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Bisphenol A (BPA) is a kind of a controversial endocrine disruptor, and is ubiquitous in environment. The degradation of
BPA with the heterogeneous photo-Fenton system was demonstrated in this study. The Fe-Y molecular sieve catalyst was
prepared with the ion exchange method, and it was characterized by X-ray radiation diffraction (XRD). The effects of pH,
initial concentration of H, Oy, initial BPA concentration, and irradiation intensity on the degradation of BPA were investigated.
The service life and iron solubility of catalyst were also tested. XRD test shows that the major phase of the Fe-Y catalyst
was Fe;O3. The method of heterogeneous photo-Fenton with Fe-Y catalyst was superior to photolysis, photo-oxidation with
only hydrogen, heterogeneous Fenton, and homogeneous photo-Fenton approaches. pH value had no obvious effects on BPA
degradation over the range of 2.2—7.2. The initial concentration of HyO, had an optimal value of 20 x 10~* mol/L. The
decrease in initial concentration of BPA was favourable for degradation. The intensity of ultraviolet irradiation has no obvious
effect on the BPA removal. The stability tests indicated that the Fe-Y catalyst can be reused and iron solubility concentration
ranged from NA to 0.0062 mg/L. Based on the results, the heterogeneous photo-Fenton treatment is the available method
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for the degradation of BPA.
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1. Introduction

Bisphenol A (BPA) is a kind of endocrine disrupter
chemicals, used in the manufacture of plastic articles and
polycarbonate.[1] These products are applied to many food
and drinking storage containers. It has been reported that
more than 200,000 tonnes of BPA was produced per year
in Japan. The wild use of BPA caused the release of it into
the nature environment. Kolpin et al. [2] reported that the
high level concentration of 12.0 g /L for BPA was detected
in rivers. In Japan, up to 10mg/L of BPA was reported
in the leachates from waste landfill sites.[3] In addition
to the existence of BPA in the surface water, a dozen of
studies also found that BPA existed in the human body
using different analytical techniques. BPA concentration in
the breast milk ranged from ND to 7.3 pwg/L.[4] In total,
1.49 + 0.11 ng/L of BPA was detected in the normal male
serum,[5] 2.24 pg/L in the normal maternal serum,[6] and
0.26 pg/L in the normal foetal amniotic fluid.[6] The envi-
ronmental and body distribution of BPA promoted the toxi-
city test, and estimated the effect of BPA on the human body
and animal. After several experiments, researchers have
found that BPA at very low concentration were detrimen-
tal to the development of the reproductive organs,[7] such
as the formation of additional female organs, enlargement

of accessory sex glands and a stimulation of egg and egg
mass production.[8] The wild lives, which were exposed to
low concentration of BPA, may develop the symptom of
puberty earlier.[9] Given the adverse effect of BPA on the
human body, it was necessary to find an efficient approach
to degrade BPA.

Various technologies have been attempted to decom-
posed BPA in recent years, involving adsorption,[10—13]
solvent extraction,[ 14] biodegradation technology,[15] and
photo degradation technology.[16] One of the promising
methods is the photocatalytic approach due to its high min-
eralization efficiency, low toxigenicity, and relative rapid
degradation time.[17] Fenton technology is a well-known
process and has been reported as an effective alternative for
the treatment of the industrial wastewater.[18] Hydroxyl
radical, generated by the Fenton reagents, was a very
strong and non-specific oxidant. However, its overall effi-
ciency was limited with some significant disadvantages,
such as tight range of pH, iron ions deactivated, and iron
hydroxide sludge generated.[19] One of the most practi-
cal ways to overcome these limitations is to use Fenton
heterogeneous catalysts and introduce ultraviolet (UV) irra-
diation. The porous-activated carbon,[20—23] zeolites,[24—
26] resin,[27] clays,[28,29] and mesoporous silica [30—33]
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were used as supporters more often. However, these
researchers indicated that there were still some drawbacks,
such as low iron loading (only 0.1-5%), pH range extending
not obvious, week stability, iron leached phenomenon, and
so on. Hence, it is necessary to make attempts to find the
supporter and a new preparation method of catalyst, which
can work in the broad pH range, possess low leachability,
and can be reused as well.

In the article, Na-Y zeolites-type molecular sieve was
chosen as a catalyst supporter, Na-Y molecular sieve is a
usual catalyst supporter for heterogeneous Fenton. It has
an open porous structure capable of accommodating a wide
variety of exchangeable cations, including iron. Its inter-
nal and external surface areas may extend to hundreds of
square per gram, and its cation exchange capacities are up
to several mill equivalents per kilogram.[34] As reported, it
can form the Fe-Y catalyst thorough cation exchange with
iron and provide similar catalytic activities as homogeneous
Fe(Il) ions.[35] However, their catalytic activity and stabil-
ity depend much on synthesis methods in addition to their
composition and framework structure. Moreover, leakage
of iron ions from the supporter would result in secondary
contamination.[36] So it would be interesting to study the
preparation method of the Fe-Y catalyst and the Fenton
performance of the catalyst.

To the best of our knowledge, the degradation of BPA
with the heterogeneous photo-Fenton system has been only
investigated up to a limited extent. In this study, the prepa-
ration method of the Fe-Y catalyst was illustrated, its
loading capacity was determined, and characterized by X-
ray radiation diffraction (XRD). The effects of pH, initial
concentration of H,O,, initial BPA concentration, and irra-
diation intensity on the degradation ratios were investigated.
The leachability and the reuse of the catalyst were also
examined.

2. Experimental
2.1. Reagents

Analytical-grade BPA, hydrogen peroxide solution (30%
w/w), and FeSO4-7H,O were purchased from Damao
reagent factory, Tianjin, China, and the Na-Y molecular
sieve was purchased from Tianyi inorganic chemical fac-
tory, Nanjing, China. All the other chemicals used were of
analytical grade and used without further purification. All
solutions were prepared with deionized water.

2.2. Preparation of Fe-Y molecular sieve catalyst

The catalysts (Fe-Y) were prepared starting from com-
mercially available Na-Y molecular sieve. Prior to ferric
ion exchanged experiments, FeSO4 solution (250 mL of
3.00 g/L) was nitrogen-blown for 15 min to remove the dis-
solved oxygen, and then 2.00 g Na-Y molecular sieve was
kept in the above solution (pH = 4) for 12 h at 80°C. After

filtration, the sample was thoroughly rinsed with distilled
water and dried at 60°C for 12 h in the oven.

2.3. Photo-Fenton degradation of BPA

Photo-Fenton degradation was conducted in a quartz reac-
tor of 200mL capacity. The reaction mixture, consisting
of 150 mL of BPA solution and the precise amount of
Fenton reagent, was continuously stirred with a magnetic
bar. The pH of the sample solution was adjusted with
HCI(0.01 mol/L) and/or NaOH (0.01 mol /L) solution. The
reaction solution was kept at 25 4+ 2°C by a circulating
water jacket, and was conducted in the black-box to keep
away from any other light irradiation. Prior to irradiation,
the suspension was magnetically stirred in the dark for
30 min to get an adsorption/desorption equilibrium status.
BPA solution concentration dropped from an initial concen-
tration of 20.000 to 19.204 mg/L and kept at 19.204 mg/L
after adsorption of 30 min. As the adsorption capacity was
low, it can be ignored. The sample solution was irradi-
ated with five pieces of low-voltage mercury lamps (8 W,
Philips Co.).

2.4. Analyses

The iron ions concentration in the solution was measured
with atomic absorption spectrometry (PE-AA800). Prior to
the measurement, a calibration curve was obtained by using
the standard iron ion solution in 0.1 mol/L HNOj3 solution
with known concentrations.

The crystalline structure of Fe-Y was analysed by
an Empyrean diffractometer, using CuKa radiation and
a graphite secondary beam monochromator at 40kV and
30 mA with filtered CuKa radiation (A = 1.5406 A).

After irradiation of BPA, the sample solution was fil-
tered through a membrane filter (0.45wm) in order to
remove a precipitation. The concentration of BPA was
determined with a high performance liquid chromatogra-
phy (Model 1220, Agilent.) equipped with a UV detec-
tor (217 nm). A separation column used was an Agilent
Poroshell 120 EC-C18 Threaded Column (4.6 x 100 mm,
particle size 2.7 wm). The mobile phase A was a mixture
of water/acetonitrile/tetrahydrofuran (44:8:8, v:v:v), and
the mobile phase B was methanol with the volume ratio
of 60:40 for A:B. The flow rate was 1.0 mL/min, and the
retention time was 5.3 min.

The intensity of the irradiation was measured by a UV
radiometer (UV-B, Photoelectric Instrument Factory of Bei-
jing Normal University). The wavebands range from 230 to
300 nm, and the central wavelength was 254 nm.

3. Results and discussion
3.1. Characterization of Fe-Y molecular sieve catalyst

The results of ion exchange rate of ferric ion on Na-Y
molecular sieve are shown in Figure 1(a). In the 250 mL
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Figure 1. (a) Variation of ferric ion concentration left in the
FeSOy4 solution in the preparation processes of the Fe-Y molecular
sieve catalyst and (b) XRD for the Fe-Y molecular sieve catalyst.

of 3.00g/L FeSO4 solution and 2.00 g Na-Y molecular
sieve system, ferric ion concentration in solution reduced
sharply after shaking for 1 h. The exchange adsorption pro-
cesses basically reached a dynamic equilibrium after 2 h ion
exchange process, ferric ion concentration in the solution
changed little and stabilized about 1.58 g/L. So the ferric ion
inside the molecular was saturated about 0.177 g (Fe)/1 g
(molecular sieve). However, as the molecular sieve parti-
cles inside has a porous structure, sufficient exchange time
is favourable for the ferric ion to evenly distribute within
the molecular sieve pore and become more stable. There-
fore, in this batch of experiments, the exchange time was
extended to 12 h.

Figure 1(b) showed the XRD spectra for Fe-Y. The
diffractogram showed that Fe-Y revealed a typical Fauj-
asite structure (joint committee powder diffraction standard
(JCPDS) No. 45-0128). It was suggested that impregnation
of Na-Y with ferric ion did not change the d-spacing on the
lattice structure of Na-Y to any significant degree, as sim-
ilar peaks with those for typical Faujasite were obtained,
and the impregnation with ferric ion was effective only on
the surface of the molecular sieve and not on the crystal of
the molecular sieve.[20] Four peaks of ferrous species were
detected at 26 values of 33.09°, 35.58°, 49.43°, and 54.10°,
which implied that ferrous species were oxidized to form
Hematite Fe;O3 (JCPDS No. 33-0664).

3.2.  Comparison of five different degradation
approaches for BPA removal

Figure 2 shows five kinds of processes for degradation of

BPA. The degradation ratio of BPA was 22% by heteroge-

neous Fenton reagents, and only 3.6% by photolysis, 9.4%

by photo-oxidation with only hydrogen. It was interesting
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Figure 2. Degradation of BPA by photolysis, photo-oxidation
with only hydrogen, heterogeneous Fenton, heterogeneous
photo-Fenton, and homogeneous photo-Fenton approaches.

to find that the synergistic technology of the heteroge-
neous photo-Fenton system was more favourable for the
degradation of BPA, and more than 50% of BPA was
decomposed after 60 min irradiation at pH 4.3. These results
can be explained by the fact that the presence of UV
radiation increased the amount of the hydroxyl radical pro-
duced by the photoreduction reaction of Fe(III) (Reaction
(1)) [37-39] and the decomposition of hydrogen peroxide
(Reaction(2)).[28,40]

Fe** + H,0 + hv — Fe?* + OHe + HY, (1)
H,0; + hv — 20H-. )

In the homogeneous photo-Fenton experiment, ferric
species were used instead of FeSO, with the same Fe
content, and other conditions were the same with hetero-
geneous photo-Fenton. From the curve of homogeneous
photo-Fenton experiment, the degradation ratio of BPA
reached 22.8% just in 5 min, but kept this ratio in the rest
time of 30 min. It can be explained that the homogeneous
photo-Fenton had a quick reaction rate in the initial stage,
but no sustained capacity for BPA degradation.

Compared with the homogeneous Fenton, the aqueous
solution would not become turbid in the heterogeneous
photo-Fenton reaction, but the turbid phenomenon occurred
in the homogeneous photo-Fenton reaction. This phe-
nomenon was caused by the chemical coagulation functions
of homogeneous Fenton. The concentration of iron species
after the heterogeneous photo-Fenton reaction ranged from
NA to 0.006 mg/L. It indicated that the Fe-Y catalyst pre-
pared had good mechanical stability during the reactions,
and there was little leaching of ferric species from the cat-
alyst to the aqueous solution. Given the higher degradation
ratio and the resistance leachability of the heterogeneous
photo-Fenton system, it was adopted in the following
experiments.
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3.3. Effect of pH

The effect of pH on the degradation of BPA by using
the photo catalysis process was investigated over the pH
range of 2.2—7.2 (Figure 3(a)). The degradation percentage
of BPA increased with pH increasing up to 4.3, and then
decreased after reaching the maximum at pH 4.3. However,
pH has no obvious effect on the degradation ratio of BPA,
and the removal rate of BPA was within 45.5-56.0% in the
broad pH from 2.2 to 7.2. This result was different from that
in the homogeneous Fenton system. In homogeneous Fen-
ton reaction, less photoactive materials Fe3* (H,0)s would
be generated at lower pH and Fe(OH); at higher pH,[18,28]
and the optimal pH in the homogeneous Fenton reaction
was around 3.[41] However, the Fe-Y molecular sieve can
be effective in the broad pH from 2.2 to 7.2 in this study.
This was because the ferric ions were immobilized inside
the molecular sieve and the formation of less photoactive
materials was avoided.

3.4. Effect of initial H, O, concentration

The effect of H,O, dosage on the degradation of BPA was
investigated by varying initial concentration of HO, from
1 x 107* t0 40 x 10~* mol/L and the result is presented in
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Figure 3(b). The degradation rate of BPA increased as H,O,
concentration was increased. This can be explained that the
more produced OH radicals in the high H, O, concentration
led to the high decomposition rate. When the concentra-
tion of H,O, was 20 x 10~#mol/L, almost all the BPA
can be degraded within 60 min. With continued increase in
H,0, concentration from 20 x 10~ to 40 x 10~ mol/L,
the BPA decomposition ratio decreased from 92.0% to
65.0% within 60 min. The extra H,O, can scavenge OH
radicals and produce the less reactive species such as HO,
(3).[42,43]

H202 —+ HO’ — Hzo + HOz‘. (3)

Such a reaction reduces the probability of attack of
organic molecules by hydroxyl radicals, and causes the
degradation rate to drop. So, in order to get an opti-
mal removal ratio of BPA, it was necessary to add an
optimal H,O, dosage, and the optimal H,O, dosage was
20 x 10~*mol/L in this experiment.

The photo-Fenton reaction of BPA under different initial
H,0; concentrations was estimated to follow a pseudo first-
order kinetic law, according to the following equation:
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(a) Effect of pH on the degradation of BPA (reaction condition: [BPA] = 8.8 x 10— mol/L, [HyO2] =5 x 10~4 mol/L,

[Fe-Y] = 0.1 g/L, irradiation intensity = 4.6 mW/ cm?, irradiation time = 60 min); (b) effect of initial concentration of HyO; on the degra-
dation of BPA (reaction condition: [BPA] = 8.8 x 107> mol/L, [Fe-Y] = 0.1 g/L, pH = 4.3, irradiation intensity = 4.6 mW /cm?, irradi-
ation time = 60 min); (c) effect of initial concentration of BPA on the degradation of BPA (reaction condition: [H,O2] = 5 x 10~* mol/L,
[Fe-Y] = 0.1 g/L, pH = 4.3, irradiation intensity = 4.6 mW /cm?, irradiation time = 60 min); and (d) effect of irradiation intensity on the
degradation of BPA (reaction condition: [BPA] = 8.8 x 1073 mol/L,[H202] =5 x 10~ mol/L,[Fe-Y] = 0.1 g/L,pH = 4.3, irradiation

time = 60 min).
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Table 1. Pseudo first-order constant (k), correlation coefficient (R?), half-lives (t1/2), and 90% degradation (#9¢% ) times for treatment of

BPA of five different HyO; initial concentrations.

Co (mol/L) Fe-Y(g/L) H,0; (mol/L) k (min~1) R? t12 (min) to0v, (min)
8.8 x 1072 0.1 1x1074 0.0098 0.994 70.72 234.90
8.8 x 1073 0.1 5% 1074 0.0141 0.982 49.16 163.26
8.8 x 107> 0.1 10 x 1074 0.0235 0.994 29.49 97.96
8.8 x 1073 0.1 20 x 107* 0.0405 0.989 17.11 56.84
8.8 x 1073 0.1 40 x 1074 0.0185 0.989 37.46 124.43

Table 2. Pseudo first-order constant (k), correlation coefficient (R?), half-lives (t1/2), and 90% degradation (t99v, ) times for treatment of

BPA of three different BPA initial concentrations.

Co (mol/L) Fe-Y(g/L) H,0; (mol/L) k (min~1) R? t1/2 (min) t90v, (min)
44 %107 0.1 5x 1074 0.0146 0.9935 4747 157.67
8.8 x 1073 0.1 5% 1074 0.0098 0.9973 70.72 234.90
1.76 x 10~4 0.1 5% 1074 0.0066 0.9938 105.12 348.79

Table 3. Pseudo first-order constant (k), correlation coefficient (R2), half-lives (¢ /2), and 90% degradation (t9¢v, ) times for treatment of

BPA of three different irradiation intensity.

Cop (mol/L) Fe-Y(g/L) H>0; (mol/L) Irradiation intensity (mW/cm?) k (min~1) R? t1/2 (min) 1907, (min)
8.8 x 107 0.1 5x 1074 0.0117 0.9913 59.24 196.75
8.8 x 1073 0.1 5x 1074 10.2 0.0139 0.991 49.86 165.61
8.8 x 107 0.1 5x 1074 243 0.0156 0.983 44.43 147.56

where, Cyyps 1S BPA concentration and ks is the pseudo
first-order rate constant. In order to confirm the specula-
tion, In(C/Cy) was plotted as a function of the reaction time.
The calculated results indicated that the first-order model
gives a better fit (data not shown). Therefore, the primary
photo-degradation of BPA followed the pseudo first-order
kinetics. The substrate half-lives, 90% conversion times,
and pseudo first-order rate constant for the degradation
of BPA calculated from the equation are summarized in
Table 1.

3.5. Effect of initial BPA concentration

The influence of various initial BPA concentration on the
degradation process was investigated (Figure 3(c)) .The
results showed that the BPA removal was 59% when initial
concentration was 4.4 x 107> mol/L, higher than 43.5%
for initial concentration 8.8 x 107> mol/L and 33.75% for
1.76 x 10~*mol/L. In the heterogeneous Fenton process,
the reaction occurred on the surface of Fe-Y, where the
adsorbed BPA molecules were decomposed by OHeradicals
generated at the active sites. Thus, when the BPA concen-
tration was higher, the number of active sites available was
covered by the BPA molecules due to their competitive
adsorption on the catalytic surface. In addition, the interme-
diate products of BPA might also compete for the limited
adsorption sites with BPA molecules, which blocked their
interactions with ferric active sites. The dynamic parameters
of this group experiments are summarized in Table 2.

3.6. Effect of irradiation intensity

Figure 3(d) showed the effect of UV irradiation intensity
on the degradation of BPA and the dynamic parameters are
summarized in Table 3. When the UV irradiation intensity
was 4.6, 10.2, and 24.3 mW /cm?, the pseudo first-order
kinetic constants k were 0.0117, 0.0139, and 0.0156 min—!,
respectively, indicating that the irradiation intensity has no
appreciable effect on the degradation of BPA. So, there is
no need to select the light source with very high intensity
from an economic perspective.

3.7. Stability tests

For the heterogeneous catalysis, stability was an important
index for the catalyst. In order to test the stability, it took
four times to degrade BPA with the same batch Fe-Y, and
the results are shown in Figure 4. In the first three tests, the
degradation ratios were 54.5%, 55.1%, and 51.8%, respec-
tively. In the fourth time, the degradation ratio was 45.2%;
justreduced 9.3% compared with the maximum. Therefore,
it was indicated that the Fe-Y prepared had good stability
and was well reusable.

3.8. Comparison of TiO, and Fe-Y for BPA
degradation

The results of this study were compared with the results
obtained by using TiO,. Ohko et al. [44] reported that when
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Figure 4. Stability tests for Fe-Y with the same condition.

the initial BPA concentration was 40 mg/L(double times
than that of the present study), it took 15 h to degrade BPA
for the TiO,-photocatalysed reaction with 1 g/L TiO, and
an energy consumption of 10 mW/cm?. Watanabe et al.
[45] performed the degradation of BPA (20mg/L) in the
presence of TiO,(2 g/L) with an irradiation intensity of
2.5mW/cm?. It took 2h for BPA complete degradation
under the conditions. In this article, it just took 1h to
reach a 92.0% removal of BPA in the situation of 0.1 g/L
Fe-Y, 20 x 10~*mol/L H,0,, and irradiation intensity of
4.6mW /cm?. Therefore, the Fe-Y catalyst can be consid-
ered for the degradation of BPA in terms of time and cost
for degradation.

4. Conclusions

This study applied the heterogeneous photo-Fenton method
to degrade BPA solution and evaluated the effects of
pH, initial H,O, concentration, initial BPA concentration,
and irradiation intensity on the degradation of BPA. The
Fe-Y molecular sieve catalyst was fabricated with the ion
exchange method, and the loading capacity was 0.177 g
(Fe)/1 g (molecular sieve). The existence form of iron in
the Fe-Y was Fe, O3 according to the analysis by XRD. The
Fe-Y catalyst showed high catalytic ability in the Photo-
Fenton system, and iron ion possessing the low leachability
ranged from NA to 0.006 mg/L. Over the range of 2.2—7.2,
the pH value had no obvious effect on BPA degradation.
The initial concentration of HO, had an optimal value of
20 x 10~* mol/L; if over this value, H,O, would give a
negative effect. Photo-Fenton on degradation of BPA was
superior to traditional Fenton; however, photo-Fenton was
not distinctly enhanced by increasing the intensity of UV
irradiation. Stability tests indicated that when the Fe-Y cat-
alyst was reused for the fourth time, the degradation ratio
was reduced by 9.3%. Based on the results, the heteroge-
neous photo-Fenton treatment was the available method for
the degradation of BPA.
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