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ABSTRACT

In this study the oxidation of Bisphenol-A (BPA) was investigated using heterogeneous photo-Fenton-like oxidation under visible
light irradiation over iron containing TiO2 catalysts. The catalysts were prepared by the incipient wetness impregnation method
with different iron contents (1 and 5 wt%) and characterized by XRD, SEM, FT-IR, nitrogen adsorption, UV-Vis DRS, and ICP-
AES measurements. Among the prepared catalysts the 1 wt% iron containing the TiO2 catalyst showed better catalytic activity
(with a chemical oxygen demand (COD) reduction of 65.4% at the end of 6h of oxidation) than the other catalysts. The effects of
the parameters such as the initial BPA concentration, H202amount, catalyst amount, the pH of the initial BPA solution, and reaction
temperature were studied with that catalyst on the heterogeneous photo-Fenton-like oxidation of an aqueous BPA solution. The
small amount of iron that leached to the solution and the reusability of the catalyst illustrates that the process is mainly the
heterogeneous photo-Fenton-like process, instead of the homogeneous photo-Fenton-like process. The degradation of BPA was
described by the first order kinetics with an activation energy of 22.5 kJ/Mol.

Keywords: Photo-Fenton-like Oxidation, Bisphenol-A, Fe/TiO2 Catalysts.

Bisfenol-A'nin Gortiniir Bolge Isiginda ve Fe/TiO:
Katalizorii tizerinde Heterojen Foto-Fenton-Tipi
Oksidasyonu tizerine Parametrik Calisma

0Z

Bu ¢alismada Bisfenol-A’nin (BPA) demir igeren TiO2 katalizorleri ve goriiniir bolge 15181 varliginda heterojen foto-Fenton-tipi
oksidasyonu incelenmistir. Bu baglamda, 6ncelikle farkli demir miktarlarinda (agirlikga %1 ve %5) 1slatarak emdirme yontemiyle
TiO:2 katalizorler hazirlanmug ve XRD, SEM, FTIR, Azot Adsorpsiyon, UV-Vis DRS ve ICP-AES teknikleri ile karakterize
edilmigtir.  En iyi aktivite gosteren agirlikca %1 demir iceren TiO:2 katalizorii ile BPA’nin heterojen foto-Fenton tipi
oksidasyonunda 6 saat sonunda %65,4’lik COD (Kimyasal Oksijen Ihtiyaci) giderimi elde edilmistir. BPA’nin heterojen foto-
Fenton-tipi oksidasyonuna, BPA baslangi¢ derisimi, H202 ve katalizér miktarlari, BPA ¢ozeltisinin baslangic pH degeri ve
reaksiyon sicakligmnin etkileri incelenmistir. Cozeltiye Oziitlenen demir miktarinin diisiik olmasi ve katalizoriin yeniden
kullanilabilirliginin yiiksek olmasi, reaksiyonun homojen foto-Fenton-tipi oksidasyonundan ziyade heterojen foto-Fenton-tipi
oksidasyonu oldugunu gostermektedir. Caligmada BPA bozunma kinetigi de incelenmis, bozunmanin birinci mertebeye uydugu
gbzlenmis ve aktivasyon enerjisi 22,5 kJ/Mol olarak hesaplanmigtir.

Anahtar Kelimeler: Foto-Fenton-Tipi Oksidasyon, Bisfenol-A, Fe/TiO; Katalizorler.

1. INTRODUCTION industrial wastewater and drinking water sources (in the

Bisphenol-A (BPA) is an organic compound composed ~ fange of 0.02 - 50 ppm). BPA is known as an endocrine-
of two phenol rings connected to a poly group at the ~ disrupting compound with its estrogenic activity and
center carbon and has been widely accepted as one of the ~ toXicity to human. BPA also may play a role in thyroid
important monomers for the production of a variety of hprmone dysf_unctlons, central nervous system function
chemical materials such as polycarbonate, epoxy resins, ~ disorder, and immune suppression [2]. BPA also has an
and flame retardants. Due to an increase in the use of ~ acute toxicity in the range of about 1-10 pg/cm® for a
products based on epoxy resins and polycarbonate number of freshwater and marine species. Because of the
plastics, exposure of humans to BPA through several ~above reasons, BPA must be removed from wastewater
routes such as the environment and food has increased ~ With suitable technologies. However, conventional

[1] and BPA has been frequently detected in both Processes for water treatment may be inefficient for the
elimination of BPA totally. Therefore, several alternative

*Sorumlu Yazar (Corresponding Author) processes have been proposed. Of all the methods
e-posta: meral.dukkanci@ege.edu.tr developed so far, the Advanced Oxidation Processes
Digital Object Identifier (DOI) : 10.2339/2017.20.1 25-36 (AOPs) offer several particular advantages in terms of
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unselective degradation of BPA into a final mineralized
form with the production of highly oxidative hydroxyl
radical (OH") [3]. AOPs such as, sonication [1, 4-9],
comparative oxidation of sonication and homogeneous
Fenton reaction [10], sonoFenton reaction [11-13],
photo-Fenton reaction [14], sorption on the goethite [15],
photo oxidation [16, 17], photocatalytic degradation in
the presence of TiO catalysts [18-27], photocatalytic
degradation in the presence of Al;O3-Fe;0s,
BizWOe/COF8204, BizWOe, Bi3,s4Wo,1eoe_24, and A93PO4
catalysts [28-32], photo-Fenton like oxidation over Au/C
catalyst [33], ozone+UV oxidation [34], ozonation [35,
36], sonophotocatalytic oxidation [37, 38], homogeneous
Fenton oxidation [39], oxidation over a SrFeOas.;
perovskite catalyst in the dark [40], and H.O,-assisted
photoelectrocatalytic  oxidation [41] were used
individually or in combination with each other to degrade
BPA containing wastewater. C-N co-doped TiO,,
Bi,WOs, magnetic BiIOBr@SiO,@Fes;04, a graphene-
oxide/AgPO4 composite, and a mesopolymer modified
with palladium phthalocyaninesulfonate catalysts [30,
42-45] were used successfully in the photocatalytic
degradation of BPA under visible light.

Among the used AOPs, the photocatalytic oxidation
process has been the focus of numerous investigations in
recent years. In this concern, TiO; has been extensively
studied as a semiconductor photocatalyst because of its
relatively high photocatalytic activity, chemical stability,
low cost, and environmental friendliness. However TiO;
is only active under UV light irradiation due to its large
band gap energy (3.2 eV) which results in a low
efficiency to make use of solar light [46, 47]. Whereas,
ultraviolet light makes up only 4-5% of the solar
spectrum, and approximately 40% of the solar photons
are in the visible region. Therefore, in order to enhance
the solar efficiency of TiO2 under solar irradiation,
significant efforts have been made in the past decades to
develop TiOz-based photocatalysts capable of using
abundant visible light in solar radiation or artificial light.
Many strategies, including the surface modification,
metal ion (Ce, In, Ag, etc.) doping, nonmetal ion (N, C,
S etc.) doping, coupling with other narrow band-gap
semiconductors etc. have been adopted to synthesize
TiO,-based visible light activated photocatalysts. Metal
ion doped TiO; has been widely studied due to not only
the expanded spectral response but also the enhanced
photocatalytic activity. Moreover, metal doping can
improve the structure and morphology of a photocatalyst,
decrease the probability of the charge carrier
recombination, and promote the effective separation of
the charge carrier. Among various dopants, the Fe®'-
dopant is the most frequently employed one, owing to its
unique half-filled electronic configuration, which
narrows the energy gap while inducing new intermediate
energy levels[48]. The presence of the Fe®* in the catalyst
also acts as a Fenton like catalyst and helps the
production of more hydroxyl radicals via reactions 1-4
[49].

Fe2*+H202 —>

Fe3* ++OH +OH- 1)
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Iron (111) can then react with hydrogen peroxide in the
so-called Fenton-like reaction (equations 2 and 4)

Fe¥*+ H,0, —> FeOOH? + H* @)
FeOOH?* << HOp* + Fe (1) A3)
Fe (I) + HO»» —=> Fe(Il) + O, + H* (@)

This study presents the preparation and characterization
of Fe containing TiO, catalysts and tests on their
photocatalytic activities in the oxidation of Bisphenol-A
(BPA) by the heterogeneous photo-Fenton-like oxidation
under visible light irradiation. To the best of our
knowledge, this study is first on the heterogeneous photo-
Fenton like oxidation of BPA over Fe containing a TiO>
catalyst under visible light.

2. EXPERIMENTAL STUDY

2.1 Catalyst Preparation

Iron containing TiO, catalysts were prepared by the
incipient wetness impregnation method used by Arana et
al. [50] and Demir et al. [51]. An aqueous solution of Fe
(NO3)3.9H,0 (Sigma Aldrich) was added slowly to a
proper amount of TiO, (Sigma Aldrich P-25, 80%
anatase) and the mixture was stirred vigorously for 48 h.
Then, the water of the mixture was evaporated by heating
at 393 K for 24 h. The catalyst was then calcined at 773
K for 3 h. The catalyst has been denoted as TiO, for bare
TiO, Sigma Aldrich P-25 and x Fe/TiO; for the doped
one, where x is the Fe weight % (wt%) in the catalyst.
The x was changed to be 1 and 5.

2.2 Experimental Procedure of the Heterogeneous
Photo-Fenton-like Oxidation of BPA

Figure 1 shows the experimental set-up used for the
heterogeneous photo-Fenton-like oxidation of BPA. In a
typical experiment, 0.3 dm® of 15 ppm of BPA aqueous
solution was poured into the cylindrical reactor and 0.5
g/dm® of catalyst was added to the solution and the
suspension was left for 30 minutes in the dark to establish
the adsorption-desorption equilibrium of the BPA on the
catalyst surface. The amount of the BPA adsorbed by the
catalyst was determined by measuring the BPA
concentration after 30 min in the absence of visible light
illumination. Then H,0, was added and the visible light
lamps were turned on. The solution was irradiated with
two visible lamps (high pressure Na lamps, each 150 W).
The heterogeneous photo-Fenton process for the
degradation of BPA took 6 h. The reaction temperature
was kept constant at 293+£2K by circulating cooling water
around the reactor to avoid the significant overheating of
the reaction media. The reaction vessel was maintained
in a box to avoid photochemical reactions induced by
natural light. Experiments were performed at a BPA
ambient pH which was about 5.5 and left uncontrolled
during the experiments. Samples were periodically
drawn from the vessel and centrifuged for 15 min and
then analyzed with a UV spectrophotometer (Shimadzu,
UV-Vis 1800). The decrease in the intensity of the band
at 276 nm was used as a measure of degradation degree.

In addition to these measurements, the Chemical Oxygen
Demand (COD) removal of the BPA solution was
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determined by measuring initial COD and final COD (at
the end of the run) of the BPA solution with a COD
device (Lovibond Checkit Direct COD Vario).

L ! Theymocouple
Sampling
[ Al e
Cooling
T T Jacket
Visible Visible
Region Region
Lamp —_ Lamp ]
(~>400 om) (A>400 nm) Wooden
Cupboar
Magnetic ] oo
Bar [
i Reactor
Magnetic stirrer which
includes BPA

3. RESULTS AND DISCUSSION

3.1 Catalyst Characterization

The Powder X-ray diffraction (XRD) patterns of the
catalysts were recorded in the range of 5-80° with a
Philips X’Pert Pro with Cu-Ka radiation to determine the
crystalline structure of the samples. The morphological
properties were analyzed with a scanning electron
microscopy (FEI Quanta250 FEG). The nitrogen
adsorption isotherms at 77 K were measured using the
Micromeritics ASAP 2010 equipment. The FT-IR
spectra was recorded in the 650-3650 cm™* with a Perkin
Elmer Spectrum 100 spectrometer. The content of iron in
the samples was determined by a Varian-96 Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-
AES). The band gap energy value measurements were
accomplished using a UV-Vis DRS /Shimadzu 2600.
According to the XRD patterns of the catalyst samples
(Figure 2), the samples have both anatase and rutile
phases. The peaks at 20 = 25.4°, 37.9°, 48.1°, 53.9 ©°,
55.2°, and 62.9° are attributed to the diffractions of the
anatase phase and the peaks at 20 = 27.5°, 36.0°, and
41.2° to the rutile phase [51, 52].
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Figure 2. XRD patterns of the prepared catalysts

63 85

In the FTIR spectra of the prepared catalysts, there was a
broad band at the range of 3150 - 3650 c¢m™ which is
assigned to the Ti-OH stretching band [51, 53]. The
intensity of this band decreases with the insertion of Fe
into the structure. The band at 1640 cm™ indicates the
deformation vibration that is evidence for a large amount
of water molecules.

The morphological properties were analyzed using a
scanning electron microscopy, Figure 3. The surface of
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the TiO, sample without iron looked coral-like. Heavily
aggregated particles of very small crystallites were
observed. There is no significant difference between the
SEM images of the TiO; and the 1 wt% Fe containing
TiO, sample. However, the insertion of a high amount of
iron (5%) into the TiO. separated the aggregates of TiO»
particles from each other which caused a slight decrease
in the pore volume and the surface area of the sample [51,
52, and 54
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Figure 3. SEM images of the samples
a)TiO2 b)1% Fe/TiO2 c) 5% Fe/TiOz

The BET-surface area (Sger), external surface area
(Sexternar), total pore volume (Vp), and mean pore diameter
(dmean) Obtained from the nitrogen adsorption/desorption
measurements are shown in Table 1.

Table 1 shows that an increase in the Fe content led to a
slight increase in the BET surface area of the catalyst.
The pure TiO; surface area was 54.1 m?/g and after the
incorporation of 1wt % Fe the surface area increased to
55.5 m?/g. The increase in the surface area with the
introduction of the initial amount of Fe can be, generally,
explained in two ways: as a result of the reorganization
of the pore system of the starting material through the
entrance of small particles into the pore system, or as a
result of the deposition of the Fe species on the outer side
of the TiO, particles. The reorganization of the initial
system of pores must lead to a decrease of the total pore
volume. However, there was no reduction in the total
pore volume of the 1 wt% Fe containing TiO; catalyst.
Clearly, the Fe species are dominantly located on the
outer surface of the catalyst. The insertion of Fe to the
TiO; also caused an increase in the external surface area
of the catalysts where the photocatalytic degradation took
place. A slight decrease in the surface area was observed
with an increase in the doping level of Fe at a calcination
temperature of 773 K [49, 51, 55].

The nitrogen adsorption isotherms of the samples are of
type Il according to IUPAC classification. This result is
in good agreement with the study done by Wang et al.
[56].

The content of iron in the samples was determined with
ICP-AES measurements. The results are shown in Table
1. As seen, the calculated iron contents are very close to
the ones measured with ICP-AES measurements.

away from the energy maximum (the top) of the valence
band [57]. Values of n can be different depending on the

type of electronic transition where n=2 for an indirect
allowed transition and n=1/2 for a direct allowed
transition. It has been suggested that anatase TiO;
follows an indirect transition [58, 59] thus n=2 is used in
this study. Figure 4 plots the (F(R)*hv)Y" versus the hv
curve. The value of the band gap energy (Eg) can be
obtained by extrapolating the linear part of the curve to
the horizontal axis (hv axis). The indirect type transition
showed band gap values of 3.05, 2.9, and 2.5 eV for
catalysts TiO;, 1% Fe/TiO; and 5% Fe/TiOy,
respectively. It was seen that the band gap decreases with
increasing Fe content. Based on the band gap energies of
the catalysts, the TiO; catalyst is expected to be active
under UV irradiation, whereas, the Fe doped TiO» (with
1 wt% and 5 wt%) catalysts is expected to be active under
visible light [59, 60].
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Figure 4. Diffuse reflectance spectra of the TiO catalysts

Table 1. The BET-surface area (Sset), External surface area (Sextemar), total pore volume (Vp), mean pore diameter (dmean),
and iron contents of the catalysts prepared
Catalysts Fe, wt % Sget, (M?/Q) Sexternal, (M2/Q) Ormean™,NM V,,(cm®/g)
TiO, 0 54.1 45.9 591 0.01400
1% Fe/TiO; 0.93 55.5 53.7 8.64 0.01500
5% Fe/TiO, 4.46 50.5 47.3 8.85 0.01388

* by BJH method

3.1.1 Diffuse reflectance spectra of prepared catalysts
A modified Kubelka-Munk function was used for
determining the band gap energy (Eg) of the TiO; and Fe-
doped TiO, samples from the diffuse reflectance spectra,
Eq.5:

(F(R)*hv)“"=B(hv-Eq) ©)
Where h is Planck’s constant, v is the light frequency, B
is a constant, F(R) = (1-R)%2R, R is reflectance, and hv
= (1240/)) eV. The band gap can be classified as direct
or indirect. In a direct band gap the energy minimum (the
bottom) of the conduction band lies directly above the
energy maximum (the top) of the valence band in
reciprocal k-space. But in the indirect band gap, the
energy minimum (the bottom) of the conduction band is
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3.2 Photo-Fenton-like Oxidation of BPA over
Prepared Catalysts

3.2.1 Effects of catalyst type

The activity of the prepared catalysts with different iron
contents (1 and 5 wt%) and bare TiO, were tested in the
photo-Fenton-like oxidation of BPA under visible light.
The experiments were carried out with a 15 ppm, 0.3 dm?®
BPA aqueous solution in the presence of a 0.5 g/dm?3
catalyst and 4.7 mM H,0; at a temperature of 19+1°C.
The results are shown in Figure 5.

A first order dependency was obtained in the photo-
Fenton-like oxidation of BPA with a high regression
coefficient in all the runs. The degradation rate constant
of k = 8.7x10** min! (R? = 0.95) was obtained for 1%
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Fe/TiOy, and k = 6.7x10* min* (R?= 0.97) was obtained
for 5% Fe/TiO..

As seen in Figure 5, the degradation of 24%, 21%, and
0.8% were obtained in the presence of 1 wt%, 5 wt% Fe
containing TiO, catalysts, and bare TiO, respectively,

3.2.1 Effects of the initial concentration of BPA

The effect of the initial BPA concentration on the BPA
degradation was investigated using different initial BPA
concentrations (5 ppm, 10 ppm, 15 ppm, and 20 ppm).
The experiments were carried out with a 0.5 g/ dm? 1
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Figure 5. Effects of catalyst type on the photo-Fenton-like oxidation of BPA, a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

after a reaction duration of 6 h. The corresponding COD
reductions were 65.4%, 51.9%, and 55.1%. As seen, the
most active catalyst was 1 wt% Fe containing TiO-
catalyst in terms of the degradation and degradation rate
constant as well as the COD reduction. The existence of
a high amount of Fe (5 wt%) lessens the specific surface

wit% Fe/TiO; catalyst, at 4.7 mM of H,O, concentration
at a temperature of 20+1°C and with a solution volume
of 0.3 dm?, the results are shown in Figure 6.

As shown in Figure 6, the highest BPA degradation was
reached when the BPA initial concentration was 5 ppm
(61.3%). The degradation of BPA decreased as the initial

%20 ppm BPA (k=7.0x10% R2=0.90) ! 100 3
100 77 15 ppm BPA (k=8 Tx10* R2=0 05) : o5 :
- 80 1010 ppm BPA (k=1.3x107 R*=0.97) | 80 - 654 —
i 5 k=2 4x103, R3=0.97) | £ —
g 60 D5 ppm BPA...{ : .-;'3 =604 504
i A £
b= 4{; T N F {\),,- "'é g 40 i
g a- - =
=h v Gy [
E 20 B I 5 20
: c -
|:| ..:: 5 T T 1 D
0 100 200 300 400 0 . . :
Time, min 20ppm  15ppm 10ppm 5 ppm
a)

Figure 6. Effects of the initial concentration of BPA on the photo-Fenton-like oxidation, a) Degradation, % and b) COD

reduction, %, after 6 h of oxidation

area of the TiO, and prevents the adsorption of the
reactant and thus, inhibits the photocatalytic activity. An
excess amount of dopant at the surface of the TiO, could
notably screen off the TiO, from the light and inhibit the
interfacial electron and hole to transfer, which would
result in a low photo-activity [61]. So the parametric
study on degradation of BPA with the heterogeneous
photo-Fenton-like oxidation was carried out using the 1
wt % Fe containing TiO, catalyst.

29

BPA concentration increased from 5 ppm to 20 ppm. The
COD reduction also decreased remarkably from 85.9% to
50.4%. This result can be explained by the formation of
the hydroxyl radicals which are less than the required
amount for high BPA concentrations. As seen in Figure
6a, there is a remarkable decrease in the reaction rate
constant with an increasing BPA concentration from 5
ppm to 20 ppm. This similar result is consistent with the
study of Lu et al. [62].
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The active sites for the photocatalytic reaction remain the
same at a fixed catalyst amount. As the BPA initial
concentration increases, more and more BPA molecules
are adsorbed on the surface of the catalyst. The
accumulation of BPA molecules in the inner layer
spacing on the TiO; surface results in the adsorption
competition for the active sites between the BPA
molecules and the prevention of the photocatalytic

The increase in degradation may be expected when the
H>0, concentration is increased due to the additionally
produced -OH radicals [32]. In this study, the highest
degradation (52.0%), reaction rate constant (k=1.8x10"3
min?), and COD reduction of BPA (72.3%) were
observed when H;O, was used at 1.5 times that of the
stoichiometric ratio (3.6 mM), see Figures 7a-b.
Increasing the H2O, concentration did not enhance the

100 1 03.6 mM (k=1.8x10-, R2=0.89) 100
T =% Tx |0 - 5
« 80 ©4.7 mM (k=8.7x10 .F.'.1 0.95) - .y
“: AT2mM (k=2.0x107, R*=0.90) = 65.4 63.9 65.6
= - —
2 % I x9.6mM (k=1.0x10", R*=0.94) S 60
= =
= o
& 40 2
% T 40
S 20 - =
o 20
0 .
0 100 200 300 400 0 :
Time, min 36mM 47TmM 72mM 9.6 mM
a) b)

Figure 7. Effects of the initial concentration of H202 on the photo-Fenton-like oxidation, a) Degradation, %, and b) COD

reduction, %, after 6 h of oxidation

activity of the TiO; catalyst, which decreases the amount
of reactive hydroxyl free radicals attacking the BPA
molecules and leads to the diminution of BPA
photodegradation efficiency [22].

3.2.2 Effects of the initial concentration of H20:

In this section four different initial concentrations of
H,O, were tested in the photo-Fenton-like oxidation of
BPA over a 1 wt% Fe/TiO, catalyst. The selected
concentrations of H.O are 1.5, 2, 3, and 4 times (3.6 mM,
4.7 mM, 7.2 mM, and 9.6 mM) of the stoichiometric ratio
according to the equation:

oxidation due to the hydroxyl radical scavenging effect
of the H20;, itself, see equations (7) and (8), and Eq. (9)
the reaction between the -OH radicals to form H>O5.

H20,+ OH— HOy + H,0 (7)
HO, + OH— H,0 + O, (8)
OH: + OH— H0; 9

3.2.3 Effects of the catalyst amount

In order to obtain the optimum Fe/TiO, catalyst
concentration in the reaction system, the effect of various
photocatalyst amounts (0.25 g/ dm?, 0.5 g/ dm?, and 1 g/
dm?®) was investigated on the degradation efficiency of

50 «»0.25 g/dm3 (k=7.6x10~, R*=0.90) 104
0.5 g/dm3 (k=8.Tx 10, R*=0.95) ,
40 o 20 [ 4]
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Figure 8. Effects of the catalyst amount on the photo-Fenton-like oxidation, a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

Ci15H160, + 36 H,O, — 15 CO; + 44 H,0O (6)
The experiments were carried out with a 0.5 g/ dm? of
1wt% Fe/TiO; catalyst, at a temperature of 20+£1°C, at the
initial concentration of 15 ppm BPA and with a 0.3 dm?®
BPA solution, and the results are shown in Figure 7.

30

BPA in water at the initial BPA concentration of 15 ppm,
at a pH of 5.5, with a 1 wt% Fe/TiO; catalyst, at an H,O,
concentration of 4.7 mM, at a temperature of 20+1°C and
with a solution volume of 0.3 dm?.
The results are shown in Figure 8.
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An increase in the catalyst amount led to increased
degradation and COD reduction. The highest degradation
of 32.3% was obtained using a 1 g/dm?® amount of catalyst
after a reaction time of 6 h. The COD reduction increased
from 40.8% to 65.4% and then to 76.0% by increasing
the catalyst amount from 0.25 g/dm?® to 0.5 g/ dm?® and
then to 1g/ dm?®, respectively. However, no significant
change in the initial degradation rate was observed with
the increased amount of catalyst. The efficiency increases
with the rise in the number of active sites on the catalyst
surface for the photocatalytic reaction which is in parallel
with the increasing amount of Fe/TiO; [21, 63, 64]. As
expected, the first order reaction rate constant increased
with the increase in the catalyst amount, see Figure 8a.
3.2.4 Effects of initial pH value of BPA

To investigate the effect of the initial pH value of the
BPA solution on the photo-Fenton-like oxidation of
BPA, experiments were conducted with 5 different pH
values: 2.6, 3.8, 5.5, 8.3, and 9.1. Regulation of the pH
was accomplished using an H2SO4 or NaOH solution.
The results are shown in Figure 9.

the hydroxyl groups and four negative carbon atoms in
the phenolic group. These properties determine the initial
adsorption of the BPA molecules on the TiO; surface.
Hence, the acidic conditions for pH < 6.25 favor the
initial adsorption of BPA on the positively charged TiO;
surface. On the contrary, as the pH increases and is higher
than 6.25, the TiO, surface gradually becomes more
negatively charged, which results in the development of
greater repulsive forces between the TiO, surface and the
BPA molecules and thus the obstacle of the initial
adsorption of BPA on the TiO; surface [56]. In addition,
a low pH favors OH: radical generation, and the oxidation
potential of the highly oxidative radicals decreases with
the increasing pH. The OH- radicals have an oxidation
potential of 2.65 - 2.80 V at a pH 3, while only 1.90 V at
a pH 7.0 as a weaker oxidant [64].

As seen in Figure 9, the acidic pH was favorable for the
degradation of BPA and COD reduction. The highest
COD reduction achieved was 70.1% at a pH of 3.8. The
remarkable decrease in the reaction rate constant was
observed by increasing the solution pH from 3.8 to 5.5.
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Figure 9. Effects of the BPA initial pH values on the photo-Fenton-like oxidation, a) Degradation, % and b) COD reduction,

%, after 6 h of oxidation

The pH variation can alter the surface property of the
catalyst, the ionization state of the organic compound, as
well as the formation rate of hydroxyl radicals, and other
reactive oxygen species responsible for the pollutant
degradation. Therefore, the solution pH is another
important factor influencing the BPA photodegradation
[62].

In general, the TiO; surface is positively charged for pH
values lower than the zero point change (zpc) of the TiO,
(6.25), whereas, it is negatively charged for pH values
higher than the zpc of the TiO,. On the basis of the
simulation of the molecular point charge, it was found
that the BPA molecule has two negative oxygen atoms in
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Adsorption studies in the absence of visible light
indicated that a BPA adsorption of 2% was achieved on
the catalyst surface in 30 min at a pH of 2.6 and 3.8 while
no BPA adsorption was observed at other pH values
under the same conditions.

3.2.5 Effects of reaction temperature

The effect of the reaction temperature on the degradation
of BPA was examined in the range of 292 - 303K. The
experiments were carried out at a pH of 5.5 with a 0.5 g/
dm?® of 1wt% Fe/TiO; catalyst, at an H,O, concentration
of 4.7 mM with a 15 ppm / 0.3 dm® BPA solution. The
results are shown in Figure 10.
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Figure 10. Effects of reaction temperature on the photo-Fenton-like oxidation a) Degradation, % and b) COD reduction, %,

after 6 h of oxidation

As seen in Figure 10, as the temperature increased from
292 K to 303 K, the degradation percentage of BPA
increased from 24.0% to 31.7% mainly due to the
increase in the rate constant of the heterogeneous photo-
Fenton-like reaction, see Figure 10a. Increasing the
temperature from 292K to 296K and then to 303K,
increased the COD reduction from 65.5% to 68% and to
69.8% after a reaction of 6 h, respectively. The optimum
temperature was selected as 303K [14].

3.2.6 Stability of the catalyst

The catalyst stability experiments were carried out under
the following conditions: a 15 ppm initial concentration

Degradation, % at 276 nm

0 &
0 601201802402300360 |0 &0 120180 240 300 260

Second

of BPA with a 0.3 dm® BPA solution, at a H,0»
concentration of 4.7 mM, with a 0.5 g/ dm?® catalyst, at a
pH of 5.5. Firstly the experiment was performed with a
fresh catalyst (first cycle). To recover the catalyst, after
6h of reaction, the final effluent was filtered. The used
catalyst was washed with water and then ethanol, and
then dried at 393K for 3 h and calcined at 773K for 3h.
The calcined catalyst was then tested in the photo-
Fenton-like degradation of BPA (second cycle). After 6h
of reaction the catalyst was recovered as mentioned
above and its activity was again tested in BPA oxidation
(third cycle). The results are given in Figure 11.
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Figure 11. Stability of the Catalyst a) Degradation,%, and b) COD reduction, %, after 6 h of oxidation
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As seen in Figure 11, the degradation of BPA was almost
the same the when fresh (first cycle) and used catalysts
(second and third cycles) were tested. The COD
reduction slightly decreased from 65.4% to 64.7% and
then to 64.4% for the second and third cycle,
respectively. The calculated first order rate constants
were similar 8.7x10%, 8.0x10, and 7.0x10* min! for the
1%t (fresh), 2" and 3" use of the catalyst, respectively.

The stability of the catalyst was also tested by measuring
the iron leaching into the solution by an Atomic
Absorption spectrometer (Varian 10 plus). In all runs,
iron leaching into the solution remained in the range of
0.09 mg/dm3 - 0.95 mg/dm3 which is below E.U.
directives (<2 mg/dm?3). These results show that the
catalyst has a good stability and the process is mainly the
heterogeneous photo-Fenton-like process, instead of the
homogenous photo-Fenton-like process.

3.2.7 Optimum conditions of the heterogeneous
photo-Fenton-like oxidation of BPA

According to the results obtained from Parts 3.2.2 - 3.2.6;
the best experimental conditions for the efficient
degradation of BPA by heterogeneous photo-Fenton-like
oxidation were determined to be:

The initial concentration of BPA = 5 ppm, H:0;
concentration = 3.6 mM, catalyst loading=1 g/ dm?, at a
pH of 3.8, at a temperature of 303 K.

Under these conditions 81.3% of degradation and a COD
removal of 89.4% were achieved after 6h of reaction.

3.2.8 Degradation kinetics of BPA

In the photo-Fenton-like oxidation of BPA, the reaction
mixture was stirred vigorously at 700 rpm. The effect of
external diffusion resistance on the degradation rate was
calculated using Hougen’s criterion and it was found that
(Cb-Cs)/Cp =1.5x103 < 0.1, it indicated that Cp,= Cs. So,
the external diffusion resistance could be neglected. The
internal diffusion resistance was not significant due to the
small size of catalyst particles (60 nm). To calculate the
effect of the internal diffusion resistance on the
degradation rate, the generalized Thiele modulus based
on the reaction rate was determined and found to be

1.3x107 which was smaller than 1/3. Hence the
effectiveness factor was assumed to be unity [65].

Figure 12 shows the Arrhenius plot of Ink vs. 1/T
obtained using the k values given in Figure 10. From the
slope of the Arrhenius plot (R?=0.92) in Figure 12, -E/R,
where R is the universal gas constant (8.314 J/mol K),
and the activation energy, E, was calculated to be 22.5
kJ/mol. Finally, the degradation rate of BPA can be
expressed by the following equation:

-erA:8.75e_22'5/RTCBPA (10)

In literature, the BPA degradation via the hot persulfate
treatment process followed the pseudo-first order kinetics
with respect to the BPA concentration. Based on the
obtained pseudo first order rate constant at the
temperature range of 40 - 70 °C, the activation energy for
BPA oxidation was calculated as 184+12 kJ/mol [66].
The oxidation kinetics of BPA by Mn(V1I) was described
by a second order rate law, but the order with respect to
BPA was first order with an activation energy of 67.8
kJ/mol in the temperature range of 10 - 30 °C [67]. In
another study, the degradation BPA by hydrogen
peroxide activated with CuFeO,, Cu,O or Fe;O4 followed
a pseudo first order reaction in kinetics. The calculated
activation energies were 53.7 ki/mol, 54.3 ki/mol, and
64.9 ki/mol at temperatures between 10 to 40 °C for
CuFeO;, Cup0O, or Fes0a4, respectively [68]. The
degradation of BPA with the Co*/PMS process followed
the pseudo first order kinetic model well at a temperature
range of 25 - 45 °C with an activation energy of 57.6
kJ/mol [69]. In the other study, the BPA decomposition
in the UV/persulfate process was investigated and the
activation energy of 26 kJ/mol was calculated for pseudo
first order rate constants at the temperatures between 25
°C to 50 °C [70]. There were also some studies in
literature in which the BPA degradation kinetics were
described by a pseudo second order reaction model [71,
72]. In a study by Han et al. [72] the degradation of BPA
was investigated by ferrate (IVV) oxidation and in that
study an activation energy of 35.71 kJ/mol was
calculated for the second order reaction kinetics with
respect to the BPA concentration. The activation energy
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Figure 12. G}aph of Ink values versus 1/T values



Meral DUKKANCI / Journal of Polytechnic, 2017; 20 (1) : 25-36

obtained in this study for the degradation of BPA is close
to the one given by Huang and Huang [70].

4. CONCLUSIONS

In the present study, the oxidation of Bisphenol-A was
investigated using the heterogeneous photo-Fenton-like
oxidation under visible light irradiation in the presence of
Fe containing TiO; catalyst.

The 1 wt% iron containing TiO- catalyst behaves as an
efficient and stable catalyst for the photocatalytic
degradation of BPA which is an important endocrine
disrupting compound. It was clear that the doping of Fe
to TiO2 at a certain amount altered the photocatalytic
degradation of BPA under visible light. The
photocatalytic activity depended on the Fe loading to the
TiO,, BPA and H;O; initial concentration, catalyst
amount, pH of solution, and temperature. At the optimum
reaction conditions of, an initial concentration of BPA of
5 ppm, an H,O, concentration of 3.6 mM, a catalyst
loading of 1 g/dm?®, a pH of 3.8, and a temperature of 303
K, an 81.3% degradation and a COD removal of 89.4%
were achieved after 6h of reaction. The activation energy
was calculated to be 22.5 kJ/mol.
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