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Abstract

Background Benzophenone-3 (BP-3), one of the emerging pollutants, is commercially synthesized as UV filter used in cosmetics
and other personal care products and its occurrence in the aquatic environment has widely been reported. The goal of this study
was to enhance an AOP method for degradation of UV filter Benzophenone-3 in aqueous solutions.

Method In this study, sol-gel method was applied to synthesis TiO, nanoparticles. Subsequently, the nanoparticles were successfully
coated on quartz tubes. The synthesized catalyst was characterized using XRD, FE-SEM and EDX analysis. Then, the efficiency of
photocatalytic process using TiO, coated quartz tubes for BP-3 degradation from synthetic and real aqueous solution was assessed.
Result The optimum contact time and solution pH for the highest BP-3 degradation in the synthetic solution were found at 15 min
and 10, respectively. The maximum degradation (98%) of BP-3 by photocatalytic process was observed at 1 mg/L initial BP-3
concentration using 225 cm? of catalyst surface area. Among the three applied kinetic models, the experimental data were found to
follow the first-order equation more closely with the rate constant of 0.2, 0.048 and 0.035 1/min for 1, 3 and 5 mg/L of initial BP-3
concentration, respectively. In order to investigate the potential of this process for real effluent, the treatment of swimming pool
water and wastewater treatment plant was examined and BP-3 degradation close to 88% and 32.1 was achieved, respectively.
Conclusion Based on the obtained data, the photocatalytic process could successfully be applied for water treatment in swimming
pools and other effluent containing BP-3 with low turbidity. The advantage of this study is that the synthesized catalyst can be
used repeatedly needless to remove catalyst from the treated solution. In addition, AOP; can effectively eliminate organic
compounds in aqueous phase, rather than transferring pollutants into another phase. The limitation of this study is that in solution
with high turbidity photocatalytic degradation can be hampered and pre- treatment is needed to reduce turbidity.
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Introduction UV filter, protects human from UV radiation of the sun and

conserve products’ formulation [1, 3]. This aromatic compound
Benzophenone-3 (2-Hydroxy-4-methoxybenzophenone, BP-3)  is also used in food-packaging, pharmaceutical, and other in-
is an organic compound which is used in cosmetics, sunscreens, dustries [1, 4]. BP-3 has been considered as an emerging pol-
and other personal care products as UV filter [1, 2]. BP-3, as  lutant and its endocrine disruptive effects have been proved on
several studies [3—5]. Dermal and oral absorption of BP-3 in
rats and mice has led to alteration in their liver and kidney [6, 7].
Estrogen- dependent diseases including endometriosis in wom-
en have also been reported [8, 9]. Human exposure of BP-3 is
usually through dermal application of sunscreens and other
personal care products [10].

As a result of using sunscreens in recreational activities
such as swimming, BP-3 can enter to the environment directly.
Moreover, due to its persistence, BP-3 cannot be removed

! ; X Lo thoroughly in the wastewater treatment plants; therefore, it
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BP-3 concentration has been reported in water and waste-
water treatment plant (WWTP) effluents at the range of 29—
190 pg/L, in lakes up to 345 ng/L and in rivers up to 849 ng/L
[11, 14-16]. Traditional methods of wastewater treatment
such as adsorption, filtration and flocculation can only transfer
the organic pollutants from one phase to another which needs
further treatment [17]. In the recent years, advanced oxidation
process (AOP) with a promising ability to remove organic
compounds, are being developed as a proper alternative to
the traditional treatment methods [9, 18-20]. AOPs rely on
in-situ production of highly reactive hydroxyl radicals (OH").
These reactive species are the strongest oxidants that can be
applied in water and can virtually oxidize any compound pres-
ent in the water matrix, often at a diffusion controlled reaction
speed. Consequently, OH" reacts unselectively once formed
and contaminants will be quickly and efficiently fragmented
and converted into small inorganic molecules. Hydroxyl rad-
icals are produced with the help of one or more primary oxi-
dants (e.g. ozone, hydrogen peroxide, oxygen) and/or energy
sources (e.g. ultraviolet light) or catalysts (e.g. titanium diox-
ide). AOPs can reduce the concentration of contaminants from
several-hundreds ppm to less than 5 ppb and therefore signif-
icantly bring COD and TOC down. The AOP procedure is
particularly useful for cleaning biologically toxic or non-
degradable materials such as aromatics, pesticides [21], petro-
leum constituents, and volatile organic compounds in waste-
water [22]. The contaminant materials are converted to a large
extent into stable inorganic compounds such as water, carbon
dioxide and salts, and they undergo mineralization. A goal of
the wastewater purification by means of AOP procedures is
the reduction of the chemical contaminants and the toxicity to
such an extent that the cleaned wastewater may be
reintroduced into receiving streams or, at least, into a conven-
tional sewage treatment.

As BP-3 cannot be removed completely in the con-
ventional treatment in WWTP, some advanced processes
have been studied under laboratory conditions. AOPs
including oxidation with ferrate [9], ozonation and
peroxone of BP-3 [23], fungal and photodegradation of
BP-3 [1], BP-3 degradation using UV/H,0, [24] and
BP-3 degradation using persulfate catalyzed by cobalt ferrite
[25] have been studied. Heterogeneous photocatalysis using
semiconductors, is one of the AOPs which has an effective
ability to remove organic compounds [17]. Application of
TiO,nanoparticles, especially in anatase polymorphic
form, has been reported for degradation of different or-
ganic pollutants such as dyes [18], Diethyl phthalate
[19], and BP-3 [20] . Mesoporous structure of this cat-
alyst provides a large surface area for molecular transfer and
enhances the degradation process [18].

Using suspension form of TiO, nanoparticles in the
real wastewater treatment plants can result in high op-
erational cost, because particles have to be separated
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from the solution [26]. Design and operation of follow-
ing units may become impossible if the nanoparticles
are not removed from the solution. In addition, nano-
particles cannot be used again after separation because
their recycling is time-consuming and expensive [17].
On the other hand, as TiO, nanoparticles are activated
under light radiation, aggregation of ultrafine suspended
particles at the high catalyst loads inhibits light’s pen-
etration and scattering into the solution; subsequently,
the pollutant degradation process would be hampered
[26].

Response surface methodology (RSM) has been ap-
plied in several studies to optimize the condition under
which the most degradation efficiency of organic com-
pounds would occur. RSM consists of a group of math-
ematical and statistical techniques for optimizing a response
which is influenced by several independent variables [18, 20,
27, 28]. Central composite design (CCD) is the most appro-
priate model used for optimizing the condition under RSM
design [28].

To the best of our knowledge this is the first time
that TiO, coated on quartz tube was applied for BP-3
degradation. The method used in this study was superior
to the other related studies in which TiO, nanoparticles
was used as the catalyst [20, 26], because as apposed to
those studies, in this study nanoparticles were coated on
quartz tubes, so that no particles aggregation occurred.
The best advantage of this method is that the catalyst
can be used repeatedly and for a long time for BP-3
degradation in aqueous solution. In This study BP-3
existence in the swimming pools and wastewater treatment
plant was investigated in our country (Iran) for the first time.
Modeling and optimizing the photodegradation process using
RSM was carried out. The results showed the ability of the
applied method for treatment of real aqueous solutions con-
taining BP-3 especially swimming pools.

Materials and methods
Chemicals

Titanium tetra-isopropoxide (TTIP) 97%, 2-Hydroxy-4-
methoxy benzophenone (BP-3) 98%, N, O-Bis
(trimethysilyl) trifluroacetamide (BSTFA) 99.0% were pur-
chased from Sigma Aldrich. 2-Propanol dried 99.99%,
Acetone 99.9%, methanol, CCl, Hydrochloric acid and
Sodium hydroxide were supplied from Merck. All
chemicals were analytical reagent grade. The quartz
tubes with 8 mm inner diameter, 10 mm outer diameter and
8 cm height were purchased from Alvandshimi Company,
Iran. The molecular structure and chemical properties of BP-
3 are summarized in Table 1.
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Table 1 Characteristics of BP-3
Molecular structure

Chemical formula

Molecular weight(g/mol) CAS number

OH O

AT O

C14H120;

228.24 131-57-7

Synthesis of TiO, nanoparticles and coating on quartz
tubes

Five quartz tubes were thoroughly cleaned by concentrated
acetone and immersed in NaOH (1 M) for 24 h in order to
hydrophilization. Then, the tubes were washed by distilled
water. TiO, nanoparticles were synthesized via sol-gel
method. First, 20 ml of HC1 (0.1 M) was added to
880 ml of dried 2-propanol under vigorous stirring (first
solution). Then, 14 ml of TTIP, as a precursor of TiO,,
was dissolved into 86 ml of dried 2-propanol (second
solution). Afterwards, the second solution was added slowly
to the first solution under stirring. The solution was agitated
for 5hat0°C[29].

Fig. 1 Flow diagram of preparing
the TiO; sol and the synthesized
catalyst

All tubes were completely immersed in TiO, sol solution
for 30 min and slowly taken out and dried in microwave for
10 min. To achieve uniform and strong layer of TiO, nano-
particles on the surface of the tubes, the mentioned procedure
was repeated for 6 times. Subsequently, the tubes and
remained sol solution were dried at 105 °C for 24 h and cal-
cined at 550 °C for 2 h. Figure 1 shows the flow diagram of
preparing the TiO, sol and the synthesized catalyst.

Characterization of the catalyst
The coated tubes and nano- powder of TiO, were character-

ized by X-ray diffraction (XRD) (Philips, PW1730) using Cu
radiation in 260 = 0-80°. The current and voltage were 30 mA

First solution: Second solution:

20ml HCl (0.1M)
+880 ml dried 2-
propanol

14 mI TTIP + 86 ml
dried 2- propanol

Sol prepared:
Agitate for 5 h at
0°C

Tubes cleaning with
acetone and NaOH
and then distilled

water

Tubes immersed in

sol for 30 min then

dried in microwave
for 10 min

After 6 times

[ Dried at 105°C for 24 h ]

Calcined at 550°C for
2h
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and 40 kV, respectively. Using Debye- Scherer’s equation, the
average crystal size of anatase form of synthesized catalyst
was calculated (Eq. 1).

- ﬁkxxc:sé‘ (1)

Where D is crystal size (nm), K is dimensionless shape
factor, ) is the x-ray wavelength (nm), 3 is the line broadening
at half the maximum intensity (FWHM) and 0 is the Bragg
angle (degree).

Scanning electron microscope (SEM) (TE scan) was used to
obtain the morphology of TiO, nanoparticles which were coat-
ed on quartz tubes. Energy dispersive X-ray analysis (EDX)
was also applied to provide elemental identification and quan-
titative information of TiO, nano-powder and coated tubes.

Photocatalytic process set up

The experiments of the BP-3 degradation were carried out in a
cubic- Plexiglas reactor with 750 ml solution capacity. An UV
lamp (250 W, 360—400 nm) was mounted above the reactor
(3 cm above solution). The tubes were placed in a holder into
the reactor that could be easily taken out from the solution.
BP-3 can hardly dissolve into water; therefore, stock solution
(1 g/L) was prepared in methanol. To achieve subsequent
concentrations, the stock was diluted by distilled water. The
following parameters were examined and optimized: initial
BP-3 concentration (1-5 mg/L), catalyst surface area (45—
225 cmz), pH (3-10), contact time (5—60 min). The experi-
ments were conducted in triplicate experiments and average
values were reported. The photocatalytic process was operated
in a controlled temperature (20 = 1 °C) by a water bath. BP-3
removal efficiency was calculated using Eq. (2).

Co—C,
0

R(%) =

x 100 (2)

Where C, is initial BP-3 concentration and C is effluent
BP-3 concentration.

In order to investigate the potential of photocatalytic pro-
cess for real effluent, the contaminated water was collected
from a swimming pool (Isfahan, Iran). The characteristics of
the swimming pool are summarized in Table 2. Also a sample
of a wastewater treatment plant (Isfahan, Iran) was collected
and tested by the method. The characteristics of the wastewa-
ter are shown in Table 3.

Photocatalytic process optimization by RSM
Central composite design (CCD) and RSM methodology

were applied for optimization the BP-3 photo-degradation.
Experiments’ design was conducted by STATISTICA
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Table 2 Properties of the

swimming pool water Parameter value
BP-3 Conc. (mg/L) 0.07
EC (uS/cm) 1885+ 140
pH 7.46+0.28
Salinity (%) 0.08+0.001
Turbidity (NTU) 225401

software (version 10). 4 parameters including solution pH,
catalyst surface area, BP-3 initial concentration and contact
time were introduced into the software in five levels as -,
-1, 0, 1, +x (Table 4). Eq. (3) was used to calculate the num-
ber of CCD experiments.

Exy, = 2N +2N +n (3)

where N is the number of variables and # is central points. The
terms 2~ and 2 N show factorial and axial experiments, re-
spectively. Based on the Eq. (3), 24 experiments and 6 repe-
titions were constructed as shown in Table 5.

The response of CCD was predicted by Eq. (4).

Y = bo+ X b + T bax; + X5 Y obrx e (4)

where Y is the predicted response, x; x;,... x; are the input
variables, x,-z, x_,»z, xkz are the square effects, b, is the inter-
cept term, b; is the linear effect, b;; is the squared effect, b;; is
the interaction effect and ¢ is the random error [30, 31].

Analytical method

Sample preparation and dispersive liquid-liquid
microextraction (DLLME) procedure

In each experiment after the reaction time, 5 mL of the solu-
tion was extracted from the reactor and solution pH was ad-
justed at 4, using HCI and NaOH (0.1 M). Afterwards, 500 pL
of acetone containing 50 pL CCL,4 was rapidly injected into
the solution. The cloudy solution was centrifuged at 5000 rpm
for 5 min (Hettich, Universal 320). After phase separation,
30 uL of sediment solution was extracted and transferred into
1.5 mL gastight vial [32].

Table 3 Properties of the

collected wastewater Parameter value
BP-3 Conc. (mg/L) 0.0056
EC (uS/em) 1261 + 140
pH 7.41£028
TSS 496
Turbidity (NTU) 285+ 10
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Table 4 Ranges and levels of the input data

Variables Range and level

- -1 0 +1 A
pH (p) 6 7 9 10 12
Time (t), min 10 15 20 25 30
Initial concentration (c), mg/L 1 2 3 4 5
Tube area (a),cm2 45 90 135 180 225

Derivatization process and GC-MS analysis

The extracted solution was gently dried by nitrogen gas.
Afterwards, 25 puL of BSTFA (derivatization reagent) was
added to the vial. The vial was vigorously shaken using vortex
(Heidolph) for 1 min and placed in water bath (type W350) at

75 °C for 5 min to enhance the reaction between BSTFA and
BP-3. Then the vial was taken out and remained at room
temperature for 5 min before analysis. Gas Chromatograph
(Agilent 7890, USA) equipped with a mass detector
(Agilent Tech., 5975C, USA) was used for analysis.
GC-Mass’s software was ChemStation under Microsoft
XP windows. The details of detection by GC- Mass are
shown in Table 6.

Validation of the analytical method

The analytical method validation was performed in accor-
dance with the guidelines of the international conference on
harmonization (ICH) [33]. Studied parameters include selec-
tivity/specificity, linearity, limits of detection and quantitation,
repeatability, inter mediate precision, accuracy and recovery
are summarized in Table 7.

Table 5 Experiments design and

comparison between observed No. pH Time (min) Surface area Concentration Observed BP-3 Predicted BP-3
and predicted results (em’) (mg/L) removal (%) removal (%)
1 7 15 90 2 41.000 40.212
2 7 15 90 4 32.500 31.521
3 7 15 180 2 54.000 54.805
4 7 15 180 4 45.000 43.552
5 7 25 90 2 42.000 41.822
6 7 25 90 4 33.000 32.820
7 7 25 180 2 54.500 56.228
8 7 25 180 4 45.250 44.663
9 10 15 90 2 52.500 52.007
10 10 15 90 4 41.000 37.315
11 10 15 180 2 68.000 68.069
12 10 15 180 4 52.250 50.814
13 10 25 90 2 53.000 54.479
14 10 25 90 4 41.750 39.474
15 10 25 180 2 69.000 70.354
16 10 25 180 4 52.500 52.786
17 6 20 135 3 36.670 37.051
18 12 20 135 3 45.670 46.534
19 9 10 135 3 40.670 43.856
20 9 30 135 3 49.330 47.726
21 9 20 45 3 29.000 31.759
22 9 20 225 3 61.330 60.153
23 9 20 135 1 81.000 78.221
24 9 20 135 5 45.600 49.962
25 9 20 135 3 57.670 57.445
26 9 20 135 3 50.330 57.445
27 9 20 135 3 56.000 57.445
28 9 20 135 3 60.330 57.445
29 9 20 135 3 59.000 57.445
30 9 20 135 3 61.000 57.445
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Table 6 Details of detection by GC- Mass

Item Descriptions

GC column DB-5 MS column (60 m x 0.25 mm i.d.;
0.25 pm film thickness; Agilent
Technologies, Palo Alto, CA, USA)

Oven ramp Initial temperature: 120 °C (held for 3 min)

Injection port

Transfer line

Carrier gas

Sample injection volume
Ion source

Detect acquisition mode
Selected m/z for

60 °C per min to 280 °C (held for 5.5 min)
Total run time: 11.17 min

Temperature: 280 °C
Spilt mode
Split ratio: 10/1

300 °C

Helium 99.9995% (2 ml/min)
2 uL

230 °C

Selected ion monitoring (SIM)
285

quantification

Result and discussion
Catalyst characterization

Figure 2a—c shows the XRD pattern of the bare quartz tubes, the
synthesized TiO, nano-particles and coated quartz tubes. As it
is illustrated in Fig. 2a no peak was observed for the bare quartz
tubes. However, the sharpest peaks at 20 =25.3 in Fig. 2b, ¢
show that anatase form of TiO, was completely achieved and
also properly coated on the quartz tubes. The existence anatase
peaks at 20 =25.3, 38.3, 48.2, 54.15, 68.9 and 75.35 confirm
the presence of anatase TiO, on the coated quartz. Although,
Rutile phase is also recognized on XRD pattern, it can be ig-
nored because the ratio of Rutile phase to anatase phase is rare.
The same results were reported in the literature [17, 29, 34].

Using Debye- Scherer’s equation, the anatase TiO,
average crystal size was 14.5 nm calculated from FWHM
at 20 =25.35.

Counts.
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Fig. 2 XRD Pattern of bare quartz tubes (a), Synthesized TiO, (b) and
TiO, coated quartz tubes (c)

Table 7 Main validating

parameters of the method for r LOD* LOQ" LR RSD! (%) Recovery (%)
determination of BP-3 in water
Within days Between days
0.998 0.007 0.023 0.1-1000 43 7.6 92.7

*limits of detection; (ppb); based on the signal to noise ratio (S/N) of 3

® limits of quantification; (ppb); based on the signal to noise ratio (S/N) of 10

¢ linear range; (ppb)

4 Relative standard deviation; three replicate experiments of spiked blank plasma samples at three concentration
ranges (low concentration, medium concentration and high concentration)
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The morphology of synthesized TiO, nanocrystals in pow- As it can be seen in Fig. 3b, the size given by SEM is larger
der form and coated quartz is shown in Fig. 3a—f. Scanning  than the size calculated by Scherer equation. It should note
electron microscope (SEM) images show uniform distribution  that theoretically, size obtained by XRD using Scherer equa-
of TiO, on quartz. The rough surface of coated quartz which ~ tion is smaller than that by SEM [35]. The crystallite size by
caused by TiO, nanoparticles layer, provide more activated ~ XRD must always be less than the particle size by SEM be-
sites for photodegradation. cause the particle tested by XRD is crystallize size, or named

Fig. 3 FE-SEM images of
synthesized nano- TiO, (a—c), and
coated quartz tubes (d—f)

SEM MAG: 5.00 kx Det: InBeam MIRAS TESCAN, SEM MAG: 10.0 kx Dot inBoam |
WO. 6.2 mm ol 7.00 10 pm WO: 517 mm - 700 5 pm
View Doid: 41.5 pm  Date(mvary): 12/2417 View feld: 20.8 ym  Dateimidly): 1272417

Q3 =2839 nm

SEM MAG: 200 kx Dot: InBoam MIRAI TESCAN SEM MAG: 200 kx Det: InBeam

WO: 5.14 mm 8i: 7.00 200 nm WO: 5.17 mm Bi: 7.00 200 nm
View Beid: 1.0 pm  Date(m/dly): 12/24/17 View Beid: 1.04 pm  Date(midly): 1224117

Det inBeam MIRA) TESCAN SEM MAG: 1000 kx Dot: InBeam MIRA3 TESCAN|
8 7.00 500 ren WD: 5.17 mm BI: 7.00
Oatejmidiy): 1202417 Views fiekd: 2.08 prm  Date{midiy): 12124117
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Fig. 4 EDX analysis of synthesized catalyst on quartz tubes

primary particle, which is a single crystal particle. The particle
tested by SEM though, usually is a particle consisted of one or
two, even more primary particles [36]. Crystal size could only
calculated by Scherer equation and the size given by this
equation is completely reliable. And the size given by SEM
is particle size not crystal size [36].

EDX analysis in Fig. 4 confirms a good dispersion of TiO,
nanoparticles on quartz tubes. As it can be seen, the catalyst
was composed of Ti and O with a molar ratio close to 1:2
which confirms that the molecular formula of catalyst is TiO,.

Effect of solution pH

To determine the optimum pH for maximum BP-3 removal,
the effect of solution pH was studied and the obtained data
were shown in Fig. 5. As it is shown in Fig. 5, the increase in
pH value from 3 to 10 increased the BP-3 removal efficiency
from 17 to 82%. In photocatalytic degradation, the removal
efficiency is highly affected by catalyst’s surface charge and
substrate’s ionic form. According to Eq. (5) in acidic solution

Quantitative Results
Elt Line Int Error K Kr W A%
(o] Ka 93.8 256087 03770 0.1703 67.00 85.88
Ti Ka 1733 0.7897 06230 0.2814 33.00 14.12
1.0000 04517 100.00 100.00

with presence of H" ions, the surface of catalyst is charged
positively. However, in alkaline solution, the surface of cata-
lyst is charged negatively because of OH ions (Eq. 6).

Acidic solution TiOH + H" < TiOH; (5)

Alkaline solution TiOH + OH <—TiO™ + H,0 (6)

In addition, the pKa of BP-3 is 8.06 [23] and under that BP-
3 is found in its molecular form. It is also reported that
benzophenone-derivatives are stabilized under acidic condi-
tions [37] .In contrast, BP-3’s phenolic group is deprotonated
in more than this value and becomes more negative. As a
result, an electronic repulsion between the substrate and the
surface of catalyst, which is negatively charged in alkaline
solution, increases. This repulsion prevents BP-3 to be
adsorbed on the catalyst’s surface. Though of course, pKa
value is principal valid only in bulk solutions. In addition,
the dissociation of the BP-3 could be related to form a double
layer at the liquid- solid interface [20].

Fig. 5 Effect of initial solution 0.9 90
pH on BP-3 degradation (Initial iy _
BP-3 concentration: 1 mg/L, cat- > 0.8 - 80
alyst surface area: 135 cm” and g
15 min contact time) c 07 [ ] - 70 ;\?
o Al
E 06 - ——— Concentration - 60 c:>;
< ) o
o 05 - - 50 -5
2 ,d &— Removal E:Q
S 04 - / L 40 E
d 03 30 5
T 02 d 20
3 <
2 01 H H 10
(14
0 - T T T 0
7 8 9 10
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Fig. 6 Effect of contact time on 100 + A—A & A A
BP-3 degradation (solution pH:
10 and catalyst surface area: —_
225 cm’) x
>
g O o —0
2
2 — = —f]
E 8 =
()
©
3 ——1mg/L
=
o ——3mg/L
—=—5mg/L
T T 1
0 10 20 30 40 50 60 70

Furthermore, in higher pH more hydroxyl inions are gen-
erated. It improves hydroxyl radical generation. These radicals
are responsible for BP-3 oxidation, so the more hydroxyl rad-
icals are produced, the more removal efficiency occurs. It is
also in agreement with a study which noticed that in alkaline
solutions, hydroxyl ions on the surface of TiO, easily change
to hydroxyl radicals. Thus, degradation efficiency of benzyl
paraben improves [38].

Effect of contact time

The effect of contact time on BP-3 degradation was evaluated
and the obtained data were shown in Fig. 6. As depicted in Fig. 6,
with increasing the contact time from 5 to 15 min, degradation
efficiency increased from 64 to 98%, 36 to 60% and 25 to 50%
for 1, 3 and 5 mg/L of BP-3, respectively. It was observed that
after 15 min, the degradation efficiency rate was constant (ap-
proximately 98%). Although a slight change (1%) in removal
efficiency occurred after 15 min, it could be ignored.

In fact, during the reaction time more hydroxyl radicals are
produced from hydroxyl ions that lead to more degradation of
the pollutant [39]. Gago-Ferrero et al. (2013) studied BP-3
degradation with ozone and peroxone and showed that during
40-50 min, 95% degradation efficiency was observed [23].
The high degradation efficiency (around 98%) during
15 min in the present study proved the ability of synthesized
catalyst for BP-3 degradation.

Kinetic and synergy of BP-3 photocatalytic
degradation

Generally, the Langmuir-Hinshelwood (LH) kinetic model is
the most appropriate model to describe the heterogeneous
photo-catalytic degradation [38, 40].

KinCe )
1+ KLHCeq

r= _—dC =krpt = kLH(

7 (7)

Contacttime (min)

Where 7 is the initial reaction rate of BP-3, C,, is the equi-
librium BP-3 concentration, K;z is the adsorption constant
onto the catalyst surface, and k;; is the intrinsic reaction rate
constant. At low concentration (ppm and less than ppm)
K;1C.q can be neglected with respect to 1, and Eq. (7) can
be simplified to a first- order kinetic equation (Eq. (8)) [38].
C.

y == kLHKLHCeq(_)ln = _kuppt (8)
Co

Where k,,, is the first- order kinetic apparent rate constant
and Cy is close to C,, [20].

Figure 7 shows the kinetic plot. The BP-3 degrada-
tion fit the first-order kinetic model well (R*>0.94).
The k,,, value was 0.2 (R>>0.94), 0.048 (R*>0.92) and
0.035 min~' (R*>0.92) for 1, 3 and 5 mg/L of initial BP-3
concentration, respectively. The results are in agreement with
a study which reported that photocatalytic degradation of
benzyl paraben with TiO, follows the first-order kinetic
model [38]. First -order and pseudo-firs- order kinetics
models have been reported in several studies for organic
pollutant degradation [9, 17, 23].

As it is shown in Fig. 8, a significant enhancement of BP-3
degradation was observed during the process of combining
UV light and synthesized TiO, catalyst. Eq. (9) was applied
to evaluate the synergistic effect [19].

Krio,juv

Sy = ——TO/WV
Y Kuv + Krio,

©)

where Sy is the synergistic effect, K70,y 1s the rate of com-
bine process, Ky and K 70, are the rates of the individual
processes. The constant rate of combined process was greater
than the sum of constant rates calculated under UV photoox-
idation and TiO, adsorption. It is observed that with TiO,/UV
degradation process, the synergy factor increased threefold. It
can be noted that during photocatalytic degradation process,
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Fig. 7 Kinetic plot of BP-3 deg-
radation (BP-3 concentration:
1 mg/L, solution pH: 10, catalysis

First order
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first, photo-excitation of TiO, leads to migration of electrons
from balance band to the conduction band and holes (h*) were
left in the balance band. Then photo-generated electrons react
with oxygen to produce superoxide anion radicals (O,7).
Besides, reaction between holes and water results in hydroxyl
radicals’ generation. Hence, the degradation of BP-3 may pro-
mote via hydroxyl and superoxide radicals (Eq. (10—14)).

With the absence of UV light, photo-excitation of TiO,
cannot be occurred and without excited electrons the radical
generation is rare. On the other hand, with the absence of TiO,
there is no excited electron, nor is there any hole to react with
water. Therefore, the kinetic of each process individually is
completely less than combined process. This result is also
reported in the literature [19, 41, 42].

7i0, 5 hip + ecp (10)  Effect of initial BP-3 concentration
H>0 + hy{y—OH" + H" (11)  Figure 9 illustrates the effect of initial BP-3 concentration on
the degradation efficiency. Results demonstrated that with in-
O, + ep—0y (12)  creasing the initial concentration of BP-3 from 1 to 5 mg/L,
N N ) the degradation efficiency decreases from 98 to 47%. It can be
BP-3 + Kyz—BP~3"—Degradation products (13) explained by two reasons. The first one is because of catalyst-
. . ) surface occupation by higher concentration of pollutant that
BP-3 + O, or OH —Degradation products (14) leads to lack of active sites on the surface of the catalyst to
Fig. 8 Synergistic effect of 1.4
combining UV photooxidation ‘o _
and TiO, adsorption on BP-3 1.2 & UV Photooxidation y= 0"?25_88)(928'60241 e
photodegradation (BP-3 concen- -O : -7 o
tration: 1 mg/L, solution pH: 7, 1 O TiO, adsorption - -
catalysis surface area: 135 cm?) —_— R
G o8 _y=70.0082x + 0.0095
® OUV-TIO, e R2=0.9538
2 6"
= 0.6 .-
0.4 e y =0.0118x+ 0.0159
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-0 =
0.2 e a——— - it
e ____:4:::::::3'- ------
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Fig. 9 Effect of initial 3 120
concentration on BP-3 degrada- c
tion (Solution pH: 10, catalyst _g 25 ] 100
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enhance the degradation. The second one is that with
increasing the concentration of the solution, UV photons
can hardly penetrate into the solution and its path length
becomes shorter. The lower absorption of photons prevents
the photo-exciting of the surface of the catalyst and decreases
the process of photodegradation. The same result has been
reported in the photocatalytic degradation of other organic
pollutant [39, 40, 43].

Effect of catalyst surface area

As it was shown in Fig. 10, when the surface area of catalyst
increased from 45 to 225 cm?, the degradation efficiency in-
creased from 35.7 to 98%. It can be noted that with increasing
the catalyst surface area, the TiO, amount on the coated tubes
and also the number of active sites increased. In addition, with
increasing TiO,, more UV photons can be absorbed by the
surface of the catalyst and more hydroxyl radicals and other
reactive species can be produced that enhance the degradation

2 3 4
Initial BP-3 concentration (mg/L)

process. It is in agreement with photocatalytic degradation
studies of different organic compounds [20, 38]. The method
used in this study, however, was superior to the other related
studies because in those papers it was noted that with increas-
ing the amount of TiO, more than a particular concentration,
the catalyst particles were aggregated that resulted in reduc-
tion in light penetration which caused eventually a reduction
in degradation [20, 38, 44, 45]. In contrast, in present study
nanoparticles were coated on quartz tubes, so that no particles
aggregation occurred.

Modeling of BP-3 degradation by RSM

In order to optimize the process of BP-3 degradation, it is
necessary to evaluate the interaction between effective
parameters. As it was mentioned before, the effect of
4 parameters including initial concentration of BP-3, the
surface area of the catalyst, pH and reaction time was individ-
ually investigated and then selected as factors in CCD model

Fig. 10 Effect of catalyst surface 0.7 120
area on BP-3 degradation (initial g —
BP-3 concentration: 1 mg/L, so- = 0.6 -
© 100 8
lution pH: 10, and contact time: 'E' -0
15 min) 0.5 >
5g0s »
® g’ b=g —=Concentration | 60 h“:,
% =03 / —&— Removal ©
5 02 o 40 3
3 g
) 20 x
e 01
o
0 [ 0
45 20 135 180 225

Catalyst surface area (cm2)
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Fig. 11 Simultaneous effect of variables on degradation efficiency
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Fig. 12 The observed value 25

DV: Removal efficiency (%)

plotted against predicted value of
BP-3 photo-degradation 2.0

1.0
0.5
0.0
-0.5

Predicted values
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-2.0
-25
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(Table 4). BP-3 degradation was modeled by the polynomial
equation (Eq. 15).

R(%) = 56.21 +4.97p—-3.91p* + 0.89+-2.917
—6.56¢ + 1.66¢> + 6.97a—2.874°> + 0.21pt
—1.5pc + 0.36pa—0.07tc—0.04ta—0.64ca

(15)

where, p is the solution initial pH, 7 is reaction time (min), a is
catalyst surface area (sz) and c is initial concentration of BP-
3 (mg/L).

After removing non-significant terms including linear form
of ¢ (p-value: 0.2), interactions of pt (p-value: 0.79), pc (p-
value: 0.07), pa (p-value: 0.65), tc (p-value: 0.92), ta (p-value:
0.95), ca (p-value: 0.44) from the initial model, final signifi-
cant terms were modeled by Eq. (16).

R(%) = 56.21 + 4.97p—-3.91p*—2.91£>=6.73¢
+ 1.66¢* 4 7.01a—2.874*

(16)

i -4 2 0 2 4 6
Observed values

Table 5 shows the comparison between predicted and ex-
perimental amount of BP-3 degradation percent. The value of
the determination coefficient, R, was 96%, indicating a good
conformity between experimental and predicted results.

Figure 11 shows the simultaneous effects of parameters on
BP-3 photo-degradation. As it was mentioned before, increas-
ing in pH value and the surface area of the catalyst promoted
degradation efficiency due to higher amount of oxidative spe-
cies and activated holes in which the oxidation- reduction
processes improved. In contrast, as it was explained, the lower
initial concentration resulted in an enhancement in the degra-
dation efficiency. Figure 12 and Table 5 showed that RSM
model was able to predict the degradation efficiency.

In order to evaluate the significance and adequacy of the
regression model, analysis of variance (ANOVA) was applied.
The results given in Table 8 establish that the model is high
significant with probability value of 0.0001 and F value of
50.66. R? of the model was 0.9955 that means the model can

Table 8 ANOVA analysis for the

response surface model Sum of squares df Mean square F value probability (p)
Regression model 3744.97 7 532 50.66 0.0001
p @) 598.46 1 598.46 56.67 0.000002
p(Q 449.90 1 449.90 42.60 0.00001
t(Q) 232.02 1 232.02 21.97 0.000292
a(L) 1147.55 1 1147.55 108.67 0.00000
a(Q) 225.49 1 225.49 21.35 0.00033
c(L) 1016.08 1 1016.08 96.22 0.00000
c(Q) 75.47 1 75.47 7.14 < 0.0001
Residual 173.1 22 7.8
Lack of fit 14.71 7 2.1 0.89 0.76
Error 158.39 15 10.56
Total 3918.07 29
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explain 99.55% of variables for BP-3 degradation and only
0.45% of variables cannot be explained by the model. In addi-
tion, adjusted R? (Adj-R?) 0.982 showed a proper adjustment of
the regression model to the observed results. The amount of
lack of fit can also demonstrate the validation of the model.
The p value of lack of fit was 0.76 which showed that the lack
of fit was not significant. The correlation between experimental
and predicted results in Fig. 12 confirms that the model has a
satisfactory approximation to the observed results.

BP-3 photocatalytic degradation in swimming
pool

In order to prove the ability of photocatalytic process for the
real aqueous solutions, BP-3 degradation in swimming pool
water was examined. The properties of swimming pool were
shown in Table 2. The experiments were repeated for three
times and the obtained results were shown in Fig. 13. As seen
in Fig. 13, the application of the photocatalytic process led to

time (min)

88% BP-3 degradation efficiency. Based on the obtained re-
sults, the photocatalytic process could successfully be applied
to treat swimming pools water with low turbidity.

BP-3 photocatalytic degradation
in wastewater treatment plant

In order to investigate the ability of the photocatalytic method
for BP-3 degradation in wastewater treatment plant, the col-
lected wastewater was examined. The properties of wastewa-
ter were shown in Table 3. The experiments were repeated for
three times and the obtained results were shown in Fig. 14. As
seen in Fig. 14, the application of the photocatalytic process
led to 32.1% BP-3 degradation efficiency after 60 min. Based
on the obtained results, the photocatalytic process could hard-
ly be applied for BP-3 degradation in raw wastewater. The
high turbidity causes the reduction in removal efficiency.
The same result was reported by Li et al. (2007) who studied
occurrence and behavior of four of the most used sunscreen
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UV filters in a wastewater treatment plant and achieved only
20% BP-3 removal after 180 min using AOP [46]. Rosal et al.
(2010) also found that using biological and AOP method for
BP-3 removal in wastewater treatment plant resulted in no BP-
3 removal after 15 min [47].

Conclusion

The results of this study showed that TiO, nanoparticles coat-
ed on quartz is an efficient catalyst for BP-3 degradation in
aqueous solution with low turbidity. The photocatalytic deg-
radation, however, would be hampered in aqueous solution
with high turbidity like raw wastewater.

In this study under optimum condition (initial BP-3 con-
centration 1 mg/L, pH 10, the catalyst surface area 225 cm?)
after 15 min 98% of BP- 3 was removed form synthetic waste-
water. BP-3 removal process was fitted to the first-order ki-
netic model. 88% of BP-3 initial concentration was also re-
moved after 25 min from swimming pool water.

The advantage of this study was that during the photocat-
alytic degradation using coated quartz no agglomeration of
nanoparticles occurred. Also based on the obtained results,
and according to the fact that the applied method is easy to
operate and economic and the catalyst could be applied repeat-
edly, the method is suggested for BP-3 removal in swimming
pools. The other advantage of this study is that using TiO,
coated on quartz would reduce the health risk of existence of
TiO, in the effluent. But this issue can be studied in full scale
in the next studies.

The limitation and disadvantage of this method is that in
aqueous solutions with high turbidity the photocatalytic pro-
cess would be hampered due to agglomeration of particles in
solution. This study showed that the method could hardly
remove BP-3 from wastewater in 60 min with only 32.1%
removal efficiency.

For the next studies we suggest AOP method including pho-
tocatalytic method to be used for BP-3 removal in secondary and
tertiary refined effluent. Also according to the results of this
study we suggest to investigate the existence of BP-3 in swim-
ming pools which necessitate shower before entering to the pool.

According to our results we suggest using the photocata-
lytic process with TiO, coated on quartz tubes for water treat-
ment in swimming pools.
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