic acid showed a certain inhibiting effect.

Fe3+ and Cu2+ played a catalytic role on BPA degradation. The DFT calculation has

identified that the active regions of BPAwas focused atC6, C4, C5 andC1 in terms

of radical and electrophilic attack. Thus, combining the results of DFT with GC/

MS-MS detection, two degradation pathways of BPA were proposed. Toxicity

evaluation showed that, due to the generation and accumulation of more toxic

intermediates, values of T% had a sharp increase at initial stage. However, with

ozone dosage increasing to 1.50mg/L, the toxicity could be effectively controlled

much lower (5%) than BPA itself (49%).

KEYWORDS

bisphenol A (BPA), ozonation, interfering ions, pathways, toxicity

Highlights

• Ozonation could effectively degrade BPA and control the toxicity of water samples.
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• Only 1.0 mg/L of ozone was needed for completely

removing of BPA (1.0 mg/L).

• Over 91% removal of BPA was achieved at a wide pH range

of 3.0–9.0.

• BPA degradation by ozonation was promoted at the

presence of PO4
3-, Cu2+ and Fe3+.

• The value of T% could increased significantly up to 68% at

initial reaction stage.

• The increase of toxicity was due to the formation of more

toxic intermediates.”

1 Introduction

Bisphenol A (2, 2-bis (4-hydroxyphenyl) propane) (BPA) is

one of the most important raw material, which has been widely

used in plastics and eroxy resins industry (Sharma and

MishraDionysioukumar, 2015; Yang, 2015). BPA is also a

typical endocrine disrupting chemical (EDC). Due to the

strong chemical resistance and stable characteristics of BPA,

its estrogenic activity can be exhibited at low concentration levels

(<1 μg/m3) (Wu, 2008). Toxicological data shows that BPA also

has adverse effects on aquatic life, animals, and even human

health (Ahmadi et al., 2016; Teppala et al., 2012; Bu and

WuHeHuang, 2016; Han and Hong 2016). It can affect the

brain development and behavioral differentiation of infants,

children and adolescents by long-term exposure. Due to its

widespread use and moderate water solubility (Hu et al.,

2019), BPA could been easily discharged into industrial

wastewater, river, lake, groundwater and other natural water

bodies (Trojanowicz et al., 2020; Huang et al., 2012). Therefore, it

is necessary to apply effective technologies to degrade BPA and

control its biotoxicity.

At present, technologies for BPA degradation have

included biological degradation, physical adsorption and

advanced oxidation processes (AOPs), etc. Conventional

biological (Zielin’ska et al., 2016; Ferro Orozco et al., 2013;

Schröder, 2006) as well as physical-chemical treatment

techniques (Bhatnagar and Anastopoulos, 2016) cannot

satisfactorily remove BPA from water as well as reduce the

biological toxicity. In order to conquer the limitations of

conventional processes, a lot of AOPs have been developed,

such as ozonation (Ahmad et al., 2015), photocatalysis (Reddy

et al., 2018; Gao et al., 2020; Li et al., 2022; Luo et al., 2022),

photoelectrocatalysis (He et al., 2017), Fenton/photo-Fenton

(Xiao et al., 2019) and persulfates or sulfite based oxidation

(Wu et al., 2018, 2021, 2022). However, due to the stability and

catalytic efficiency of catalysts, photocatalytic oxidation was

often restricted in application. In Fenton based oxidation

process, the yield of sludge was high. In addition, severe

reaction conditions (such as solution pH) were required to

achieve stable degradation efficiency (Yang et al., 2016). In

contrast, owing to the high oxidative potential of ozone

molecule itself (2.08 V) (Kusvuran and Yildirim, 2013) and

produced hydroxyl radical (•OH, 2.7 V) (Masten et al., 1994;

Garoma et al., 2010), ozonation has been proved as an

effective and widely applied method for treating refractory

organic pollutants (Quan et al., 2020; Neyens and Baeyens,

2003). It also has the advantages of obvious treatment effect,

easy engineering implementation, and easy popularization

and application. However, the systematic studies of BPA

degradation by ozonation were still limited. It is necessary

to apply ozonation for degrading BPA from water.

In the current researches on BPA degradation, most of

them have focused on the common influencing factors such as

oxidant dosage, initial substrate concentration, pH,

temperature, etc (Oguzie et al., 2020; Van Aken et al., 2019;

Tay et al., 2012). Since BPA has been widely used in the

production of electronic products, the wastewater often

contained various complex components such as metal ions

and buffer solvents, which were important parameters

affecting degradation process. Therefore, it is necessary to

investigate the influences of interfering ions in water on BPA

degradation. At the same time, most studies have focused on

the removal of BPA itself, researches involving the change and

control effect of biological toxicity were still relatively

insufficient. However, researches have found that more

toxic intermediates might be generated during BPA

degradation process (Reddy et al., 2018; He et al., 2017;

Xiao et al., 2019), which further increased the biological

toxicity of the treated wastewater. On the one hand, if the

biological toxicity index was ignored, it would be unfavorable

for the effective operations of the subsequent biological

treatment process. On the other hand, it would pose a

threat to the receiving water body and aquatic organisms if

the wastewater was directly discharged. Thus, it is of essential

to analysis the controlling effect of the toxicity during BPA

degradation process. In addition, some possible pathways

have been presumed only by identification of the products

which was detected through liquid chromatography-mass

spectrometry (LC-MS) or gas chromatography-mass

spectrometry (GC-MS) [Kusvuran, 2013; Farre et al., 2005],

lacking the verification by theoretical analysis and

calculations. In recent years, quantum chemical calculation

has been verified can explain the reaction from the point of

thermodynamic energy. Thus, combining the theory with

experiment could comprehensive predict and mutual verify

the mechanisms of BPA degrading. In addition, the

luminescent bacteria have the advantage of high sensitivity

and simple operation during the process of toxicity detecting,

which have been applied for testing the integrated and acute

toxicity of the reaction samples (Dai et al., 2014; Grimme et al.,

2010).

In this study, the performance of ozonation on BPA

degradation was systematically investigated under different

influencing factors, including ozone dosage, temperature,
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initial solution pH and interfering ions. The organic

intermediates were detected and identified by GC/MS-MS.

The possible degradation pathways were proposed based on

the products. At the same time, density functional theory

(DFT) calculation was employed to analyze the intermediate

products and BPA degradation pathways by ozonation. In

addition, the variation and control effect of toxicity during

BPA degradation was also analyzed.

2 Material and methods

2.1 Materials

All the chemicals were used as purchased without any further

purification. BPA with a purity >99% was purchased from Sigma

Aldrich and used as received. Humic acid, sodium phosphate,

potassium nitrate, hydroxylammonium chloride, 5,5-dimethyl-

1-pyrroline N-oxide (DMPO), methanol (HPLC grade) and

dichloromethane (HPLC grade) were obtained from Aladdin

Industrial Corporation (China). The freeze-dried bacteria Vibro

fischeri (V. fischeri, CS234) used for toxicity testing was obtained

from SDIX (United States). All solutions were prepared with

deionized and ultra pure water (Milli-Q Direct 8, United States).

Ozone was produced from purified oxygen by an ozone generator

(CF-G-3-10, QingDao GuoLin Co. Ltd., China).

2.2 Degradation experiments

Experiments were performed at room temperature (25 ± 1°C) in

1000 ml conical flasks with BPA solution of certain concentration.

The desired solution pH was adjusted by hydrochloric acid or

sodium hydroxide solution. The reaction temperature was

controlled with ice bath or water bath. The saturated ozone

solution was prepared by putting the ozone generated by the

ozone generator into pure water for 2 h. According to the

required ozone concentration (0.25, 0.50, 1.00, 1.50 mg/L), the

calculated volume of ozone solution was added into the conical

flask. Then, the conical flask was stirred slightly to ensure the

uniform distribution of ozone in the system. The reaction was

sampled periodically (0, 1, 2, 3, 5, 10 min) for 25 ml and quenched

immediately by adding 30 μL 0.18 M hydroxylamine hydrochloride

solution. The samples were then centrifuged (12,000 r/min) by a

centrifugal machine (Centrifuge 5418, Eppendorf, Germany) for

5 min prior to subsequent analysis. All the experiments were carried

out in duplicate.

2.3 Analytical methods

The concentration of BPA in the reaction solution was

determined using a Ultra Performance Liquid

Chromatography (UPLC, Waters Acquity H-Class,

United States) equipped with a TUV detector at the

wavelength of 280 nm. The column was BEHC18 (1.7 ×

100 mm, 3.5 µm) with the temperature set at 30 °C. The

mobile phase, methanol/water (70/30, v/v), was run in an

isocratic mode. The flow rate was maintained at 0.2 ml/min

for all runs and the injection volume for UPLC analysis was

5 μL. A detection limit of quantitation was 1 μg/L of BPA and a

recovery rate of added standard was 91.5% obtained in this

study.

The intermediates of BPA degradation were quantified using

gas chromatography with mass spectrometry (GC/MS-MS,

7890A-5975C, Agilent, United States). A HP-5 column (5%

phenylmethylpolysiloxane) with the dimension of 30 m ×

0.25 mm and 0.25 μm of film thickness was used to separate

the organic species with the carrier gas of helium at a flow rate of

1 ml/min. The data for quantitative analysis was acquired in the

electron impact mode (70 eV) with scanning in the range of

45–280 m/z. Concentration of dissolved ozone was determined

by the indigo colorimetric method (APHA, 2005) using a

spectrophotometer (Shimadzu 2450). The solution pH was

measured by a portable digital pH meter throughout

experiments (pHS-3B, Shanghai, China).

The toxicity of the sample was detected by a DeltaTox II

Toxicity Detection System (DeltaTox® II, SDIX,

United States), which method was according to the ISO

standard based on the inhibition of bioluminescence

emitted by the luminescent bacteria V. fischeri (Laws et al.,

2000). In addition, the results of this method have been proved

that could comprehensively reflect the toxicity of the water

samples, which was caused by the target pollutants and their

degradation intermediates (Ding et al., 2015). The

luminescence intensities (X) of the water samples to the

luminescent bacteria during the reaction were detected

after contacting for 15 min. Then, the relative inhibitory

rate (T%), which could reflect the integrated toxicity of the

water samples, was calculated for each sample relative to the

control by Eqs. T%=(X0-Xt)/X0*100% (where X0 and Xt

represents the luminescence intensity of the water sample

to the luminescent bacteria at 0 and t reaction time,

respectively).

2.4 Quantum chemical computation

The quantum chemical computation was carried out by

using the density functional theory (DFT) with the Hirshfeld

population analysis (Delley, 2000; Kusvuran et al., 2010). The

molecule of BPA was initially subjected to geometry

optimization relying on the B3LYP level. Then, exchange

terms of Hartree, Fock and Becke were combined with the

Lee-Yang-Parr correlation function. The standard 6-31G *

basis was used at the same time. At last, in order to establish
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the active sites as well as the local reactivity of the BPA

molecular, the distribution of Frontier molecular orbitals

and Fukui indices was determined.

3 Results and discussion

3.1 Performance of ozonation on BPA
degradation

This study evaluated the performance of ozonation

process for BPA degradation under different ozone dosages

(0.25, 0.50, 1.00 and 1.50 mg/L) and the results were shown in

Figure 1A. Other experimental parameters, including BPA

concentration, initial solution pH, temperature and oxidation

reaction time, were respectively 1.00 mg/L, 7.0, 25 ± 1°C and

10 min. In general, as depicted in Figure 1A, BPA degradation

by ozonation revealed a similar two-stage trend. A rapid

degradation was obtained at the initial stage, which was

followed by a relatively slow and gradually steady stage.

When the dosage of ozone increased from 0.25 to 1.00 mg/

L, the degradation efficiency of BPA increased significantly

from 81.92% to 100%. As the ozone dosage continued to

increase to 1.5 mg/L, the time required to completely

degrade BPA was shortened from 10 to 5 min, showing

ozonation a rapid and highly efficient method. It has been

generally proved that there exist two pathways in the

ozonation process for pollutants removal, i.e. the direct

FIGURE 1
(A) Effect of ozone dosage on BPA degradation and (B) Kinetic fitting under different ozone dosage (Experimental conditions: temperature =
25± 1°C; initial solution pH= 7.0 [BPA]0 = 1.00 mg/L; ozone dosage of 0.25, 0.5, 1.0, 1.5 mg/L); (C) The free radical scavenging experiments by adding
TBA and (D) EPR spectra during ozonation system (Experimental conditions: temperature = 25 ± 1°C; initial solution pH = 7.0 [BPA]0 = 1.00 mg/L;
ozone dosage 1.0 mg/L; TBA concentration 0, 50, 500 mg/L).
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oxidation pathway by molecular ozone (O3 with a redox

potential of 2.08 V) and the indirect one by newly

generated radicals (•OH with a redox potential of 2.80 V)

(Kusvuran et al., 2010; Wang Y. et al., 2022). Thus, with the

increase of ozone dosage, the concentrations of O3 and •OH in

the reaction system increased, increasing the effective

collision frequencies with BPA (in particular C=C bond

connected by two benzene rings and C-O bond connected

by benzene rings (Tay et al., 2012; Pan et al., 1984)) and

further promoting the degradation efficiency of BPA.

At the same time, the reactions of BPA with O3 and •OH
during ozoantion process could be expressed by the well

established pseudo-second-order kinetics under different

ozone dosages as follows (as depicted in Figure 3B):

−dC
C2

� kobsdt (1)
1
C
− 1
C0

� kobst (2)

Where kobs, which equals to kOH [·OH] + k O 3 [O3], is the pseudo-

second-order rate constant for BPA degradation during

ozonation; C0 and C is respectively the initial concentration

and the residual concentration of BPA at reaction time t. The

results exhibited that kobs increased linearly with ozone dosage

(R2 > 0.98) (Supplementary Figure S1). With the increase of

ozone dosage from 0.25 to 1.50 mg/L, the value of kobs was

obviously promoted from 103.9 to 2207.8 mM−1min−1,

revealing that ozone dosage played a critical role in the BPA

degradation process by ozonation.

In order to verify the dominant active species responsible

for BPA degradation, the free radical scavenging experiments

were conducted by respectively adding 50 and 500 mg/L tert-

Butanol (TBA), which is well known as the typical scavenger

for •OH. The molarity of TBA was 100 and 1000 folds more

than BPA and the results were shown in Figure 1C. As the

concentration of TBA was 0, 50 and 500 mg/L, the removal

efficiencies of BPA after 10 min contacting reaction were

respectively 100%, 84.75% and 31.45%, indicating that TBA

could significantly inhibit the degradation of BPA in

ozonation process. Thus, it could be concluded from the

result that •OH was the predominant oxidation species and

the indirect pathway was mainly responsible for BPA

degradation in ozonation process in this study. The reason

might be that in this study, ozone was added in the form of

dissolved ozone water, which decomposed more violently and

fully, and induced to more free radicals produced.

In addition, to further determine the free radical species

produced in the ozonation system, a direct identification analysis

was performed using electron paramagnetic resonance (EPR)

spectroscopy, which method has been widely used in other

similar researches (Wu et al., 2020; Wu et al., 2019). As the

existence time of •OH in aqueous solution was very short,

DMPO was used to capture •OH so as to form a stable

product DMPO-OH with a specific signal peak (Wang et al.,

2022b). As seen from Figure 1D, four characteristic peaks with an

intensity ratio of 1:2:2:1 was clearly achieved, corresponding to

the characteristic peak of •OH. The results further directly

proved the existence of •OH.

3.2 Effect of temperature on BPA
degradation

The effect of reaction temperature on BPA degradation in

ozonation process was investigated by varying the temperature in

the range of 10–50°C, other operating conditions including BPA,

ozone dosage and initial solution pH were respectively as 1 mg/L,

1 mg/L and 7.0. The degradation efficiencies of BPA and the

reaction kinetics were illustrated in Figure 2.

As shown in Figure 2A, the removal efficiency of BPA

increased sharply from 78.81% to 100% within 10 min as the

temperature increased from 10 to 30°C, which reflected that

elevating temperature in a certain range could bring an effective

improvement of BPA degradation. This phenomenon has also be

explained by other reported researches that the effective collision

frequencies of oxidants (ozone molecular and newly formed

•OH) with BPA could be improved with the temperature rise,

which further contributed to BPA degradation (Pan et al., 1984).

This conclusion was also certificated by the values of kobs, which

significantly increased from 83.19 to 2564.4 mM−1min−1 as the

temperature rose from 10 to 30°C. However, it was worth noting

that excessive increase of the temperature would accelerate the

decomposition rate of ozone and reduce the amount of oxidants

in the solution (Qi et al., 2015), which was unfavorable to BPA

degradation. Therefore, as the temperature was 40 and 50°C, the

degradation efficiency of BPAwas notably decreased to 86.02 and

55.81%. In addition, the corresponding reaction constant kobswas

respectively decreased to 136.86 and 26.19 mM−1min−1.

In general, the effect of temperature on BPA degradation by

ozonation was primarily attributed to its impact on ozone

stability and the effective collision frequencies between

oxidants and pollutants. Moreover, it could be seen from the

results that the optimal reaction temperatures of this system were

25 and 30°C, under which conditions a complete removal of BPA

being both obtained. Considering that additional cost and

instability generated from the process of temperature control,

the room temperature (25 ± 1°C) was adopted in the subsequent

experiments.

3.3 Effect of initial solution pH on BPA
degradation

Figure 3 presented the effect of initial solution pH on BPA

degradation and the reaction constant kobs in the ozonation

process. The experiments were carried out by changing the
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initial solution pH in the range of 3.0–11.0, with other conditions

of [BPA]0 = 1.00 mg/L; ozone dosage 1.0 mg/L; temperature =

25 ± 1°C.

Generally, as shown in Figure 3A, over 91% removal of

BPA was obtained within 10 min in the ozonation process at a

wide pH range of 3.0–9.0, indicating the strong adaptability of

ozonation technology to initial solution pH. As the pH value

increased from 3.0 to 5.0, the degradation efficiency of BPA

significantly promoted from 91.44% to 99.75%.

Correspondingly, as shown in Figure 3B, the reaction

constant kobs increased from 150.39 to 299.23 mM−1min−1.

The complete removal of BPA was obtained as the initial pH of

7.0 and the kobs value of 1112.6 mM−1min−1. As the initial

pH further increased to 9.0 and 11.0, the removal efficiency of

BPA gradually decreased to 98.16% and 86.74%, respectively,

with the value of kobs decreasing to 419.79 and

FIGURE 2
(A) Effect of reaction temperature on BPA degradation and (B) Kinetic fitting under different temperature. (Experimental conditions: [BPA]0 =
1.00 mg/L; ozone dosage 1.0 mg/L; initial solution pH = 7.0; temperature = 10, 20, 30, 40, 50°C).

FIGURE 3
(A) Effect of initial solution pH on BPA degradation and (B) Kinetic fitting under different initial solution pH. (Experimental conditions: [BPA]0 =
1.00 mg/L; ozone dosage 1.0 mg/L; initial solution pH = 3.0, 5.0, 7.0, 9.0, 11.0; temperature = 25 ± 1°C).
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237.30 mM−1min−1. In general, the degradation efficiency of

BPA by ozonation under acidic condition was much better

than that under alkaline one.

Such pH dependence of degradation performance could be

attributed to two reasons, (i) the pattern variation of BPA under

different pH based on its pKa; (ii) the self-decomposition of

ozone and the generation of •OH was dependent of solution

pH (Zhang et al., 2020). BPA has two dissociation constants,

i.e., pKa1 = 9.6 and pKa2 = 10.2. Thus, the predominant species is

the undissociated BPA when pH at the range of 3.0–9.0. With the

increase of solution pH (pH > 9.6), more and more BPA

molecules existed in the species of BPA− and BPA2−, which

would increase the electron density on the benzene ring and

not be beneficial to BPA degradation via direct oxidation

pathway. Additionally, it is known that the self-decomposition

of ozone would be promoted with the increase of pH, resulting in

the more generation of •OH (Gardoni et al., 2012; Sánchez-Polo

et al., 2013) and accelerating BPA degradation by indirect

oxidation pathway. As •OH has been proved as the dominant

active species, it played a vital role in BPA degradation in this

study. Thus, the removal efficiency of BPA increased with the

increase of initial solution pH from 3.0 to 7.0. However, with the

initial pH further increasing from 9.0 to 11.0, excessive •OH
would collide with each other and be quenched, resulting in the

decrease of available oxidants and the weaken of BPA

degradation. In summary, the combined impacts of initial

solution pH on BPA degradation by ozonation process

resulted in the effective removal of BPA at a wide pH range

of 3.0–9.0. However, compared with the alkaline condition, the

removal efficiency of BPA by ozonation was slightly higher under

acidic condition, which indicated that as well as the indirect

pathway by •OH oxidation, the direct one by ozone mulecular

oxidation also played an important role on BPA degradation. In

this study, a complete removal of BPA was obtained when the

initial pH was 7.0. In addition, increasing solution pH also

improved the cost of operation. Therefore, the optimal initial

pH of 7.0 without any adjustment was selected in this study from

the economic strategy and practical point of view.

3.4 Effects of interfering ions on BPA
degradation

Most wastewater normally contains metal ions, inorganic

ions and organic matters which coexisting with organic

pollutants. Thus, the effects of typical ions, including Fe3+,

Cu2+, NO3
−, PO4

3-, NH4
+, HCO3

−, humic acid (HA) (Tay

et al., 2012), on the removal efficiencies of BPA by ozonation

were carried out at the concentrations of 0–10 mg/L. Other

experimental conditions were as follows [BPA]0 = 1.00 mg/L;

ozone dosage 0.25 mg/L; initial solution pH = 7.0; temperature =

25 ± 1°C. The experimental results were presented in Figure 4. In

general, with the increase dosing of interfering ions, the

degradation efficiency of BPA by ozonation was significantly

promoted by the metal ions (Fe3+ and Cu2+), slightly enhanced by

PO4
3-, obviously weakened by NH4

+, HCO3
− and HA,

respectively.

3.4.1 Metal ions
The addition of Fe3+ and Cu2+ both promoted BPA

degradation by ozonation, and the promoting effect was

more obvious with the increase of their dosages. Taking

Fe3+ as an example, when the dosage of Fe3+ increased from

0 to 10 mg/L, the degradation efficiency of BPA increased

from 81.92% to 100% within 10 min. The reasons mainly

include two aspects: on the one hand, the addition of Fe3+

might cause the formation of Fe(OH)3 colloid by hydrolysis of

Fe3+ in water (Zeng et al., 2012), which has the role of

coagulation and flocculation, so that part of BPA can be

removed by adsorption. On the other hand, Fe3+ has a

catalytic effect on ozone, which was conducive to the

generation of •OH, thereby strengthening the degradation

of BPA by indirect oxidation pathway. The main reactions

were shown in Eqs. 3–6 (Kang et al., 2018)

Fe3+ + O3 +H2O → FeO2+ +H+ + •OH +O2 (3)
2•HO2 → H2O2 + O2 (4)

Fe3+ +H2O2 → Fe2+ +H+ + •OH + •HO2 (5)
Fe2+ +H2O2 → Fe3+ +H+ + •OH +OH－ (6)

FIGURE 4
Effects of co-existing interfering ions on BPA degradation.
(Experimental conditions: [BPA]0 = 1.00 mg/L; ozone dosage
0.25 mg/L; initial solution pH = 7.0; temperature = 25 ± 1°C; the
dosage of Fe3+, Cu2+, NO3

−, PO4
3-, NH4

+, HCO3
− and HA was

0, 1, 2, 5, 7, 10 mg/L).
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The effect mechanism of Cu2+ on BPA degradation in the

ozonation process was similar with that of Fe3+. Under neutral

conditions, Cu2+ mainly existed in the form of Cu(OH)2 in

aqueous solution. Cu(OH)2 also had coagulation function, and

could catalyze ozone-induced chain reactions. In addition, the

complete removal of BPA could be achieved within 5 min when

Cu2+ was dosed, which indicated that the catalytic effect of Cu2+

on ozone was more obvious than that of Fe3+.

3.4.2 Inorganic ions
As seen from Figure 4, the presence of nitrate ion (NO3

−)

at concentration levels of 0–10 mg/L almost had no influence

on BPA degradation in ozonation process. The average

removal efficiency of BPA kept fluctuating in the ranges of

79.43%–82.84% before and after the dosing of NO3
−. This

might be due to that NO3
− does not compete oxidants

with BPA.

With the dosage of PO4
3- increasing from 0 to 10 mg/L, the

removal efficiency of BPA gradually increased from 81.92% to

86.56%. The addition of PO4
3- could enhance the ionic strength

of the reaction system, resulting in a positive ortho-salt effect and

being beneficial to BPA degradation by ozonation. In addition,

PO4
3- might have a small promoting effect on the ozone

decomposition, which facilitated the removal of BPA by

generating superoxide radicals and promoting the generation

of •OH (Graham et al., 2004).

The inhibition role of NH4
+ on BPA degradation in

ozonation process was mainly reflected in its reducibility and

competition for ozone molecular and hydroxyl radical.

Therefore, when the concentration of NH4
+ increased from

0 to 10 mg/L, the degradation efficiency of BPA significantly

decreased from 81.92% to 50.85%.

Meanwhile, the presence of HCO3
− also inhibited the

degradation of BPA by ozonation and this influence was

enhanced with the increase of HCO3
− concentration. The

dosing of HCO3
− could increase the alkalinity of the reaction

system, which might increase the solution pH at a slight degree

and further promote BPA degradation by indirect oxidation

pathway. However, HCO3
− was also a strong •OH inhibitor

[40], which can capture •OH to form CO3
•-, thus adversely

affecting the degradation efficiency of BPA [41]. The reactions

were shown in Eqs. 7, 8.

•OH +HCO−
3 → H2O + CO•−

3 k � 1.5 × 107 M−1s−1 (7)
•OH + CO2−

3 → OH− + CO•−
3 k � 4.2 × 108 M−1s−1 (8)

3.4.3 Organic matter
There are a lot of complex organic compounds in water,

many of which have unsaturated structures. Thus, the existence

of these organic compounds might have obvious influence on the

oxidation reactions. As shown in Figure 4, humic acid (HA)

played a great inhibition role on BPA degradation in ozonation

process. With the increase of HA concentration from 0 to 10 mg/

L, the removal efficiency of BPA significantly decreased from

81.92% to 29.17%. This was because HA is a natural

macromolecular aromatic carboxylic acid with a large number

of hydroxyl, carboxyl, and carbonyl functional groups attached to

the ring, which was easier to react with the oxidants than BPA

(Oguzie et al., 2020; Deborde et al., 2008).

3.5 Identification of products and
proposition of mechanism

The identification of products during BPA degradation by

ozonation was evaluated by GC/MS-MS. The main fragment ions

(m/z) and abundance (%) of reaction products in comparison to

the NIST data library are summarized in Table 1. From the GC/

MS-MS analysis, nine identified intermediate compounds were

3-methyl-1,4-pentadiene, 1,4-pentadien-3-one, phenol, 1,4-

dihydroxy benzene, 4-benzoquinone, cis-butenedioic acid, 4-

isopropenylphenol, 4-isopropylphenol and (2E,4Z)-3-(2-(4-

Hydroxyphenyl) propan-2-yl)he xa-2,4-dienedioic acid. Four

of them have been identified in the earlierly reported

ozonation process [Kusvuran et al., 2013; Deborde et al.,

2008], such as (2E,4Z)-3-(2- (4-Hydroxyphenyl) propan-2-yl)

hexa-2,4-dienedioic acid, 4-isopropenylphenol, 4-benzoquinone

and 1,4-dihydroxy benzene. The product of 4-isopropenylphenol

has also been detected during photocatalytic (Kan et al., 2022; Li

et al., 2022) and Fenton-like catalytic (Chu et al., 2021; Xu et al.,

2021) degradation of BPA. In addition, phenol, 4-

isopropylphenol and even short-chain acids have been found

in the electrocatalytic degradation of BPA (Mohammad et al.,

2021), which was also similar with this study.

In order to elucidate the degradation pathways of BPA by

ozonation, theoretical DFT method was used, during which the

regioselectivity for radicals attacking being focused.

Supplementary Figure S2 shows the structure of BPA. From

the calculations of the Hirshfeld charge distribution and Fukui

function of carbon atoms (Table 2), it could be seen that the most

positive parts of f-function are localized on C1 (C1′), C4 (C4′)
and C6 (C6′), whichmeans para and o-rtho positions of hydroxyl

are favourable reactive sites for electrophilic attack. While most

positive parts of f + function are localized on C2 (C2′), C3 (C3′),
C5 (C5′) and C6 (C6’), which demonstrated that the C2, C3,

C5 and C6 in BPA with high values are the most reactive sites for

radical attacks. Then, values of the enthalpy (ΔH, kcal/mol) and

the Gibbs free energy (ΔG, kcal/mol) for the reactions between

BPA and radicals at SMD/B3LYP/6-311G** level of DFT

calculation were calculated, as shown in Figure 5. The values

of ΔG at C1, C4, C5, C6 were

respectively −7.26, −8.24, −4.17 and −9.78 kcal/mol, which

were all negative and showed all reactions being

thermodynamically exothermic and feasible. In addition, as

the ΔH between •OH and C6 (5.35 kcal/mol) was the lowest,
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TABLE 1 Main fragment ions (m/z) and abundance (%) of reaction intermediates identified by GC/MS-MS.

Number Chemical name Retention
time
(min

Molecular
formula

Molecular
weight
(m/z

Molecular structure Detected ions
(m/z) (%
abundance)

PN1 3-Methyl-1,4-pentadiene 4.4 C6H10 82 82(22) 67(100)
55(28)

PN2 1,4-Pentadien-3-one 4.99 C5H6O 82 82(59) 81(41)
55(100)

PN3 Phenol 5.99 C6H6O 94 94(86) 66(47)

PN4 1,4-Dihydroxy benzene 6.12 C6H6O2 110 110(73) 99(65)
65(78) 55(100)

PN5 4-Benzoquinone 6.87 C6H4O2 108 108(100) 82(68)
55(55) 54(81)

PN6 cis-butenedioic acid 9.15 C4H4O4 116 99(39) 72(42)
68(54) 55(100)

PN7 4-Isopropenylphenol 12.86 C9H10O 134 134(100) 119(83)
91(52)

PN8 4-Isopropylphenol 15.0 C9H12O 136 136(32) 121(41)
103(100)

PN9 BPA 21.8 C15H16O2 228 228(21) 213(100)
119(27)

PN10 (2E,4Z)-3-(2-(4-hydroxyphenyl)
propan-2-yl)hexa-2,4-dienedioic
acid

24.4 C15H16O5 276 276(43) 119(86)
72(67)

TABLE 2 Hirshfield charge distribution and Fukui function of BPA.

No.atom (C) Charge (0)
(e/Å)

Charge (+1)
(e/Å)

Charge (-1))
(e/Å)

f- f+ f0

1 0.065 0.122 0.034 0.057 0.031 0.044

2 −0.071 −0.033 −0.141 0.038 0.070 0.054

3 −0.046 −0.007 −0.108 0.039 0.062 0.051

4 −0.012 0.042 −0.030 0.054 0.018 0.036

5 −0.048 −0.013 −0.114 0.035 0.066 0.051

6 −0.072 −0.017 −0.141 0.055 0.069 0.062

7 0.026 0.033 0.023 0.007 0.003 0.005

8 −0.086 −0.075 −0.093 0.011 0.007 0.009
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indicating that reactions on the C6 site is easier than on other

positions. In general, the reactions between BPA and •OH were

sorted from easy to difficult as C6 > C4 > C5 > C1.

By combining the results of GC/MS-MS detection and DFT

evaluation, the degradation mechanism was proposed and

presented in Figure 6. Due to the electrophilic character of

BPA, ozone commonly reacts with aromatic rings by

electrophilic substitution or 1,3-dipolar cycloaddition (Mvula

and Sonntag, 2003; Peternel et al., 2012). However, due to the

non-selectively and high-reactivity (108–1010 L/(mol·s)), the

indirect •OH oxidation was chosen as the main pathway for

BPA degradation by ozonation system. BPA could be easily

attacked by •OH at the sites of C6 and C4 through addition,

oxidation and cleavaged of the C-C bonds to produce various

intermediates then also began to react with these degradation

intermediates containing double bonds in their chemical

structures [Kusvuran et al., 2013; Wang et al., 2022].

Accordingly, the degradation of BPA by ozonation can be

divided into two possible pathways related to the bonds broken.

The first pathway was attacking the C-O bond of the benzene ring

(C6) by the generated •OH, through which the benzene ring was

cracked and BPA was oxidized to form PN10. Then, PN10 was

transformed into phenol (PN3) and cis-butenedioic acid (PN6)

through the cleavage of C-C bond. PN3 was oxidized to PN5 (4-

benzoquinone), which was further cracked and oxidized to short-

chain products (PN1 and PN2) and even minerized to CO2 and

H2O. The second pathway of •OH oxidation started at the

C4 site. The C-C bond connecting two benzene rings was

attacked, by which the monobenzene ring products was

formed (PN4, PN7 and PN8). These three intermediates could

be mutual converted through the channels of the addition

reactions or hydrogen extraction reactions. Then, they could

FIGURE 5
Values of ΔH and ΔG for the reactions between BPA and
radicals by DFT calculation.

FIGURE 6
The proposed pathways of BPA degradation in ozonation
process.

FIGURE 7
Toxicity evolution during BPA degradation by ozonation at
different ozone dosages. (Experimental conditions: [BPA]0 =
1.00 mg/L; temperature = 25 ± 1°C; initial solution pH = 7.0; O3

dosage = 0.25, 0.50, 1.00, 1.50 mg/L).
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also be gradually degraded to PN3, PN5, PN1 and PN2 by a series

reactions of dehydroxylation and oxidation. Finally, the products

with small molucules were further oxidized and even mineralized

into CO2 and H2O.

3.6 Variation and controlling effect of the
toxicity

As one of the most important ecological parameters, the

evolution of the toxicity during BPA degradation by ozonation

was estimated on the basis of toxicity tests performed on the

luminous bacteria, with which specific method has been

explained in the Experimental Section (Freitas et al., 2017; Li

et al., 2008). In the experiments, ozone dosages were varied

between 0.25 and 1.50 mg/L. The other conditions of initial BPA

concentration, temperature and the pH value were 1 mg/L, 25 ±

1°C and 7.0, respectively. During ozone contacting (0–60 min),

the solution samples at different reaction times were orderly

inoculated with the bacteria V. fischeri. The luminescence relative

inhibitory rate (T%) was calculated and evaluated after 15 min.

The results obtained were shown in Figure 7.

As can be observed in Figure 7, all the values of the relative

inhibitory rate under different ozone dosages increased sharply at

the initial stage of reactions, then gradually decreased and finally

reached a steady state with the further degradation of BPA and its

intermediates, which indicated the toxicity changes of the water

samples. BPA is a toxic compound. Its initial bioluminescence

inhibition without the presence of ozone was around 49%. Take

ozone dosage of 0.25 mg/L as an example, the value of T% rapidly

increased to the maximum 68% within 5 min reaction in

ozonation process, indicating the significant increase of

biotoxicity. This might be attributed to the generation and

accumulation of more toxic intermediates of BPA, such as 4-

isopropylphenol, cis-butenedioic acid, 4-benzoquinone, 1,4-

dihydroxy benzene and phenol (as exhibited in Table 1).

Toxicological data have shown that the values of LD50 for

these above products were respectively 880, 400, 103, 320, and

530 mg/kg (oral dose, mouse), which were all much lower than

that of BPA (4200 mg/kg, oral dose, mouse) and indicated the

higher toxicity than BPA itself (Freitas et al., 2017). In addition,

as shown in Supplementary Figure S2, the peak area of some

intermediates (such as 4-isopropylphenol, 1,4-dihydroxy

benzene and phenol) increased sharply to the maximum at

the initial stage of the reactions and then gradually decreased

as the degradation prolonged, which was consistent with the

variation of the toxicity. Due to a series of effects such as ring

opening, chain breaking and mineralization in the degradation

process, intermediates were continuously oxidized or even

mineralized into CO2 and H2O, resulting in the gradual

reduction of the water samples’ biotoxicity (Malik et al.,

2020). Thus, the value of T% gradually decreased to 39% after

60 min reaction when dosing 0.25 mg/L of ozone. Similar

findings have been obtained by other researches (Alum et al.,

2004; Bertanza et al., 2011; Kim et al., 2008), where more

estrogenic intermediates were generated at the initial stage of

BPA degradation. However, the level of estrogenicity decreased

to below the initial level and subsequently became stable after

long contact time and high inlet ozone concentration. It has been

reported that more than 98% of the estrogenicity of BPA (initial

concentration of 0.10 mg/L) was removed by 1.4 mg/L ozone.

It can also been concluded from Figure 7 that the toxicity of the

treated water samples could be effectively controlled with the increase

of the ozone dosage.When the dosing of ozone increased from 0.25 to

1.50 mg/L, the maximum values of the relative inhibitory rate

obviously decreased from 68% (at 5 min) to 50% (at 1 min),

indicating the less formations of more toxic intermediates and less

required time for their accumulation. In addition, after reaction for

60 min, the values of T%were significantly decreased from39% to 5%,

which were all below the initial T% of BPA (49%). The complete

removal of BPA was achieved when the ozone dosage increased to

1.0 and 1.5 mg/L respectively within 10 and 5 min, which means that

the toxic products could be further effectively degraded. From the

results obtained, it could be deduced that ozonation is a promising

technology for effectively controlling the toxicity of the water samples

as well as significantly degrading BPA.

4 Conclusion

The degradation of BPA by ozoantion was systematically

investigated in this study, and the major conclusions are

summarized as follows:

1) Ozonation was an effective method for BPA degradation. By

dosing 1.0 mg/L of ozone, BPA (1.0 mg/L) was completely

removed within 10 min under pH of 7.0 and temperature at

25 ± 1°C. The degradation reactions were well fitted with the

pseudo-second-order kinetics and •OH was proved as the

predominant oxidation species.

2) Ozonation could effectively adapt the temperature and pH of

the reaction solution. A complete removal of BPA was

achieved at the optimal reaction temperatures range of

25–30°C. In addition, over 91% of BPA could be removed

at a wide pH range of 3.0–9.0.

3) The presence of PO4
3-, Fe3+ and Cu2+ were beneficial to the

degradation of BPA, which played the role of ionic enhancer,

catalyst, flocculant, etc. However, by competing the reaction

active species, BPA degradation was inhibited at the presence

of •OH inhibitors (HCO3
−), organic compounds (HA) and

reducing substance (NH4
+).

4) Results of the DFT calculation revealed that the reaction sites

between BPA and •OH were sorted from easy to difficult as

C6 > C4 > C5 > C1.

5) The biotoxicity of water samples increased first and then

decreased with the reaction time, which was caused by the
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generation and accumulation of more toxic intermediates.

However, as dosing 1.50 mg/L ozone, the values of T% could

be effectively controlled at 5% after 60 min reactions.
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