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Abstract In this study, the treatment of synthetic 
wastewater containing 10  mg/L Bisphenol A (BPA) 
has been investigated by the catalytic and photocata-
lytic ozonation process. n.TiO2 nanocatalysts have 
been used in catalytic (COP) and photocatalytic 
(PCOP) ozonation processes. Optimum parameters 
have been determined as pH 6.32, 1200 mg/L ozone 
dose, 50  mg/L n.TiO2 catalyst dose and 12.5  min 
reaction time for COP. Optimum parameters have 
been found as pH 6.32, 1200  mg/L ozone dose, 
50  mg/L n.TiO2 catalyst dose, 18 Watt UV light 
intensity, and 10  min reaction time for PCOP. The 
removal efficiencies of BPA have been obtained as 
95.51% and 98.09% for COP and PCOP, respectively. 
Kinetic analyses showed that BPA removal has been 
carried out Pseudo second order kinetics with  R2 val-
ues of 99.1 for both processes.

Keywords BPA · Catalytic ozone process · 
Photocatalytic ozone process · n.TiO2 · Kinetic 
modeling

1 Introduction

Bisphenol A is an industrial chemical produced in 
very high volumes. BPA is used as the main material 
in the production of polycarbonate, epoxy resin, and 
thermal paper. High transparency, good thermal sta-
bility, high mechanical strength, and high degradation 
temperature are among the important physical and 
chemical properties of BPA (Jang & Wilkie, 2004). 
BPA, an organic synthetic compound, is a water-sol-
uble, white, solid, and crystalline structure synthetic 
chemical, also known as [2,2-bis(4-hydroxyphenyl) 
propane], containing a methyl bridge between two 
phenol rings (Cousins et  al., 2002). The chemical 
structure of BPA is shown in Fig.  1 (Prokop et  al., 
2004).

Since BPA is preferred in the first place in many 
consumer products, it is seen that it is detected in sur-
face waters and soil environments. Discovered that 
BPA has effects on hormones, it is classified among 
endocrine disrupting chemicals (EDC) because it 
shows estrogenic activity (Steinmetz et  al., 1997). 
BPA has been recognized as a concern for human 
health and the environment due to its endocrine sys-
tem-disrupting effect (Delfosse et  al., 2012). EDCs 
have been stated that EDCs will cause occlusion of 
the heart and vessels (cardiovascular diseases), eating 
disorders (obesity) (Grün & Blumberg, 2009), and 
diabetes (Lang et al., 2008) in human health. Bisphe-
nol A, one of the EDCs, has been found in wastewater, 
drinking water, air, and dust due to its wide variety of 
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applications worldwide (Huang et al., 2012). For this 
reason, many methods have been used for BPA treat-
ment in recent years. Ozone oxidation (Deborde et al., 
2008), ultrasonic radiation (Guo et al., 2018), Fenton 
oxidation (Ioan et al., 2007), photocatalysis oxidation 
(Ohko et  al., 2001), and electrochemical oxidation 
(Kuramitz et al., 2001) are among the methods used 
for BPA treatment.

Ozone is a powerful oxidant with a high electrode 
potential. However, ozone only selectively attacks 
some of the organic pollutants at low pH and can’t 
readily react with many organic pollutants such as 
inactivated aromatics (Liu et  al., 2019). It is clear 
that ozonation efficiency increases in the presence 
of a catalyst. Only the ozonation process requires an 
extended processing time and more minor miner-
alization. The use of catalysts that mediate hydroxyl 
radical  (OH•) formation increases both treatment effi-
ciency and effectiveness (Chen et al., 2019a).

In general, in heterogeneous advanced oxidation 
processes, solid form catalysts are used to degrade the 
desired compounds. The heterogeneous catalysts used 
compared to homogeneous catalyzed oxidation pro-
cesses have a quicker and easier product separation 
feature. Decomposition of ozone on the surface of 
metal oxide structures is the general method in heter-
ogeneous catalytic ozonation. In heterogeneous cata-
lytic ozonation, it is also known as the decomposition 
of ozone on the metal oxide surface by combining 
metal oxide components such as metal oxides  TiO2, 
 MnO2, and  Al2O3 or metal structures such as Cu-
TiO2,  Fe2O3/Al2O3 with metal oxide groups. The effi-
ciency of such ozonation methods generally depends 
on the physical and chemical properties of the metal 
oxide surfaces and the pH range of the solution.

There are two basic processes for the heterogene-
ous catalytic ozonation process. (1) The formation of 
hydroxyl radical groups as a result of the adsorption 

of ozone molecules on the surface of the catalyst 
structure and the degradation of ozone molecu-
lar groups (Cooper & Burch, 1999; Ma & Graham, 
2000). (2) As a result of adsorption on the surface of 
the used catalyst and decomposition of ozone molec-
ular structures, it causes the production of many 
 OH− radicals due to active oxidative surfaces (Beltrán 
et al., 2002; Gracia et al., 2000).

Photocatalyst is defined as a potential semicon-
ductor that creates a strong oxidizing structure on 
the surface with the effect of UV light. Photocatalyst 
is a type of catalyst that is activated in the presence 
of light. The adsorbing of the incoming light maxi-
mizes the energy and initiates the chemical reaction 
by transmitting the generated energy to the reactive 
materials.

This study investigates BPA removal by catalytic 
and photocatalytic ozonation processes using nano 
titanium dioxide (n.TiO2) particles. It was aimed 
to determine the effects of pH, ozone dose, catalyst 
dose, UV light intensity, and reaction time parameters 
on the removal efficiency of BPA removal. It was 
found that the catalytic and photocatalytic processes 
are more suitable for BPA removal. Thus, two inno-
vative processes for BPA removal, which are rare in 
the literature, have been determined. In addition, dif-
ferent kinetic models have been examined for both 
processes, and reaction rate constants were calculated 
depending on the formation reaction time.

2  Materials and Methods

2.1  Materials

Bisphenol A, branded as ACROS ORGANICS, was 
used to prepare synthetic BPA samples. Hydrochloric 
acid (HCl) and sodium hydroxide (NaOH) solutions 
were used for acid–base adjustment for pH measure-
ments (HANNA) in the prepared samples. As a cata-
lyst, n.TiO2 with a diameter of 21  nm was obtained 
from SIGMA-ALDRICH. BPA concentration 
measurements were made with SHIMADZU brand 
UV-1700 model UV–Vis spectrophotometer. HS33 
model magnetic stirrer of MTOPS brand was used to 
provide a homogeneous environment in the reactor. 
To obtain ozone gas, an ozone generator with SABO 
OZONE SYSTEMS branded SL-10 model was used.

Fig. 1  The chemical structure of BPA (Prokop et al., 2004)
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2.2  Synthetic BPA Sample Preparation and 
Measurement

Experiments were performed with synthetic BPA 
solutions with an initial BPA concentration of 10 
mg/L. For BPA measurements, spectrum scanning 
was taken and maximum wavelength (λmax) value was 
obtained at 278 nm wavelength. For the measurement 
of BPA values in the experiments, a calibration curve 
between 0.5 and 10 mg/L was prepared and Eq.  (1) 
was obtained. Figure 2.

2.3  Reactor Design

Two different reactors have been used for catalytic 
ozonation and photocatalytic ozonation processes. 
The ozone generator used in catalytic and photo-
catalytic ozonation can produce 3 g/h of ozone. The 
catalytic ozonation process is shown in Fig.  3. The 
catalytic ozonation system consisted of a 250 mL 
sample reactor, ozone generator, and magnetic stir-
rer. The photocatalytic ozonation system is shown 
in Fig. 4 and includes the ozone generator, magnetic 
stirrer, and reactor with an outer layer of stainless 
steel. The reactor main system was 300 mm in length 
and 100 mm in diameter. 6 UV lamps (6 Watt each) 
with a wavelength of 254 nm were used in the reactor. 

(1)BPA(mg∕L) =
ABS

0.0134

Fig. 2  Calibration chart
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Fig. 3  Experimental setup for COP

Fig. 4  Experimental setup for PCOP
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Experiments were carried out by placing the sample 
in a quartz sample cup with a volume of 150 mL.

3  Results and Discussion

3.1  Effect of pH on BPA Removal in COP and PCOP 
Processes

The pH parameter is a very important parameter for 
catalytic and photocatalytic ozonation processes. The 
pH value can significantly affect the ionization state 
of organic molecules, the charge of the  TiO2 surface, 
and the precipitation of the chosen catalyst (Sobral-
Romao, 2015).

Experimental studies have been carried out on a 
synthetic water sample with an initial BPA concentra-
tion of 10  mg/L. The effect of pH on BPA removal 
has been investigated for pH 3–11 values. Meanwhile 
investigating the effect of pH, ozone dose has been 
studied at 1200  mg/L, 250  mg/L n.TiO2 dose and 
10 min reaction time, and an additional 18 Watt light 
intensity was used in photocatalytic ozonation.

The effect of pH on BPA removal efficiency is 
shown in Fig.  5. As Fig.  5 examined, BPA removal 
efficiency is highest at neutral pH values for catalytic 
and photocatalytic ozonation processes. BPA removal 
efficiency is at the lowest level at alkaline pH values. 
It was determined that the highest removal in BPA 

removal was at the sample’s own pH (pH 6.32). How-
ever, it is evident from Fig. 6 that the photocatalytic 
process has a higher BPA removal efficiency than 
catalytic ozonation. However, it is understood from 
Fig. 6 that the photocatalytic process has higher BPA 
removal efficiency than the catalytic process. The 
BPA removal efficiency for COP is 71.92%, while it 
is 86.46% for PCOP at pH 6.32.

The reason for the low removal of BPA at high pH 
is due to the pH-dependent zeta potential of n.TiO2. 
Figure  6 shows the zeta potential change of n.TiO2 
used in the experiments depending on pH. As can be 
seen from the figure, the zeta potential value of the 
n.TiO2 particle decreases as the pH increases. At neu-
tral pH, the zeta potential approaches almost zero. 
Therefore, BPA removal is low in alkaline conditions. 
BPA removal for COP and PCOP processes was 
4.62 mg/L and 1.93 mg/L at pH 11, respectively.

The treatment efficiency of the BPA pollutant at 
pH 2, 7, and 12 does not change independently of the 
pH value (Lee et al., 2003). For the treatment of BPA 
pollutant with 10 mg/L inlet concentration, ozone 
dose discharge was studied at 4.05 mg/min, pH 3–6 
and 11, and BPA removal efficiencies were obtained 
as 17%-12%-35%, respectively (Gultekin et al., 2009). 
The purification of the synthetic BPA sample with an 
initial concentration of 8 mg/L by discharging a 2.2 
mg/L ozone dose was investigated. They obtained an 
increase in the removal efficiency with the increase in 

Fig. 5  The effect of pH on 
BPA removal  (C0BPA: 10 
mg/L,  O3 dose: 1200 mg/L, 
n-TiO2 dose: 250 mg/L, t: 
10 min., UV light intensity: 
18 Watt)
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pH values in the reaction time of 14 min. At pH 2–5 
and 7, the percentage BPA removal efficiencies of 
53%, 79%, and 92% were obtained, respectively, for 
BPA purification (Garoma & Matsumoto, 2009). The 
studies reported that the removal efficiency of high 
pH scales (10 ≤) decreased as a result.

3.2  Effect of  O3 Dose on BPA Removal in COP and 
PCOP Processes

The heterogeneous catalytic ozonation process is 
a process that provides an easy decomposition of 
organic pollutants and rapid degradation of carbon 
dioxide and water compounds (Gao et  al., 2017; 
Nawrocki & Kasprzyk-Hordern, 2010). Ozone-based 
advanced oxidation processes (AOPs) provide more 
hydroxyl radical formation of organic target pollut-
ants compared to single systems (Gogate & Pandit, 
2004; Rodríguez et al., 2013). Compared to the single 
ozonation technique, the main advantage of this sys-
tem is the higher removal efficiencies obtained (Nie 
et al., 2015; Xing et al., 2016).

Since ozone dose directly affects radical forma-
tion, it is one of the most important parameters affect-
ing pollutant removal for catalytic ozonation and 
photocatalytic ozonation processes (Bai et  al., 2016; 
Yang et al., 2014). For this reason, when changes are 
made in the ozone dose, the BPA removal efficiency 
will also differ. In the experimental studies, studies 
have been carried out with an initial concentration 
of BPA in 10 mg/L synthetic wastewater sample pH 
6.32, 250  mg/L n.TiO2 dose, 10  min reaction time, 
and 18 W light intensity for COP and PCOP. The 

effect of ozone dose on BPA removal efficiency has 
been investigated for 600–3000  mg/L doses in both 
processes.

The reduction of ozone dose upon BPA removal is 
shown in Fig. 7. Initially, BPA removal increases with 
the increase of ozone dose, but after 1200 mg/L ozone 
dose, the increase in removal efficiencies is very 
small. In COP, BPA removal efficiency is 55.42% 
at 600  mg/L ozone dose, while removal efficiency 
is 74.14% at 300  mg/L ozone dose. However, BPA 
removal efficiencies for 600 and 3000  mg/L ozone 
doses have been found to be 67.37% and 90.97% in 
PCOP. Ozone has an electrophilic and nucleophilic 
structure that can interact with the catalyst surface 
in acidic or basic conditions by exchanging electrons 
with metal oxides and breaking down organic pollut-
ants (Malik et al., 2020). It has been determined that 
the oxidation and/or mineralization value in the cata-
lytic ozonation process increases in parallel with the 
increase of the initial ozone concentration (Sanchez 
et al., 1998; Wu et al., 2011). Some research groups, 
on the other hand, reported that increasing the ozone 
concentration value in the catalytic ozonation pro-
cess did not significantly increase the oxidation or 
mineralization formation rates and activities, because 
although the ozone concentration varies depending 
on the characteristics of the target pollutant, it is also 
dependent on the by-products formed as a result of 
oxidation in the oxidation matrix (Beltrán et al., 2009; 
Ye et al., 2009).

There is a certain stoichiometric ratio between 
ozone dose and BPA pollutant. In the study carried 
out by Irmak et  al. (Irmak et  al., 2005) in the BPA 

Fig. 6  Zeta potentials of 
n.TiO2 depending on the pH
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sample with an initial concentration of 22.8 mg/L, at 
pH 6.5, 80 min reaction time, and 8.96 × 10–1 g/L.h 
ozone dose discharge, it was determined that the 
ozone dose discharge required to ensure complete 
purification of 1 mol BPA pollutant. It has been deter-
mined that it is 14.94 mol (Irmak et al., 2005). They 
found mole values of samples with initial concentra-
tion values of 10–60 mg/L of BPA, which differed 
between 1.5–1.8 values for 1 mol of BPA, provided 
that 100% effective purification was achieved (Lee 
et al., 2003).

3.3  Effect of Catalyst Dose on BPA Removal in COP 
and PCOP Processes

TiO2 is the most used type of photocatalyst with its 
chemical stability, high photocatalytic efficiency, and 
low toxicity value, which are among the most impor-
tant criteria for photocatalytic ozonation processes 
(Mehrjouei et  al., 2015). The use of catalyst in the 
presence of  O3; is one of the advantages of reducing 
the use of ozone gas, shortening the reaction time, 
and increasing the ozonation efficiency (Gracia et al., 
1996).

While investigating the effect of n.TiO2 dose on 
BPA removal, studies have been carried out at 50–750 
mg/L n.TiO2 doses. In the experimental studies, other 
parameters have been taken as pH 6.32, 1200 mg/L 
ozone dose, and 10 min reaction time. In addition to 

these parameters, 18 Watt light intensity was studied 
in PCOP.

It can be seen from Fig.  9 that the catalyst dose 
does not have a great effect on BPA removal. In 
COP, BPA removal efficiency is 72.77% at 50 mg/L 
n.TiO2 dose and BPA removal is 74.23% at 750 mg/L 
n.TiO2 dose. Similarly, in PCOP, 50 mg/L 750 mg/L 
n.TiO2 BPA removal efficiencies have been obtained 
as 92.48% and 92.21%, respectively. Although 
the amount of increase in n.TiO2 dose is high, the 
increase in BPA removal efficiencies is around 
2% in COP, while the removal efficiency is almost 
unchanged in PCOP. The literature has reported that 
the increase in the catalyst dose in heterogeneous sys-
tems affects the removal efficiency and increases it 
linearly (Pan et al., 2014), but this increase becomes 
stable after a while. This is related to the reduction 
in light scattering (Sobral-Romao, 2015). In catalytic 
ozone processes, metal oxides also have an effect on 
BPA removal depending on pH. Below the pHpzc 
value, the surface of the n.TiO2 metal oxide catalyst 
becomes positively charged. The available active sites 
of a catalyst affect the activity. Since the active cata-
lytic sites increase at a neutral initial pH and pHpzc of 
the metal oxide, the catalytic efficiency also increases 
during COP processes (Chen et al., 2019b). In addi-
tion, when COP and PCOP processes are compared in 
Fig. 8, more effective BPA removal is obtained with 
the PCOP process, especially at a dose of 50 mg/L 
n.TiO2. Since the preferred surface area of the catalyst 

Fig. 7  The effect of ozone 
dose on BPA removal 
 (C0BPA: 10 mg/L, pH = 6.32, 
n.TiO2 dose: 250 mg/L, 
time: 10 min, UV light 
intensity: 18 Watt)
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in photocatalytic reactions is high, it will cause more 
area formation in such reactions, thus providing more 
efficient photocatalytic performance (Varshney et al., 
2016).

3.4  Effect of UV Light Intensity on BPA Removal in 
COP and PCOP Processes

Photocatalytic processes are a type of process in 
which many serial steps occur with the irradiation 

of the preferred catalyst and the interfacial reactions 
of reactive formations for the oxidation processes of 
potential pollutants (Friedmann et al., 2010). Among 
ozone-based AOPs, the photocatalytic ozonation pro-
cess is among the remarkable technologies as it pro-
vides more radical production (García-Araya et  al., 
2010; Rodríguez et al., 2013). The presence of photo-
catalyst in the ozonation process reduces  O3 dissocia-
tion and reactive oxygen species (ROS). It provides 
higher degradation performance by accelerating the 

Fig. 8  The effect of n.TiO2 
dose on BPA removal 
 (C0BPA:10mg/L, pH = 6.32, 
ozone dose: 1200 mg/L, 
time: 10 min, UV light 
intensity: 18 Watt)
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Fig. 9  The effect of UV 
light intensity on BPA 
removal  (C0BPA: 10 mg/L, 
pH = 6.32, ozone dose: 
1200 mg/L, n.TiO2 dose: 
50 mg/L, time: 10 min)
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formation of ROS species (especially ◦OH) (Heidari 
et al., 2020). The effects on BPA removal efficiency 
have been investigated at 6–36 Watt light intensities 
in PCOP. Figure 9 shows, that the BPA removal effi-
ciency increases with the increase of light intensity. 
However, after 12 Watt light intensity, the increase in 
removal efficiency is very small. BPA removal effi-
ciencies of 6, 12, 18, 24 and 36 Watt light intensities 
have been obtained as 79.6%, 96%, 97.18%, 97.32%, 
97.43%, and 98.13%, respectively. When the obtained 
BPA removal efficiencies were examined, the most 
suitable light intensity for PCOP was determined as 
12 Watt.

The treatability of different wastewaters was inves-
tigated by photocatalytic methods using nano tita-
nium dioxide. Considering the results of the study, 
photocatalytic ozonation provided radical formation 
to a large extent and 95% efficiency was obtained in 
organic pollutant removal (Tanatti et al., 2020).

3.5  Effect of Reaction Time on BPA Removal in 
COP and PCOP Processes

In examining the effect of reaction time on BPA 
removal with COP and PCOP (the initial BPA con-
centration was 10 mg/L, pH 6.32, ozone dose 1200 
mg/L, n.TiO2 dose 50 mg/L and in PCOP 12 Watt UV 
light intensity) has been studied. BPA removals from 
1 to 15 min have been measured for both processes.

Figure  10 shows the effect of reaction time on 
BPA removal for COP and PCOP. As seen in Fig. 10, 
the BPA removal efficiencies in 1 min have been 
found to be 23.58% for COP and 52.59% for PCOP. 
In addition, the BPA removal efficiencies in 15 min 
have been obtained to be 95.7% and 99.29% for COP 
and PCOP, respectively. In both processes, removal 
efficiencies increase depending on time, but after 
a certain time, the increase in removal efficiencies 
decreases. In the COP process, 90.23% BPA removal 
efficiency is achieved in the 10th minute, and 95.51% 
BPA removal efficiency in 12.5 min. However, in the 
PCOP process, the BPA removal efficiency has been 
achieved at 91.11% in the 3rd minute. Especially in 
the PCOP process, BPA removal is 99% in the 10th 
minute. When both processes are compared, the 
PCOP process performs BPA removal in a shorter 
time than the COP process. Especially if it is desired 
to achieve a removal efficiency of around 90%, the 
removal efficiency obtained in 10 min with the COP 
process is realized in only 3 min of reaction time in 
the PCOP process.

3.6  Kinetic Analysis of BPA Removal Efficiencies

The first order (Eq.  2), second-order (Eq.  3) and 
Pseudo 2nd order (Eq.  4) kinetic model processes 
have been examined for COP and PCOP used in 
experimental studies. The reaction rate constants 

Fig. 10  The effect of reac-
tion time on BPA removal 
 (C0BPA: 10mg/L, pH = 6.32, 
ozone dose: 1200 mg/L, 
n.TiO2 dose: 50mg/L, UV 
light intensity: 18 Watt)
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(k) and regression coefficients  (R2) have been cal-
culated with these three kinetic models, using the 
kinetic calculations of the reaction time data ana-
lyzed in both processes (García-Araya et al., 2010; 
Özacar and Şengil, 2004; Heidari et  al., 2020; 
Rajeshwar et al., 2008).

Where;  Co: Inital BPA concentration (mg/L), C: Final 
BPA concentration (mg/L), t: Reaction time (min), 
 Ce: Concentration coefficient (mg/L), k: Reaction 
rate constant,  k2: Mean mass transport coefficient (L 
/mg.min).

(2)Firstorderkinetic ∶ ln
C
O

C
= k.t

(3)Secondorderkinetic ∶
1

C
−

1

C
O

= k.t

(4)Pseudosecondorderkinetic ∶
t

C
=

1

k
2
.Ce

2
+

1

Ce

.t

The k and  R2 values that have been calculated for 
the COP and PCOP process are given in Table  1. 
When Table 1 is examined, the most suitable kinetic 
model for both processes is Pseudo second order. The 
 R2 value for the COP and PCOP processes has been 
found to be 99.1%. However, the k values obtained 
from the Pseudo 2nd order kinetic model for the COP 
and PCOP processes are 0.0409 and 0.176 L/mg.min, 
respectively.

Theoretical BPA concentrations were calculated 
for the COP and PCOP processes using the val-
ues obtained from the Pseudo second-order kinetic 
model. The calculated theoretical BPA removal val-
ues have been compared with the BPA removal effi-
ciencies found in the experimental studies. Figure 11 
shows the experimental and theoretical BPA removal 
efficiencies. It is evident in Fig. 11 that the theoreti-
cal BPA removal results calculated by the Pseudo 
second order reaction and the experimental results 
are close to each other. Thus, the results do not come 
close to each other in 1 min. However, as the reaction 
time increases, the experimental and theoretical BPA 
removal efficiencies overlap with each other.

4  Conclusions

Two different processes, catalytic and photocata-
lytic ozone processes, have been researched on the 
synthetic wastewater containing Bisphenol A treat-
ment. The effect of pH, ozone dose, n.TiO2 dose 

Table 1  R2 and k values for COP and PCOP

Kinetic Model COP PCOP

R2 k R2 k

First order 0,690 0,0945 0,674 0,128
Second order 0,768 0,0861 0,793 0,541
Pseudo second order 0,991 0,0409 0,991 0,176

Fig. 11  Experimental and 
calculated theoretical BPA 
removal
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and reaction times as operational parameters have 
been investigated.

• pH 6.32, ozone dose 1200 mg/L, n.TiO2 dose 
50 mg/L and 12.5 min have been determined as 
optimum conditions for the COP process and 
also pH 6.32, ozone dose 1200 mg/L, n.TiO2 
dose 50 mg/L, 18 Watt UV light intensity, and 
10 min have been obtained for the PCOP.

• Under optimum conditions, BPA removal effi-
ciencies have been found at 95.51% at COP and 
99.09% at PCOP. While BPA removal has been 
carried out under the same conditions in both 
processes, when the BPA removals are exam-
ined, the PCOP process performs much more 
efficient treatment than the COP process. Espe-
cially if it is desired to achieve a removal effi-
ciency of around 90%, the removal efficiency 
obtained in 10 min with the COP process is real-
ized in only 3 min of reaction time in the PCOP 
process.

• The most suitable kinetic model for both pro-
cesses is Pseudo second order. The  R2 value for 
the COP and PCOP processes has been found to 
be 99.1%. However, the k values obtained from 
the Pseudo 2nd order kinetic model for the COP 
and PCOP processes are 0.0409 and 0.176 L/
mg.min, respectively.
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