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H I G H L I G H T S

• A new oxidation mechanism for BPA is
proposed.

• The respective contributions of %OH
(10.32%) and SO4

−% (89.68% for BPA
removal were determined.

• Cl anions affected HC/PS systems re-
moval of BPA.

• Economics of HC/PS systems were
based on energy and oxidant con-
sumption.
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A B S T R A C T

Bisphenol A (BPA) is an endocrine disruptor and is toxic at low concentrations. Furthermore, in order to oxidize
BPA at the water treatment, an economical treatment method is required. This study was the first study to apply
hydrodynamic cavitation/persulfate (HC/PS) processes to degrade BPA and investigated the effects of important
operating parameters, such as HC inlet pressure, PS loading, pH, temperature and other anions. The results
showed that the optimal pressure of HC was 0.5MPa and the rate constant increased as the PS load concentration
increased. The contribution of %OH and SO4

−% to BPA oxidation using HC/PS processes was 10.3% and 89.7%,
respectively. The reaction rate constant decreased with increasing pH and the reaction rate constant increased
with increasing temperature. The activation energy was 69.62 kJmol−1. The effects of other anions on BPA
degradation were in the following order: Cl−> NO3

−> HCO3
−. Five major intermediates were formed in the

HC/PS processes and they were obtained during 120min of operation. Based on this, this study described the
decomposition pathway of BPA. The kinetic study and economic evaluation of the HC/PS processes can be used
as basic data for the real wastewater treatment process in the future.

1. Introduction

Bisphenol A (BPA) is one of the most representative members of the

endocrine disrupting chemicals (EDCs) family, and this is mainly owing
to its excessive use. Specifically, BPA is known to exhibit weak estro-
genic activity at concentrations that can correspond to an extremely
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low range of approximately few ng L−1 – mg L−1 [1] although it is
resistant to biodegradation. A study conducted by the US Center for
Disease Control and Prevention detected BPA in 95% of urine samples
from a reference population of 394 American adults at average con-
centrations of 1.63mgmL−1 and 1.12mgmL−1 in urine samples from
males and females, respectively [1,2]. Additionally, several studies in-
dicated a correlation between the exposure to BPA with sperm count
reduction and increased cancer cells [3]. Therefore, there is a need for
alternative processes to reduce the release and accumulation of EDCs in
the environment.

BPA has a molecular weight (MW) of 228 gMol−1. It is moderately
hydrophobic (water solubility 120–300mg L−1) and corresponds to a
very weak acid pKa 9.6–10.2 [4]. The persulfate (PS) ion (S2O8

2−) is a
strong oxidant (E0=2.1 V), and it generates free SO4

−% (E0=2.6 V) by
breaking the OeO bond in which the bond length corresponds to
1.497 Å, [5] when activated by heat, UV, or transition metals.

Advanced oxidation processes (AOPs) are a family of technologies
based on the in situ production of very reactive species, and they offer a
promising alternative for wastewater treatment. Among other pro-
cesses, the sulfate radical-AOP was discussed in extant studies as an
efficient and affordable process. Sodium persulfate (Na2S2O8) recently
attracted the attention of the scientific community as a promising
source of sulfate radicals due to its moderate cost, high stability, and
aqueous solubility as well as the fact that it is a solid at ambient tem-
perature, and this facilitates its transport and storage [6,7].

Nevertheless, PS itself is a moderate oxidizing agent and it must be
activated to generate highly reactive sulfate radicals with reaction rates
that are typically approximately 103–105 times faster than those of
anion PS [8]. Several studies demonstrated that PS is activated by
elevated temperatures (approximately 30–99 °C) [6,9,10], ultraviolet
(UV)/PS process [11–14], O3/PS process [15–16], ultrasound (US)/PS
process [17–20], microwave (MW)/PS process [21], and the presence

of transition metals that mainly include iron [22,23]. Specifically,
Olmez-Hanci et al. [10] studied the degradation of BPA by using heat-
activated or UV-activated PS. Furthermore, Darsinou et al. [18] recently
showed that PS is indirectly activated by a low frequency ultrasound.
The activation is potentially due to the creation of several hot spots of
elevated temperature that are induced by ultrasound irradiation as well
as the increase in liquid bulk temperature that is associated with heat
dissipation.

In contrast to an ultrasound (acoustics), hydrodynamic cavitation
(HC) generates cavitation by hydraulic pressure, generates %OH, and
also generates heat (Fig. S1).

The goal of this study involved examining the combined effects of
HC and PS on the kinetics of bisphenol A degradation in relation to
various operating conditions such as HC pressure, PS concentration,
solution pH and temperature, and water matrix. An attempt was also
made to identify transformation by-products and elucidate a plausible
reaction mechanism. To the best of the authors’ knowledge, this is the
first report that examines the endocrine disrupting chemicals (EDCs)
degradation of the HC/PS hybrid process.

2. Materials and methods

2.1. Reagent and solution preparation

Synthetic solutions for HC, PS direct oxidation, and HC based ad-
vanced oxidation were prepared by using deionized (DI) water.
Bisphenol A (C15H16O2, purity 99%, CAS number 80-05-7) and sodium
persulfate (Na2S2O8, purity 99%, CAS number 7775-27-1) with their
physical–chemical properties shown in Tables S1 and S2, respectively,
were purchased from Sigma Aldrich (USA). Other chemicals including
NaCl (purity 99.5%), NaHCO3 (purity 99.9%), NaNO3 (purity 99.5%),
and t-BuOH (purity 99.5%) were purchased from Sigma-Aldrich. KI

Fig. 1. Schematic diagram of an HC/PS system.

J. Choi et al. Chemical Engineering Journal 338 (2018) 323–332

324



(purity 99.5%) was purchased from Samchun Chemical, Korea. Ad-
ditionally, 0.1M NaOH (Duksan Pure Chemicals, Korea) was used to
adjust the pH of the solution.

2.2. Experimental setup and methodology

The setup of the HC reactor is shown in Fig. 1. The reactor consists
of a holding tank from where the pollutant solution is obtained, a HC
reactor and an interconnecting pipeline. A reciprocating pump with a
power rating of 1.1 kW is used for the recirculation of the solution
through the line. The measurements of the inlet pressure and the re-
covered pressure were performed based on the use of pressure gauges.
An orifice plate fitted in the main line has a plate thickness of 2mm, an
outer diameter of 6mm, and a concentric hole with a diameter 2mm
that acts as a cavitating device. The HC based degradation of BPA was
performed in different conditions by using a fixed solution volume of
10 L for a constant circulation time of 2 h. The temperature of the so-
lution during the experiments approximately corresponded to 10–50 °C
and was maintained by circulating cooling water through the jacket
provided for the holding tank. In order to investigate the effect of pH,
the initial pH was adjusted to 6, 10, and 12 by using NaOH.

2.3. Kinetic analysis and thermodynamic calculation

The kinetic constants for each test, namely the thermodynamic
parameters (i.e., enthalpy, entropy, and activation energy), were de-
termined by using the analyzed concentrations of BPA (standard curve
see Fig. S2). The kinetic constants were determined by using the pseudo
first order kinetic model as shown in Eq. (1) as follows:

= −dC
dt

K C1 (1)

Here, C denotes the concentration of BPA, t denotes time, and
K1(KHC, KPS, and KHC/PS system) denotes the kinetic constant.

The half-life equation of a first order reaction is independent of the
initial concentration.

=t Ln
K

(2)
1/2

1 (2)

The synergy index is calculated by assuming that all the degradation
reactions of HC, PS, and the HC/PS system follows a pseudo first order
as follows:

=
+

K
K K

Synergy index (SI) HC PS

HC PS

/

(3)

where k denotes the degradation kinetic constant, and each subscript
denotes each treatment process. All the experiments were repeated.

The activation parameters for the HC/PS oxidation of BPA were
calculated by using the Arrhenius equation (Eq. (4)) and the Eyring
equation (Eqs. (5) and (6)) [24–26] as follows:
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The Gibbs free energy ΔG♯ is as follows:

= − ×G H T SΔ Δ Δ# # # (6)

where A denotes the frequency factor for the reaction, R denotes the
universal gas constant (8.3144598 Jmol−1 K−1), T denotes the abso-
lute temperature (K), K denotes the reaction rate coefficient (min−1), Ea
denotes the activation energy (kJmol−1), KB denotes the Boltzmann
constant (1.381×10−23 J K−1), h denotes the Planck’s constant
(6.626×10−34 J s), ΔH# denotes the activation enthalpy (kJmol−1),
and ΔS# denotes the activation entropy (J mol−1 K−1).

2.4. Analytical methods

BPA was monitored by using high performance liquid chromato-
graphy (HPLC) (Agilent Technologies 1260 Infinity, Germany) with a
C18 column (50mm×2.1mm×1.7 μm). The mobile phase, acetoni-
trile, and water at a ratio of 60:40 were operated in the isocratic mode
with a flow rate of 0.30mLmin−1, and the column and sample tem-
peratures were fixed at 40 and 10 °C, respectively. The byproducts of
BPA degradation were analyzed by using HPLC/MS (Agilent 1290
Infinity II LC/Agilent 6490 triple quadrupole LC/MS) systems in posi-
tive and negative ESI modes.

The complete mineralization was analyzed by measuring the total
organic carbon (TOC) content of BPA solution using the TOC analyzer
(Sievers 5310C, Laboratory TOC analyzer, USA). The NO3

− and Cl−

anions were analyzed by using ion chromatography (ICS-1100, Dionex,
USA) with an AS-19 ion-exchange column that included an AS40 au-
tomated sampler (Dionex, USA).

The KI dosimetry method was used to quantify the HC/PS reaction.
The concentration of the potassium iodide (KI) (JUNSEI) solution cor-
responded to 10 g L−1. When the KI solution irradiated with the ul-
trasound, iodine (I2) was generated due to the reaction of iodide ions
(I−) and reactants (such as free radicals (%OH, %H, %OOH)) that were
formed by acoustic cavitation. Iodine (I2) reacted with the iodine ions
(I−) and generated a triiodide ion [27–28]. (I3−) The concentration of
the triiodide ion (I3−) was measured by using a UV spectrophotometer
(DR 6000 HACH company, USA) at a wavelength of 350 nm.

3. Results and discussion

3.1. Effect of HC inlet pressure and mechanism

Hydraulic characteristics of the cavitating device were examined by
measuring the main line flow rate and by using a dimensionless para-
meter termed as the cavitation number (Cv). The inlet pressure to the
venturi as well as flow through the main line were adjusted by changing
the number of piston strokes per unit time. Cavitation number is a di-
mensionless number that is used to characterize the condition of cavi-
tation in hydraulic devices [28,29]. Cavitation number is defined in Eq.
(7) as follows:

=
⎛

⎝
⎜

− ⎞

⎠
⎟C P P

ρv
v

v2
1
2 0

2
(7)

where Cv denotes the Cavitation number; P2 denotes fully recovered
downstream pressure (Pa); pv denotes vapor pressure of the fluid (Pa); ρ
denotes density of the fluid (kgm−3); and v0 = velocity of the fluid
(m s−1). Under ideal conditions, cavities are generated at a condition
corresponding to Cv<1. However, in several cases, cavities are gen-
erated at a value of Cv that exceeds one due to the presence of some
dissolved gases and suspended particles that provide additional nuclei
for the cavities as noted by Saharan et al. [30] and Shah et al. [31].

Hence, Cv decreased from 1.12 to 0.68 when the pressure increased
from 0.3MPa to 0.7MPa as shown in Table 1 and Fig. 2 (A) while %OH
generation corresponded to 0.129 (R2: 0.91) μMmin−1, 0.219 (R2:
0.97) μMmin−1, and 0.147 (R2: 0.92) μMmin−1, and the highest %OH
generation value was observed when the inlet pressure corresponded to
0.5 MPa.

Additionally, the results of applying HC, PS, and HC/PS processes at
the optimum pressure of 0.5MPa as derived from Fig. 2(B) show that
the oxidation kinetic constants of BPA are 1.0× 10−3 min−1,
4.7× 10−3 min−1, and 12.7×10−3 min−1 (Eq. (1)), respectively, and
the half-life (t1/2) correspond to 693min, 147min, and 55min (Eq. (2))
respectively. Furthermore, the synergy index (SI) is 2.23 (Eq. (3)).

An increase in the venturi inlet pressure decreases the cavitation
number, and this increases the number of cavities that are formed.
However, at the operating condition of the inlet pressure exceeding
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0.5MPa, the density of cavities is extremely high such that the entire
downstream area is filled with cavities, and the cavities then begin to
coalesce with each other and form a cavity cloud [30].

In Eqs. (8)(12), when cavitation occurs owing to the pressure dif-
ference of HC, it releases %OH as well as a large amount of energy (Eq.
(8)). The emitted energy converts S2O8

2− to SO4
−% (Eq. (9)), and

SO4
−%reacts with water to generate %OH with stronger oxidation (Eq.

(10)). Specifically, it transforms to %OH under alkaline conditions (Eq.
(11)). The generated %OH reacts with SO4

2− (Eq. (12)). The reaction
rate difference corresponds to the reaction rate constant of SO4

−% and
OH−, and it is 100 times faster than the rate constant of the reaction
between %OH and SO4

2−. Therefore, it is considered that the processes
that combine HC and PS exhibit synergy. The expressions are as follows:

⎯→⎯ + +H O OH heatH
HC

2 % % (8)

S2 O8
2− + heat →2 SO4

− % (9)

SO4
− %+ H2 O →%OH + SO4

2− (k < 60M−1 S−1) (10)

SO4
− %+ OH− →%OH + SO4

2− (k = 6.5 ×107 M−1 S−1) (11)

%OH + SO4
2− →SO4

− %+ OH− (k = 3.5 ×107 M−1 S−1) (12)

Specifically, t-BuOH that acts as a scavenging agent for %OH was
used to investigate the oxidation mechanism of BPA in the HC/PS
system. The second order rate constant of t-BuOH that reacts with
SO4

−% (KSO4-%, t-BuOH= 8.4× 105M−1 s−1 at pH 7) [32] is almost
three orders of magnitude lower than that with %OH (KOH%, t-

BuOH= 6.0× 108M−1 s−1 at pH 7) [32]. Thus, t-Butanol was selected
as the %OH quenching reagent to determine the second order rate
constant between BPA with SO4

−% when BPA was used as a reference
compound.

Kobs,HC/PS = Kobs,HC + KSO4

− %CSO4

− %,HC/PS + K%OH C%OH,HC/PS

(13)

Given the scavenging of %OH by t-BuOH, Eq. (13) is simplified to Eq.

(14) as follows:

Kobs,HC/PS = Kobs,HC + KSO4

−%CSO4

−%,HC/PS (14)

The results are presented in Fig. 2(B) and Table 2. In the case with
only HC and HC/t-BuOH, the oxidation rate constants of BPA corre-
sponded to 1× 10−3 and 0min−1, respectively. Additionally, with HC/
PS and HC/PS/t-BuOH, the oxidation rate constants of BPA corre-
sponded to 12.7× 10−3 and 11.3×10−3, respectively. Therefore,
SO4

−% is considered as the main oxidation mechanism of BPA in the
HC/PS processes when t-BuOH (an %OH scavenging agent) is injected.
The contribution of %OH, and SO4

−% oxidation to BPA oxidation cor-
responded to 10.3% and 89.7%, respectively.

3.2. Effect of PS concentration

S2O8
2− is a strong oxidant, and thus it generates free SO4

−% by
breaking the OeO bond, [5] when activated by heat, UV, or transition
metals. When the concentration of pollutants is constant, the reaction
rate of pollutants is influenced by the concentration of oxidized PS. In
the study, we investigated the oxidation ability of BPA based on the
injected concentration of PS given the HC injection pressure of 0.5MPa,
temperature of 50 °C, and a pH of 6 as shown in Fig. 4.

As shown in Fig. 3(A), when the PS concentrations corresponded to
0mM, 0.31mM, 0.61mM, 0.70mM, 1.39mM, 2.78mM, and 4.17mM,

Table 1
Flow characteristics of the cavitation reactor (Orifice diameter of 2 mm).

Inlet pressure
(MPa)

Volume
(L)

Temperature
(°C)

pH Reaction time
(min)

Flow rate
(Lmin−1)

Velocity
(m s−1)

Cavitation number
(CV)

Power dissipated PD
(W)

%OH production
(μMmin−1)

0.3 10 50±0.5 6±0.5 120 3.79 8.86 1.12 124 0.129
0.5 4.16 9.72 1.02 192 0.223
0.7 5.68 13.28 0.68 295 0.147

Fig. 2. (A) %OH generation owing to the inlet pressure in the HC system (B) BPA reaction rate based on the HC, PS, and HC/PS system (Temperature= 50 °C, Pressure= 0.5MPa,
BPA=0.044mM, PS= 0.700mM, t-BuOH=4.380mM, and pH=6).

Table 2
Observed HC based pseudo first order rate constant at the reaction conditions
(BPA=0.044mM, PS= 0.70mM, t-BuOH=4.38mM, P=0.5MPa, pH=6, and
T=50 °C).

Pollutants Kobs(× 10−3 min−1) Contribution to HC/PS (%)

HC only HC/PS %OH SO4
−%

BPA 1.0 12.7 10.32 89.68
HC/t-BuOH HC/PS/t-BuOH
0 11.3
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the reaction rate constant values corresponded to 1.0, 1.8, 4.7, 12.3,
22.3, 29.0 and 43.2×10−3 min−1, respectively. The half-life (t1/2)
time values corresponded to 693min, 385min, 147min, 55 min,
31 min, 23.9 min, and 16min, respectively. Additionally, the correla-
tion between the PS concentration and the BPA reaction rate constant in
Fig. 3(A) was calculated as KBPA= 10.854×PS concentration (R2:
0.941).

Fig. 3(B) shows that the BPA (TOC) reaction rate constants corre-
spond to 10.3, 13.0, 15.6 and 24.9×10−3 min−1, when the PS con-
centrations correspond to 0.70mM, 1.39mM, 2.78mM, and 4.17mM,
respectively. The half-life (t1/2) time values correspond to 67min,
53 min, 44min, and 28min. Olmez-Hanci et al. [10] studied BPA oxi-
dation based on the PS concentration (5, 10, 20mM) at BPA 20mg L−1,
pH 6.5, and a temperature of 60 °C. However, at concentrations that
exceed a specific concentration, the PS concentration exhibit scaven-
ging in the SO4

−% formation as shown in Eqs. (15) and (16). In the
study, the PS concentration was below 5mM, and the rate constant of
BPA increased with increases in the initial PS concentration. The ex-
pressions are as follows:

SO4
− %+ S2 O8

2− →SO4
2− + S2 O8

− %(k = 6.1 ×105 M−1 S−1)
(15)

SO4
− %+ SO4

− %→S2 O8
− (k = 4.0 ×108 M−1 S−1) (16)

3.3. Effect of pH

The solution pH is an important factor in determining the physical
and chemical properties of the solution that influence the oxidation
kinetic constant. The effect of pH on oxidation rate was examined at pH
6, pH 10, and pH 12.

The results are illustrated in Fig. 4, the gage inlet pressure was fixed
at the optimized value of Pin= 0.5MPa, and the temperature corre-
sponded to 50 °C. The kinetic constants of BPA at pH 6, pH 10, and pH
12 were 12.3×10−3 (R2: 0.97), 5.8× 10−3 (R2: 0.92) and 3.2× 10−3

(R2:0.82), respectively, and the rate constant was decreased with in-
creases in the pH.

The examined BPA molecule corresponded to a non-volatile com-
pound and the region of degradation was outside the cavitation bubble.
The BPA concentration at the hydrophobic bubble interface is clearly
influenced by the solution pH above its pKa value. A potential ex-
planation may involve the ionization state of BPA in which the pKa
value is approximately in the range of 9.9–11.3 [33]. The detrimental
effect of alkaline conditions was more pronounced for the experiment in
the presence of PS since a pH increase from 6 to 12 led to a decrease by
4.1 times. This is potentially because the PS is less negatively charged at
acidic conditions as opposed to alkaline conditions. Consequently, it

can diffuse faster towards the negatively charged cavitation bubble.
The oxidation rates in both HC/PS processes decreased from pH 6 to

pH 12, and this is possibly due to the decrease in the redox potential of
%OH/H2O with the increase in pH. For example, based on Eqs. (17)(19)
(derived from the Nernst equation), the redox potential of %OH/H2O at
pH 6, pH 10, and pH 12, are 2.446 V, 2.21 V, and 2.092 V, respectively,
and of SO4

−%/H2O correspond to 2.246 V, 2.01 V, and 1.892 V, re-
spectively. The expressions are as follows [34,35]:

E0 %OH/H2
O = 2.8 V (17)

E0 SO4

− %/H2O = 2.6 V (18)

E%OH(SO4

− %) = E0 %OH(SO4

− %)/H2 O - 0.059pH (19)

In the HC/PS process, the degradation rates increased slightly under
the acidic condition. This is because a lower amount of SO4

−% is
transformed to %OH at a lower pH (Eqs. (20) and (21)). Thus, SO4

−% is
the predominant radical species in the HC/PS process under the acidic
condition. In contrast, a high alkaline condition by a pH above 10, the
major radical species in the HC/PS process is %OH (Eqs. (11) and (12)).
Thus, the degradation rates also decreased with increases in the pH in
the HC/PS process because SO4

−% is more reactive when compared to %

OH with BPA. The expressions are as follows [36,37]:

SO4
− %+ H2 O →%OH + SO4

2− + H+ (k = 60 M−1 S−1 ) (20)

SO4
− %+ H2 O →%OH + HSO4

− (k = 500 S−1 ) (21)

Fig. 3. Pseudo first order kinetics plots of BPA degradation data with different initial PS concentrations at BPA=0.044mM, HC pressure= 0.5MPa, Temperature= 50 °C, and pH=6.

Fig. 4. Effect of initial pH on 0.044mM BPA, HC/PS at 0.5MPa pressure, and tempera-
ture control at 50 °C with 0.70mM PS.
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3.4. Effect of temperature

Temperature is an important parameter in the oxidation process
because it affects the activation energy as well as pollutant behavior. As
a result, the rate constants at 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C were
0.28×10−3 (R2: 0.95), 2.2× 10−3 (R2: 0.94), 4.6× 10−3 (R2: 0.93),
9.3× 10−3 (R2: 0.97), and 12.3× 10−3 (R2: 0.97) min−1, respectively.
Accordingly, the rate constants increased when the temperature in-
creased as shown in Fig. 5(A). The Arrhenius equation is used, and the
calculated activation energy (Ea) corresponded to 69.62 kJmol−1

(Fig. 5(B)). This is less than the values of Ea 184±12 kJmol−1 and
119±10.8 kJmol−1 in the BPA oxidation by using PS as proposed by
Olmez-Hanci et al. [10] and Gauch and Tuqan [38]. In chemistry, the
activation energy is the minimum energy that must be available to a
chemical system with potential reactants to result in a chemical reac-
tion [39]. Therefore, a decrease in the Ea value decreases the energy
required for BPA oxidation and decreases the costs of the process,
thereby making it more economical. Additionally, based on the Eyring
equation (Eqs. (2)(4)), the calculated ΔH# and ΔS# correspond to
72.13 kJmol−1 and 0.041 kJmol−1 K−1, respectively, and the re-
lationship between ΔG# and temperature is shown in Eq. (22). There-
fore, an increase in temperature increased ΔG# and the reaction rate.
The expressions are as follows:

= − × −G T kJ molΔ 72.13 0.041 ( )# 1 (22)

3.5. Effect of aqueous matrix species

A few matrix species that are commonly present in water react with
radical species including SO4

−% and %OH in competition with the target
pollutants [40,41]. Therefore, it is very important to examine the
manner in which any negative ions in water affect the reaction.

In the study, the effect of single anions and mixed anions on the rate
of BPA oxidation in the HC/PC process was investigated as shown in
Fig. 6.

As a result, the BPA oxidation rate constant was obtained when the
concentration of Cl− (pH=3.16), NO3

− (pH=3.64), and HCO3
− (pH

6±0.5) corresponded to 0.32mM at the inlet pressure of 0.5MPa with
0.70mM PS and pH 6. The negative ion order that positively affects the
kinetic constant corresponds to 27×10−3 (R2: 0.855), 19.5× 10−3

(R2: 0.878), and 12.3×10−3 min−1, in which Cl−>NO3
−>HCO3

−.
The redox potential values of the radicals participating in the re-

action are as follows: E0%OH=2.8 V, E0SO4−%=2.6 V [8], E01/
2CO3−%=1.5 V; E01/2Cl2−%=2.09 V; and E01/2NO3%=2.5 V [42,43].

In the reaction of %OH and chlorine ions in Eqs. (23) and (24), the
chlorine ion produces more %OH (about 28%) by catalysis, and thus the

reaction rate constant (27.0× 10−3 min−1) is approximately 52.96%
faster than the reaction rate constant (12.7×10−3 min−1) for BPA
oxidation by using HC/PS processes. The expressions are as follows
[32,44]:

%OH + Cl− →ClOH− % (k = 4.3 ×109 M−1 S−1 ) (23)

ClOH− %→%OH + Cl− (k = 6.0 ×109 M−1 S−1 ) (24)

In Eqs. (25) and (26), the rate constants of SO4
−% and Cl− and the

rate constants of %Cl and Cl− were similar. Additionally, it was de-
monstrated that Cl2−% presents rate constants when they react with the
oxygenated hydrocarbons ranging from 1.4×103M−1 s−1 to
2.7×105M−1 s−1 [45] and with amino acids ranging from
1.2×105M−1 s−1 to 1.4×107M−1 s−1 [42]. This indicates that
Cl2−% can sometimes selectively react with an organic compound at
comparable rates in a manner similar to SO4

−% (as in the case of serine
amino acid with 2.3×107M−1 s−1) [42]. The expressions are as fol-
lows [46,47]:

SO4
− %+ Cl− →Cl %+ SO4

2− (k = 3.1 ×108 M−1 S−1 ) (25)

Cl %+ Cl− ↔Cl2 − % (k = 5.7 ×109 ,7.8 ×109 M−1 S−1 ) (26)

The kinetic constants of BPA oxidation by using HC/PS/NO3
− and

HC/PS processes were 19.5×10−3 and 12.7×10−3 min−1, respec-
tively, and the reaction rate of HC/PS/NO3

− process was

Fig. 5. Pseudo fist order kinetic plots (A) of BPA degradation by HC/PS with different temperature (10–50 °C) at pH=6, HC=0.5MPa, BPA=0.044mM, and PS= 0.70mM. An
Arrhenius plot of the pseudo first order kinetic constants (B) yields the apparent activation energy for the degradation of BPA by HC/PS.

Fig. 6. Effect of anions on BPA oxidation by using HC/PS processes. Experimental con-
ditions: (BPA=0.044mM, Cl−, NO3

−, and HCO3
−=0.32mM, HC=0.5MPa,

PS= 0.70mM, pH=6, and Temp.= 50 °C).
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approximately 38.7% higher than that of the HC/PS process.
According to Exner et al. [43], NO3% exhibited the highest Kobs at

approximately 5.0±0.5×104M−1 s−1 in a solution containing NO3
−

as shown in Eqs. (27) and (28).
Furthermore, the NO3% redox potential (E01/2NO3= 2.5 V) was high,

and Eqs. (17)(19) were used to calculate the %OH and SO4
−% redox

potentials at the initial pH values corresponding to 3.64 and 6.0 as
2.585 (%OH) and 2.385 (SO4

−%) V and 2.446(%OH) and 2.246 (SO4
−%)

V, respectively, for the HC/PS/NO3
− and HC/PS. It is considered that

the %OH and SO4
−% redox potential values in the HC/PS/NO3

− process
exceed those in the HC/PS process. The expressions are as follows [43]:

%OH + NO3
− →NO3 %+ OH− (27)

SO4
− %+ NO3

− →NO3 %+ SO4
2− (k = 5.0 ×104 M−1 S−1) (28)

The HCO3
− is known for its capacity to quench sulfate radicals and

hydroxyl radicals as well with rate constants of approximately
8.5×106M−1 s−1 (Eq. (29)) and 9.1×106M−1 s−1 (Eq. (30)), re-
spectively. However, in the study, the reaction rate constant in the
presence of HCO3

− ion was 12.3×10−3 min−1, and this is similar to
that of DI water at 12.7× 10−3 min−1. Nevertheless, the cause was not
identified. The expressions are as follows [32]:

%OH + HCO3
− →CO3

− %+ H2 O (k = 8.5 ×106 M−1 S−1 ) (29)

SO4
− %+ HCO3

− →CO3
− %+ HSO4

− (k = 9.1 ×106 M−1 S−1 )
(30)

Fig. 7 also shows the effect of HC/PS process on the oxidation of
BPA when Cl−, NO3

−, and HCO3
− (0.32mM, pH=6±0.2) were

mixed. As a result, 3.2% of reduction was founded by comparing with
the oxidation rate constant for all types of anions (12.7× 10−3 min−1,
R2: 0.970) and that of the anion-free BPA (12.3× 10−3 min−1, R2:
0.980). The reason for this is unclear, but it can be thought that the
positive reaction and the negative reaction occurs at the same time
because of the reasons that mentioned previous paragraphs.

3.6. Study of transformation and by-products

The HC/PS degradation of BPA was investigated in the HC reactor at
0.5 MPa HC inlet pressure and 0.70mM PS concentration as shown in
Fig. 7.

The degradation of BPA was quantified after 30min, 60 min,
90 min, and 120min of the HC/PS system, and the degradation effi-
ciencies based on BPA concentrations removal were obtained at
34.51%, 49.02%, 66.16%, and 81.28% respectively. The mineralization
of BPA was quantified after 30min, 60min, 90min, and 120min of the

HC/PS system, and the mineralization efficiencies based on TOC con-
centration removal were obtained at 26.00%, 43.57%, 59.86%, and
76.92%, respectively (Fig. 7(A)).

The TOC was not completely removed and it was not possible to
preclude the generation of compounds that are more hazardous when
compared to the initial contaminant, BPA, thus the main BPA by-
products formed during the HC/PS degradation were identified. The
study was performed by using HPLC/MS in both positive and negative
electrospray modes. The TOC samples that are obtained after 30min,
60min, 90min, and 120min of the HC/PS system, were used in the
analysis of byproducts (Fig. 7(B)). Fig. 7(B) shows the extracted ion
chromatography peak areas of these productions based on the irradia-
tion time. In the study, the five main intermediates produced by HC/PS
system corresponded to monohydroxylated bisphenol A (C15H16O3), 4-
isopropenylphenol (C9H10O), 4-hydeoxyacetophenone C8H8O2), qui-
none of monohydroxylated bisphenol A (C15H14O3), and dihy-
droxylated bisphenol A (C15H16O4) (Table S3). The main intermediates
C8H8O2 increased to 40min and then decreased while the intermediate
C9H10O continuously increased to 120min. The intermediate C15H14O3

also increased to 40min and then decreased. The remaining C15H16O3

and C15H16O4 increased to 30min and was then maintained for
120min.

Therefore, further degradation of the ring rupturing process pro-
duced C8H8O2, C9H10O, and C8H6O2 intermediates that corresponded to
aliphatic compounds that were comprised of carboxylic acid (including
hexanoic acid, succinic acid, and fumaric acid oxalic acid) [48]. Sub-
sequently, the produced carboxylic acid is further degraded, and this is
followed by the evolution of CO2 and H2O.

Generally, SO4
−% is more likely to participate in electron transfer

reactions as opposed to OH, which is more likely to participate in hy-
drogen abstraction or addition reactions [49]. Specifically, SO4

−% is
selective radical which prefer to react with the aromatic ring while %OH
is non-selective one which reacts with both the aromatic ring and the
aliphatic chain. Although %OH are non-selective, some discrimination
exists in practice among potential sites of attack [48]. The existence of
electron-donating OH group increases the electron density of the aro-
matic ring and renders the double bond more vulnerable to the elec-
trophile attack [49]. Thus, it is assumed that the degradation of BPA
proceeds mainly through the attack of the electrophilic %OH on the
phenyl groups of BPA. Attack of the %OH on the aromatic ring of BPA is
expected to occur preferentially at the ortho position due to the ortho-
orientation and para-orientation tendency of the ring OH group. The
production of radicals (SO4

−% and %OH) and the formation of (hy-
droxyl) BPA radical during sono and UV-activated PS with BPA was
emphasized in a recent study [18,50]. Heated PS [10,38], and

Fig. 7. (A) Profiles of BPA and TOC removal during the HC/PS system (B) Intermediate formation of BPA oxidation at HC/PS applications under optimum condition: (BPA=0.044mM,
HC/PS processes= 0.5MPa, temperature=50 °C, pH=6, and PS= 0.70mM).
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sonochemical oxidation [51,52] also clearly show the importance of
radicals and by-products during the treatment. The data suggests that
BPA is potentially concentrated on the HC/PS treatment where it is
readily degraded by %OH, and SO4

−% plays an important role in in-
itiating sequential ring cleavage via hydroxylation on the aromatic
rings. The detection of partially hydroxylated aromatic compounds and
ring ruptured products were reported in several studies [53,54].

The pathway is rationalized through the elimination of water from
the (hydroxyl) BPA radical to form the (phenoxyl) BPA radical that is
followed by b-scission to finally produce isopropenylphenol and phe-
noxy radicals (Fig. 8) as also reported by other extant studies [49]. The
analysis result produces C8H8O2, C9H10O, and C15H14O3 intermediates.
The advantage of using an HC/PS system corresponds to the synergistic
index of each process that allows complete degradation of BPA as well
as both hydrophilic and hydrophobic intermediates without producing
toxic byproducts.

3.7. Economic comparison of HC/PS processes

An economic comparison of HC/PS processes for removal of BPA
was conducted based on the total cost of electrical energy and the
oxidants. The electrical energy per order (EEO) (kWhm−3) is calcu-
lated from Eqs. (31) and (32) as follows:

= × ×

× × ( )
P t

V
EEO 1000

60 log C
C

i
f (31)

⎜ ⎟
⎛
⎝

⎞
⎠

= ×C
C

K tIn i

f (32)

where P denotes the HC power input (kW) of the HC/PS system, t de-
notes the irradiation time (h), V denotes the treated water volume (L), K
denotes the first order rate constant (min−1), and Ci and Cf denote the
initial and final pollutant concentrations (mg L−1), respectively
[55–56]. From Eqs. (31) and (32), EEO is expressed as follows (Eq.
(33)):

= ×
×

P
V K

EEO 38.4
(33)

The results indicate that Eq. (32) in the HC, PS, and HC/PS pro-
cesses during BPA degradation. EEO and total cost are presented in
Table 3. However, in the HC/PS processes, the BPA kinetic constant was
increased with increases in the PS concentration while the EEO and
total cost values decreased.

Fig. 8. Cleavage pathways of BPA HC/PS degradation
(BPA=0.044mM, HC/PS processes= 0.5MPa,
temperature=50 °C, pH=6, and PS= 0.70mM).

Table 3
Economic comparison of HC, PS, and HC/PS processes for BPA removal in DI water.

PS Conc.
(mmol L−1)

Kinetic constant
(10−3 min−1)

EEO
(KWhm−3 order−1)

Cost
($ m−3 order−1)

Condition

HCa PSb Total

HC – 2.6 284 37.4 – 37.4 BPA=10mg L−1

Pressure= 0.5MPa
Power= 192W
Temperature= 50 °C
pH=6

PS 0.7 4.7 – 35.4 35.4
HC/PS 0.31 1.8 410 54.0 41.0 95.0

0.61 4.7 157 20.7 30.9 51.6
0.70 12.6 58.5 7.72 13.2 20.9
1.39 22.3 33.1 4.36 14.8 19.2
2.78 29 25.4 3.35 22.8 26.2
4.17 43.2 17.1 2.25 23.0 25.2

a Electrical energy cost= 0.1319 $ (kWh)−1 [57].
b Na2S2O8 (99%) cost= 1.00 $ kg−1 [58].
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4. Conclusions

This study involved investigating the effect of varying operating
parameters, including temperature, pH, and oxidant concentration, on
the HC/PS process treatment of a potentially endocrine disrupting BPA
compound. Following the optimization of the treatment performance,
BPA degradation products that were formed during HC/PS process
degradation were quantified via LC–MS to examine the relationship
between HC/PS oxidation products. The main conclusions are as fol-
lows:

(1) HC by itself degrades BPA at the conditions employed in the study.
However, the synergy index effect of HC/PS degradation that re-
sults in the formation of hydroxyl and sulfate radicals is beneficial
for the oxidation of BPA.

(2) During the BPA degradation by using the HC/PS process, the me-
chanism corresponded to %OH and SO4

−% degrading although the
main degradation mechanism corresponded to SO4

−%.
(3) The kinetic constant of BPA oxidation decreased with increases in

the pH and increased with increases in the temperature.
(4) The environmental matrix containing other anionic radical sca-

vengers affects the decomposition kinetics when compared to op-
erations in deionized water. Chloride ion also acts as a catalyst to
increase the amount of %OH and to increase the oxidation kinetic
constant.

(5) Intermediates of BPA degradation were identified and BPA de-
gradation pathways were proposed based on the HPLC-MS analy-
tical data.

(6) HC/PS system was more cost effective with respect to the reaction
conditions adopted in the study.

HC/PS system has benefits in future applications. Because it is an
AOP process that can be applied with very little operating cost and
simple equipment.
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