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ABSTRACT

BPA (Bisphenol-A) is an organic colorless crystalline synthetic compound with the chemical formula
of (CH3)-C-(CgH4-OH),. The chemical structure of BPA consists of two methyl functional groups
which are connected by a bridge to the phenol rings. The purpose of this study is to investigate the
treatability of containing BPA wastewater using by homogeneous (ZnSO, catalyst) and heteroge-
neous (ZnO catalyst) catalytic ozone processes (COPs). The BPA removals of ZnO catalyst COP
method and ZnSO, catalyst COP methods were compared and using the ZnO catalyst COP process
gave better results than the ZnSO, catalyst COP process. For the BPA removals, the experimental
parameters including pH, catalysts dose, ozone dose, and reaction time parameters were optimized
by changing one parameter at a time. As a result of 12.5 min of ZnSO, oxidation, 94.16% of BPA
removal was achieved under the optimum conditions (pH 6.32, 1 mg/L ZnSO, dose, 2400 mg/L O;
dose). However, under optimum conditions (pH 6.32, 50 mg/L ZnO dose, 2400 mg/L Os; doze,
20 min reaction time), the BPA removals have been obtained as 98.52%. The second-order kinetic
model has been found to be the most suitable model for both processes and the regression
coefficients (R?) have been found as 0.999 and 0.9979 for ZnSO, and ZnO catalysts COPs, respec-
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tively. The reaction rate constants (k) have also been calculated as 0.0939 L.mg~'.min~

' and

0.0509 L.mg~".min"" for BPA in homogeneous and heterogeneous COPs, respectively.

Introduction

Bisphenol A (BPA), one of the most widely used indus-
trial chemicals, is an endocrine-disrupting chemical (Wan
et al. 2020). Bisphenols have emerged as alarming con-
taminants in recent years due to widespread human expo-
sure and toxicity, including estrogenicity, cytotoxicity,
genotoxicity, and carcinogenicity (Xue and Kannan
2019). BPA is used in different products such as polycar-
bonate plastic, epoxy resin, cans, toothpaste, thermal
receipts, food packaging, and personal care products
(Sanchis, Coscollaa, and, Yusaa 2019). Large amounts of
BPA have been released into the environment due to its
high production and widespread use (Nie et al. 2019).
Therefore, the presence of BPA has been detected in
waters, soils, and sediments, and it has been determined
that it seriously threatens public health. Commonly, BPA
originating from industrial use is discharged into sewage
and reaches wastewater treatment plants (Yan et al. 2019).
Therefore, treatment studies of wastewater containing
BPA have become crucial. Biological and enzymatic),
adsorption (Supong et al. 2019), membrane (Pan et al.
2019), Photo-electrochemical (Silva-Castro et al. 2017),
electro-Fenton (Chmayssem, Taha, and H), and

photocatalytic oxidation (Davididou et al. 2017; Vela
et al. 2018) methods have been used for BPA treatment.
Advanced oxidation processes (AOPs) are among the
most effective methods for removing organic pollutants.
AQOPs are based on mineralizing various toXic organic
compounds to produce highly oxidizing free radicals such
as hydroxyl radicals (Mohamadi et al. 2020). Recent
studies on catalytic ozonation processes (COP), one of
the AOPs methods, have been attracting the attention.
The addition of a catalyst to the ozonation process effec-
tively improves the ozone utilization efficiency and
increases the decomposition of ozone to form hydroxyl
radicals (OH-) with strong oxidative stability (Shahmahdi
et al. 2020). Besides, the use of catalysts, the low solubility
and stability of ozone in water, and the slow reaction with
organic compounds can eliminate ozonation limitations
with the help of catalysts (He et al. 2020; Mohamadi et al.
2020). COPs have categorized as homogeneous and het-
erogeneous catalytic ozonation according to the catalysts
used (Asgari et al. 2020). Metal/transition metal ions such
as Mn?*, Fe**, Co?", Cu®*" and Zn*' to dissolving metal
cations in homogeneous catalytic ozonation are used as
catalysts. Therefore, metal oxides and bimetallic/
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polymetallic oxides such as MgQ, CeQ,, TiO,, ZnO, Co;
Q, to solid catalysts are used in heterogeneous catalytic
ozonation (Bilinska et al. 2020). Reaction mechanisms are
defined according to the type of COPs.

The following reactions have been substantiated in
the homogeneous catalytic ozonation process.

M 4 05 +HY - MODF L OH + 0,  [1]

O; + OH — 0, + HO," 2]

MU L HOY + OH™ — M™ + H,O0 + 0,  [3]

M™ 4+ OH — M™F L HO - [4]

Three mechanisms can be seen in heterogeneous cataly-
tic ozonation. (i) O3 is adsorbed on the catalyst and
generates free radicals, (ii) organic compounds are
adsorbed to the catalyst and then decomposed by the
Q5 molecule or other types, (iii) O3 and organic matter
are simultaneously adsorbed to the catalyst and the
reaction takes place (Wang and Chen 2020).

In this study, BPA removal in synthetic water con-
taining BPA by catalytic ozonation methods (COPs) has
been investigated. Homogeneous and heterogeneous
catalytic ozonation processes have been studied as
COPs. ZnSQ, has been used as a catalyst in homoge-
neous catalytic ozonation, while ZnO has been used as
a catalyst in heterogeneous catalytic ozonation. The
parameters of pH, O dose, catalyst dose and reaction
time on the BPA removals have been studied for both
processes. Also, kinetic model analyzes were performed
for both processes depending on the reaction time.

Materials and methods
Materials

Acros Organics brand (97%) BPA was used to prepare
a synthetic Bisphenol A sample. MERCK brand hydro-
chloric acid (HCI) and sodium hydroxide (NaOH) have
been used in the pH adjustment of the solution. Merck
brand zinc sulfate (ZnSQO4) and zinc oxide (ZnQO) have
been used as catalysts. BPA concentrations were mea-
sured with a Shimadzu brand UV-VIS 1700 spectro-
photometer. pH measurements have been performed
by Hanna instruments brand pH meter. Mtops brand
magnetic stirrer has been used in the reactor. Sabo
Elektronik’s SL-10 model ozone generator has been
used as the generator for O3 gas production.

Catalyst
(ZnD or ZnS0.)

1. Orone generator 2, Magnetic stirfer 3. Reactor

Figure 1. COP experimental setup.

Synthetic BPA sample preparation and
measurement

A synthetic BPA sample with an initial concentration
(Coppa) of 10 mg/L has been used in this study.
Spectrum scanning has been performed to measure the
BPA concentrations in the spectrophotometer and it was
observed that a peak has been occurred at 278 nm. BPA
samples between 0.5 mg/L and 25 mg/L have been pre-
pared for calibration and the calibration curve has been
constituted by taking measurements at 278 nm.
Equation (5) has been obtained from the calibration
curve.

0,0129
[5]
ABS

BPA(mg/L) =

Reactor design

The reactor design of the COP process used in the study
is shown in Figure 1. As shown in Figure 1, the COP has
consisted of an ozone generator with a maximum capa-
city of 0.3 g/h, a magnetic stirrer and a 300 mL glass
reactor. Experiments were carried out with a sample
volume of 100 mL.

In the experiments, the ozone dose was applied to the
system intermittently and the ozone dosage has been
calculated by multiplying the generator capacity by the
time which is given to the system during catalytic oxida-
tion and divided to the total volume of the solution.

The applied ozone dosage calculation has been done
as (Van Leeuwen 2015):

Appliedozonedosage (%)
Ozonerate(mg,/h)xApplicationtime(h) [6]

Samplevolume(L)

In the ozone dosage optimization, five different ozona-
tion processes were followed. The total ozonation was
10 minutes and ozone amount was changed in every



Table 1. The ozone dose and ozone feed time.
1:5 2:5 3:5
600 1200 1800

4:5
2400

5:5
3000

Ozone feed timing (min/5 min)
Ozone dose (mg/L)

5 minutes. The ozonation was started applying 1 minute
in the first experiment, 2 minutes in the second, 3 min-
utes in the third, 4 minutes in the fourth and 5 minutes
in the last process. The ozonation timing is given in
detail in Table 1.

Results and discussion
Effect of pH on BPA removal

One of the most important factors affecting the degrada-
tion of pollutants in catalytic ozonation is pH because
radical reactions gain importance due to the effect of pH.
A chain reaction takes place by the decomposition of
ozone, which produces hydroxyl radicals (OH-) as non-
selective oxidants. In this way, it has been determined
that it reacts with ozone (Javadi et al. 2018; Polat, Balci,
and Ozbelge 2015).

While investigating the effect of pH on BPA removal,
studies have been carried out at pH 3, 5,6.32,7,9 and 11
values. pH is the pH value of the wastewater containing
6.32 BPA. In the wastewater with an initial BPA con-
centration of 10 mg/L, a dose of 50 mg/L ZnSO4 and
ZnO, 1200 mg/L ozone dose and 10 min reaction times
have been studied for both processes. Figure 2 shows
that the effect of pH on the BPA removal with COP.

As shown in Figure 2, pH does not have a great effect
on BPA removals. BPA removals in alkaline conditions
are at their lowest. In homogeneous COP, the highest
BPA removal has been obtained at pH 7 and the removal
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has been found to be 90.37% at this pH. However, the
initial pH value of the wastewater containing BPA is 6.32
and the removal at this value has been found to be
89.05%. The highest removal of BPA has been estab-
lished 70.24% at pH 6.32 in ZnO catalyst COP. The
appropriate pH value has determined to be pH 6.32 for
both catalytic ozonation processes. In the ZnSO, cata-
lyzed oxidation process, the BPA removal is higher than
the ZnO catalyzed oxidation process. The activity of
a catalyst depends on its active sites available. the active
catalytic sites have been determined based on catalytic
activities during COP processes at neutral initial pH
(Chen et al. 2019).

Effect of O; dose on BPA removal

When the ozone concentration in the water containing
the pollutant increases, the mass transfer driving force
increases and the production of ozone-derived free radi-
cals (such as OH-) increases (Hu et al. 2016). Therefore,
oxidant dose has a significant effect on the breakdown of
organic compounds (Xie et al. 2019). While the effect of
ozone dose on BPA removal has been examined, pH
6.32,50 mg/L ZnSO,4 and ZnO dose and 10 min reaction
time have been studied. Figure 3 shows the effect of
ozone dose on BPA removals in COPs. Ozone doses
were studied at values between 600 mg/L and 3000 mg/
L in COPs. Increasing the ozone dose has increased the
BPA removal in both processes. However, between
2400 mg/L ozone dose and 3000 mg/L ozone dose, the
BPA removal increase is less than 1% for both processes.
BPA removal has been determined 66.64% at 600 mg/L
ozone dose in ZnSQy catalyst COP, while it has found
92.82% at 3000 mg/L ozone dose. In ZnO catalyst COP,
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Figure 2. The effect of pH on the BPA removal (C, gpa = 10 mg/L; ZnSO,4 dose = 50 mg/L; ZnO dose = 50 mg/L; O3 dose = 1200 mg/L;

t =10 min).
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Figure 3. The effect of O; dose on the BPA removal (Cogpa = 10 mg/L; pH = 6.32; ZnSO,4 dose = 50 mg/L; ZnO dose = 50 mg/L;

t = 10 min).

BPA removals have been found 58.57% at 600 mg/L g/h
ozone dose, 87.62% at 2400 mg/L ozone dose and
88.57% at 3000 mg/L ozone dose. The optimum ozone
dose for the effect of the ozone dose on the BPA removal
was determined as 2400 mg/L for both processes.

Effect of catalyst dose (ZnSO, and ZnO) on BPA
removal

In general, organic matter removal increases with the
increasing amount of catalyst. Because the catalyst pro-
vides active sites for catalytic reactions between water,
ozone, and organic compounds (Li et al. 2018). It is
more effective in the decomposition of ozone by increas-
ing the surface area and increasing reactive regions with
the increase of the catalyst dose (Hu et al. 2016). The
effect of the catalyst dose on the BPA removal in ZnSO,
catalyst and ZnO catalyst COPs have been determined
by studying at pH 6.32, 2400 mg/L ozone dose and

10 min reaction time. ZnSO4 and ZnO catalyst doses
between 0.25 mg/L and 250 mg/L have been studied.
Figure 4 shows the effects of ZnSO, and ZnO catalysts
on BPA removal. The BPA removal in ZnSQ, catalyst
COP has been confirmed 83.13% at 0.25 mg/L ZnSO,
dose and 94.54% at 250 mg/L ZnSO,4 dose. While BPA
removals increase rapidly up to 1 mg/L ZnSO, dose,
there is a slow increase in BPA removal after 1 mg/L
7ZnSO, dose. Therefore, the dose of ZnSO, has been
determined as 1 mg/L in ZnSO, catalyst (homogeneous)
COP. In ZnO catalyst (heterogeneous) COP, the BPA
removal was established at 62.89% at a dose 0f 0.25 mg/L
ZnO, while it was 90.97% at a dose of 250 mg/L ZnO.
When Figure 4 is examined, there is a high increase in
BPA removals up to 50 mg/L ZnO dose. The increase in
removals decreases after the 50 mg/L ZnO dose. At
a dose of 50 mg/L ZnO, the BPA removal has obtained
87.61%. The optimum ZnO dose in ZnO catalyst COP
has been determined as 50 mg/L.
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Figure 4. The effect of catalyst dose on BPA removal (Cogpa = 10 mg/L; pH = 6.32; O3 dose = 2400 mg/L; t = 10 min).
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Figure 5. The effect of reaction time on the BPA removal (C,gpa = 10 mg/L; pH = 6.32; O3 dose = 2400 mg/L; ZnSO,4 dose = 1 mg/L; ZnO

dose = 50 mg/L).

Effect of reaction time on BPA removal

The effect of reaction time on BPA removal with COPs
has been studied for up to 30 min at pH 6.32, 2400 mg/L
ozone dose, 1 mg/L ZnSO, dose and 50 mg/L ZnO dose.
Figure 5 shows the effect of reaction time on BPA
removal. As seen from Figure 5, as the reaction time
increases in COPs, BPA removals have increased, but
after a certain period of time, the increase in removals
has become very small. In ZnSO, catalyst (homoge-
neous) COP, the efficiency of BPA removal in the 1%
min has been seen 36.20% and 96.35% in the 30" min. It
has found to be 94.16% at 12.5" min. The increase in
BPA removals after 12.5 min is about 0.5%. Therefore,
the reaction time has been determined as 12.5 min at the
COP using ZnSQ, catalyst. In ZnO catalyst (heteroge-
neous) COP, the BPA removal has obtained in the 1%
min 28.89% and 99.26% in the 30" min. The increase in
removals after 20 min in COP using ZnO catalyst was
about 0.7%. The BPA removal at 20 min has obtained
98.52%. For this reason, the reaction time in heteroge-
neous COP has been specified as 20 min. In the study
using Al catalyst, BPA removal was procured as 90% at
4.5 ppm ozone dose in 10 min reaction time (Keykavoos
et al. 2013).

Comparing ZnSQ, and ZnO catalysts COPs depend-
ing on the reaction time, the BPA removals in ZnO
catalyst COP have been made higher when the reaction
time increases. The amount of BPA remaining in the
system at the end of 30 min has was 0.365 mg/L in COP
using ZnSQy catalyst, and with COP using ZnO catalyst
0.074 mg/L was obtained. With homogeneous and het-
erogeneous COP at the BPA concentrations selected,
optimum reaction times have been found to be
0.584 mg/L and 0.148 mg/L, respectively. When both
processes are examined, it is clear that the more effective

treatment method on BPA removal is ZnO catalyst
(heterogeneous) COP.

Kinetic analysis of BPA removal efficiencies

By using experimental data, reaction rate constants (k)
and regression coefficients (R*) are determined by
kinetic modeling (Kaur et al. 2020). In the study, four
different kinetic models are discussed for ZnSO, catalyst
(homogeneous) and ZnO catalyst (heterogeneous) COP
processes. The equations of the examined kinetic
Models are given below.

First-order kinetic: ln% = k.t [7] (Javadi et al. 2018)

Second-order kinetic:é = k.t [8] (Thalmann
et al. 2014)

Pseudo-first-order kinetic: In[C. — Cyy)] = InC, — k.t
[9] (Simonin 2016)

Pseudo-second-order kinetic:
(Titchou et al. 2020)

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 con-
stant, k,: Mean mass transport coefficient (L/min).

The values of k and R* resulting from four different
kinetic models for homogeneous and heterogeneous
COP are given in Table 2. As seen from Table 2, the
highest R values for both methods have been obtained

1
Co

= k_z.lcez + é-t [10]

Table 2. R? and k values as per kinetic models in COPs.

ZnS0, catalyst Zn0 catalyst
Kinetic model R? k R? k
First order* 0.97586 0.0783 0.9512 0.1558
econd order** 0.9574 0.0858 0.8522 0.5148
Pseudo first order *** 0.9066 0.164 0.6454 0.5645
Pseudo second order*** 0.9990 0.0939 0.9979 0.0509

First order* k unit: 1/min, second order**k unit: L.mg"’.min“, Pseudo first

order*** k unit: mg/L. min~'Pseudo second order**** k unit: Lmg™".min"".
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Figure 6. Theoretical and experimental BPA removal efficiency as pseudo second-order order kinetics.

in the pseudo-second-order kinetic model. Therefore,
the model suitable for both processes is the pseudo-
second-order kinetic model. In the homogeneous COP
using ZnSQ, catalyst, the k value has been obtained
0.0939 L.mg ".min"" and the R” value has been obtained
0.999. In heterogeneous COP using ZnO catalyst, k and
values have been found as 0.0509 and 0.9979 L.mg™".
min~’, respectively.

The BPA removals for COPs using ZnSO, and ZnO
catalysts have been calculated using the constants obtained
with the pseudo-second-orderkinetic model. Figure 6
shows the BPA removals calculated with pseudo-second-
order kinetic model and the BPA removals obtained from
the experimental results. In Figure 6, it is seen that the
experimental results and the theoretically calculated
results are close to each other. With increasing reaction
time, BPA removals increase. Moreover, the increase in
removal has been decreasing after 12.5 min in homoge-
neous COP and 20 min in heterogeneous COP.

Conclusions

Two different catalytic oxidation processes have been
used on the containing BPA wastewater treatment. The
optimum conditions for catalytic ozonation with ZnSO,
catalyst process have determined as pH 6.32, 1 mg/L
ZnSO, dose, 2400 mg/L Os dose and 12.5 min reaction
time. Moreover, the optimum conditions for catalytic
ozonation with ZnO catalyst process have determined as
pH 6.32, 50 mg/L ZnO dose 2400 mg/L O3 dose and
20 min reaction time. Therefore, under the optimum
conditions, the BPA removals for using ZnSO, catalyst
and using ZnO catalyst processes was obtained as
94.16% and 98.52%, respectively. The result of this
study verifies that the BPA removals reached the highest

efficiency for both processes, whereas, comparing to the
homogeneous (ZnSO, catalyst) COP, it has seen that
heterogeneous (ZnO catalyst) COP removal efliciency
is higher than the homogeneous (ZnSQ, catalyst) COP.
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