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Abstract

The photodegradation of bisphenol A (BPA), a representative endocrine disrupting chemical, was carried out in the presence of the
Fenton reagent. The degradation rate was strongly influenced by the pH, and initial concentratio®s ah#éi Fe(ll). An initial BPA
concentration of 10 mgf was completely degraded after 9 min under the optimum conditions. This reaction was found to follow the first
order kinetics law. The formation of G@s a result of mineralization of BPA was observed during the photo-Fenton process. The degree of
BPA conversion to C@was more than 90% under UV irradiation for 36 h. The decomposition of BPA during the photo-Fenton treatment
gave six kinds of intermediate products, such as phgrbydroquinone, etc. The degradation mechanism of BPA was proposed on the
base of the evidence of the identified intermediates. Based on these results, the photo-Fenton reaction could be useful technology for the
treatment of wastewater containing BPA.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction manufacturing process and by leaching from final products.
In fact, leaching of BPA from polycarbonate baby bof8é
Recently, endocrine disrupting chemicals have been and reusable containg6] has been reported. In addition,
spread over the environment and have deteriorated the genBPA was detected in plastic wadqtg, in plasma stored in
erative function of some species of living things on the polycarbonate tubg8], in aguatic environment and g#],
earth[1]. Although, it is still being discussed whether such and on land9]. Moreover, high concentration of BPA can
chemicals have an influence upon human beings or not, itbe contained in wastewater from its production factories
is necessary to develop technology for their elimination and because it is partially removed during wastewater treatment.
decomposition as soon as possible. The photodegradationThe wastewater containing BPA can be source of contam-
of such chemicals diluted by water seems to be one of theination in aquatic environmen9,10]. Although BPA is
most promising methods for elimination. readily degraded by microorganisii$§, biological methods
Bisphenol A (BPA) is manufactured in high quanti- commonly require long times for the wastewater containing
ties, 90% or more being used as a monomer for the pro- BPA at high concentration. Therefore, the rapid and simple
duction of polycarbonate and epoxy resins, unsaturatedwastewater treatment of BPA is now required urgently.
polyester-styrene resins and flame retardants. The final A variety of treatment techniques for wastewater which
products are used as coating on cans, as powder paintsgontains phenolic compounds have been examined by us-
as additives in thermal paper, in dental fillings and as an- ing chemical[11], biological[12], photochemica]13], and
tioxidants in plastic§2]. It is well known that BPA has an  electrochemica[14] procedures. However, only a few re-
estrogenic activity, that is, it serves as an environmental ports have appeared on the treatment of wastewater which
endocrine disruptei3]. Nearly 30% of world productionis  contains BPA[15-17] They examined the degradation of
within EU, with 210,000 t being reported to have been pro- BPA in the presence of TiDas a photocatalyst. Recent
duced in Germany in 1998. The release into the natural reports indicate that a combination 0@ and UV irra-
environment as well as in surface water is possible during diation with Fe(ll), so-called the photo-Fenton process, can
significantly enhance decomposition of many refractory or-
mpondmg author. Tels81-59231-9425: ganic compounds. Until now, the photo-anton process has
fax: +81-59231-9442/9471/9427. been applied to the degradation of pesticifie8,19], ni-
E-mail addresshidek@chem.mie-u.ac.jp (H. Katsumata). trobenzene and other organi@d], chlorophenolg§21-23]
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nitrophenols[24], dibutyl-phthalate[25] and PCBs[26]. 2.3. Analyses
The acceleration for decomposition of organic compounds
is believed to be in order to photolysis of iron aquacomplex,  After illumination, the sample solution was filtered
Fe(OHY*, to provide a new importance source of OH  through a membrane filter (0.48n) in order to remove a
radicals[27,28] Further, the photolysis of Fe(OF) regen- precipitation. The decrease of UV absorption was monitored
erates Fe(ll), which means that the photo-Fenton reactionwith an UVIDEC-610 double-beam spectrometer (JASCO
would need low Fe(ll) concentration compared with the Fen- Co.). The progress in the degradation of BPA was followed
ton process. Furthermore, the Fe(BHyan absorb light at  with a HPLC (Model L-4000, Hitachi Co.) equipped with a
wavelengths up to ca. 410 nm, while TiPhotocatalysiscan UV detector (217 nm). A separation column used was a RS
use photon with wavelength close to 380 f&8]. Therefore, pak DE-413L (250 mmx 4.6 mm i.d., Showa Denko Co.).
the photo-Fenton process can be expected to an efficient and'he mobile phase was 70% acetonitrile and the flow rate
inexpensive method for wastewater treatment and promoteswas 0.7 ml mirr?.
the rate of degradation of various organic pollutants. TOC of the sample solution was measured with a Shi-
In the present study, we have investigated the degradationmadzu TOC-\¢ instrument. The detection limit of the in-
of BPA to CQ, in water as a result of the photo-Fenton pro- strument was 0.5 mgt and the relative standard deviation
cess. The many factors, such as pH value, and initial con-for 5 determinations was 2.6%. The evolution of £& an
centrations of Fe(ll) and }0,, affected on the degradation end product of BPA was assayed by a GL Science GC-353B
were evaluated. Furthermore, the intermediate products of GC equipped with methanizer FID detector and a Pora-
BPA during the photo-Fenton process have been identifiedpack Q column in nitrogen carrier gas.
by gas chromatography-mass spectrometry (GC-MS). The The intermediate products during photodegradation of
degradation pathway was proposed on the base of the eviBPA were extracted by the solid phase extraction (C18
dence of the intermediate formation. disk, 3M Empore). A mixture of dichloromethane and ethyl
acetate (1:1 (v/v)) was used to elute the intermediate prod-
ucts. This solution was concentrated under nitrogen flow
for the analysis of the by-products. A GC-MS (Shimadzu
GC-MS QP-5000) was used for separation and detection
2.1. Reagents of the intermediate products. The GC was equipped with

an HP-5 capillary column (30 m 0.25mm i.d.) in helium
BPA was obtained from Nacalai Tesque, Inc. as highly carrier gas.

pure reagent grade (GC grade >99%). Analytical grade

hydrogen peroxide solution (30% w/w) and ferrous sulfate

heptahydrate (FeSEYH,O) were purchased from Wako 3. Results and discussion

Pure Chemical Industries, Ltd. and Nacalai Tesque, Inc.,

respectively, and were used as received. All other chemicals3.1. Effect of variables on the degradation of BPA

used were of analytical grade and were used without further

purification. All solutions were prepared with demineralized  The UV absorption spectra of BPA solution are presented

2. Experimental

water. in Fig. L The disappearance of 223 and 276 nm absorption
bands was observed with increasing degradation time. How-
2.2. Photodegradation procedure ever, absorbance at 240-260 nm of the solution after the

reaction increased comparing with that before the reaction.

Photodegradation was conducted in a Pyrex glass cell of All reagents such as Fe(ll, Ill), #D», HCI, and methanol
30 ml capacity. The reaction mixture inside the cell, consist- did not exist the absorption band around the wavelength.
ing of 20 ml of BPA solution and the precise amount of Fen- Furthermore, BPA solution before the reaction included
ton reagent, was continuously stirred with a magnetic bar. Fe(ll), HCI, and methanolHig. 1g. Therefore, the increase
The pH of the sample solution was adjusted with HCI and/or of absorbance might be due to the presence of intermedi-
NHj3 solution. The initial concentration of BPA in all exper- ate products derived from BPA. This consideration would
iments was 10 mgit (4.4 x 10~°molI~1). In the majority be supported by the absorption spectrum of BPA after the
of the experiments, temperature was kept at25C with a reaction of 90 min Fig. 16, in which the absorbance at
water bath. The sample solution was illuminated with a Xe 240-260 nm decreased compared with that before the re-
lamp (990 W, Ushio Electronics Co.). In this case, the short action. From the observed absorbancex = 276 nm,e
UV radiation ¢ < 300nm) was filtered out by the vessel was estimated to be3Lx 10°M~1cm~1. Consequently, it
wall. The intensity of the light was measured by a UV radio was confirmed that Fenton reagent was effective photocat-
meter (UVR-400, luchi Co.). The light intensity with wave- alyst for the decomposition of BPA under UV illumination.
length 320—-410 nm was 0.5 mW cth The degradation re- Effect of pH on the degradation of BPA by use of the
action was quenched by adding 1 ml of methanol for HPLC photo-Fenton process was investigated over the pH range
and of POy for total organic carbon (TOC) analyses. of 2.0-4.5 because much precipitation of Fe(@bcurred
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[23,32] reported that the degradation of pentachlorophenol
(PCP) and aniline was enhanced at pH 5 by the presence of
humic acid (HA) in the photo-Fenton system because the
complexation of Fe(lll) with HA contributed to the stabi-
lization of iron species. In the present study, BPA or its inter-
mediate products might react with iron species followed by
the formation of iron complexes and these could assist the
catalytic cycles of iron in the photo-Fenton system. There-
fore, the degradation efficiency of BPA may be the highest
at pH 4.

Effect of reaction temperature on the degradation of BPA
was examined in the range of 5-85. The degradation
percentage of BPA linearly increased with increasing tem-
0 . i : - perature (data not shown). The optimum temperature was
200 220 240 260 280 300 selected as 28C, considering practical application and
Wavelength (nm) degradation cost.

_ _ To obtain the optimal initial Fe(ll) concentration, the
Fig. 1. UV absorption spectra of BPA before and after the photo-Fenton . . . . .
treatment: (a) before reaction; (b) after 10min; (c) after 20min; mv_estlgatl_on was carried out in the range @to4) x
(d) after 45min; (e) after 90min (fOz]o0 = 1 x 10-3moll~L; 10> mol It at pH 4 ([H0z]o = 4 x 10~*molI~1). These
[Fe(ID]o = 1 x 10~5molI=%; pH 2.8). results are shown ifig. 3. As it can be seen frorfig. 3,
the degradation rate of BPA increased with increasing initial
Fe(ll) concentration. Complete degradation of BPA under
during the process above pH 4.5. These results are showrthese conditions was reached at Fe(ll) concentration of
in Fig. 2 The degradation percentage of BPA rapidly in- above 1x 10~° mol I~ within 30 min, while low concentra-
creased with increasing pH value up to 4.0, decreasing at pHtion of Fe(ll) did not allow achieving complete degradation
above 4.0. Therefore, the photo-Fenton reaction is strongly in photo-Fenton process. Especially, when Fe(ll) concentra-
affected by the solution of pH. Generally, the optimal pH of tion was selected as>410~°moll~1, BPA was completely
the photo-Fenton reaction is aroun{B8] because the main  degraded after 9 min.
species at pH 2-3, Fe(OH)(H,0)s, is the one with the Fig. 4 shows the effect of initial KO, concentration
largest light absorption coefficient and quantum yield for on the degradation of BPA with the use of photo-Fenton
OH* radical production, along with Fe(ll) regeneration, in process. As expected, the degradation rate of BPA in-
the range 280-370 n{B1]. However, the optimal pH in this  creased with increasing the concentration O added.
process was obtained as 4.0. Previously, Fukushima et al.This can be explained by the effect of the additionally
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Fig. 3. Effect of initial concentration of Fe(ll) on the degradation of BPA
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Fig. 4. Effect of initial concentration of $0, on the degradation of BPA
by use of the photo-Fenton proces®) ©; (V) 4x 10°>; (H) 1x 10~%;
(A) 2x 1074 (@) 4 x 10~*mol =1 ([Fe(ID]o = 4 x 10->molI~1; pH
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produced OHM radicals. When concentration of,B, was
below 2x 10~4mol1~1, BPA did not achieve the complete
degradation within 30 min. Therefore, it can be considered
that a certain amount of 4@ is required in the photo-Fenton
process due to archive the complete degradation of BPA.

Fig. 5shows a comparison of the degradation of BPA in
both the dark and light. In the presence of Fe(ll) a4
only, the degradation of BPA was slightly observed after
30 min of irradiation £5%) as seen iifrigs. 3 and 4Sim-
ilarly, only 4.6% of BPA was degraded in the absence of
Fe(ll) and B0 for the case of light condition. On the other
hand, in the presence of Fe(ll) op8, only, no decrease of
BPA was observed in the dark after 30 min. Furthermore, the
Fe(11)/H,0O, system in the dark (Fenton reaction) was evalu-
ated for the degradation of BPA. For this case, although more
than 90% of BPA was degraded after 9 min at pH 4.0, it could
not achieve complete degradation within 30 min (ca. 95%
degradation). These results indicate that the photo-Fenton
reaction is useful for the treatment of wastewater containing
BPA.
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Fig. 5. Degradation characteristics of BPA under dark and light conditiéng:light, Fe(l)/H,Oz; (C) light; (@) dark, Fe(ll)/H:O,; (A) dark, Fe(ll);
(M) dark, HO,. ([Fe(IN]o = 4 x 102 mol1=1; [H20,]o = 4 x 10~*mol I=1; pH 4.0).
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Table 1

First-order rate constank)( correlation coefficientR?), half-lives t1/2).
and 90% degradationtgfe) times for treatment of BPA with the
photo-Fenton reaction

[Fe**]o [H202]0 k(s R? t12 tgo%
(moll-1) (moll~1) (s) (s)

1.0x 10° 4.0x 104 2.67x 103 0989 260 861
20x 10° 40x 10% 432x10°% 0.998 160 532
40x 10> 4.0x 10*% 870x 103 0.992 80 264

The photo-Fenton reaction of BPA under the optimum
conditions ([Fé']o = (1t04.0) x 10~>mol =1, [H205]o =
4 x 10~4molI~1) described above was estimated to follow
a pseudo first-order kinetic law, according to the equation,

dCsub
dsu 5= —kobsCsubs
I3

whereCgypsis BPA concentration ankyps is the observed
first-order rate constant. In order to confirm the specula-
tion, In(C/Cp) 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 pri-
mary photodegradation dynamics of BPA would be a pseudo
first-order kinetics. The substrate half-lives, 90% conversion
times, and first-order rate constant for the degradation of
BPA calculated from the equation are summarizethble 1

Although the Fenton reaction has been widely studie
there is no agreement on the ratio[Bp]o/[Fe(ll)]o that
gives the optimal results. Many authors have reported the
use of different ratios of the two reactants. For example,
Eisenhauef33] used 3:1:1 ratio of LO,/Fe(ll)/phenol for
an efficient oxidation of the substrate. Sedlak and Andren
[34] used 1:4:20 ratio of bDo/Fe(ll)/chlorobiphenyls in
their degradation process. Molar ratio ob® as high
as 100:1:16 (KHO/Fe(ll)/chlorophenols) were reported by
Bardeni et al.[35]. Tang and Huandg36] reported 11:1
ratio of HyO,/Fe(ll) for 2,4-dichlorophenol decomposition.
Bauer and Fallmani37] used 400:1 ratio of bDo/Fe(ll)
for treating real wastewater. Chamerro et E8] used
(Ho0o/Fe(ll)) ratios from 5000:1 to 50:1mg#t, and the
results showed so far in this paper were obtained with
100:1:50 mgt? ratio of H,Ox/Fe(ll)/wastewater. Usually,
H>Oo/Fe(ll) ratios from 10:1 to 40:1 are recommended
as optimal for the Fenton proce§39,40] However, the
reports for the optimal BO>/Fe(ll) ratio restrict for the
photo-Fenton treatment. The optimal ratios of chemicals
in photo-Fenton treatment recommended from the results
of the present study could be from 9:0.25:1 to 9:0.9:1
(H202/Fe(11)/BPA). These results coincide with the results
reported by Goi and Trapidf24]. They reported that the
optimal ratio of HO,/Fe(ll)/di-nitrophenol in photo-Fenton
process was 10:0.25:1.

The results of this study were compared with the re-
sults obtained by using Ti® Ohko et al.[16] reported
that an initial BPA concentration of 40mgl (4 times

d,
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that of the present study) in water was degraded by
TiO,-photocatalyzed reaction under UV irradiation of
10mWent?! (20 times that of the present study) for 15 h.
One gram per liter of TiQ was used in their experiments.
The amount of catalysis was ca. 90 times greater than that
of Fe(ll) using as a catalyst of the photo-Fenton reaction.
Watanabe et al17] performed the degradation of BPA in
the presence of Tipunder the experimental conditions in
which an initial BPA concentration, amount of TiGnd
light intensity were 20mg1t, 2gI~%, and 2.5 mwcm?,
respectively. It took 2h for BPA complete degradation
under the conditions. Therefore, it can be considered that
the photo-Fenton treatment is the available method for the
degradation of BPA from the viewpoints of degradation
time and cost.

3.2. Mineralization of BPA

The CQ mineralization yield for BPA is illustrated in
Fig. 6. When the total mineralization of BPA proceeds stoi-
chiometrically using oxygen as oxidizing agent, the miner-
alization reaction can be estimated as follows:

Ci5H1602 + 180, — 15CO + 8H,O

As seen inFig. 6, the generation of C®had scarcely
occurred after 9min, although BPA archived complete
degradation after the irradiation time. This difference indi-
cates that intermediate products were produced during the
photo-Fenton process. The gQnineralization for BPA
was reached 54% after 24 h of irradiation under the con-
ditions shown inFig. 6a This yield value indicates that
the two benzene rings of BPA were cleaved during the
degradation reaction. Since the intermediate products could

100
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g 604 (a)
=
L
> 40

204

o T T T T T T T T

0 4 8 12 16 20 24 28 32 36

Reaction time (h)

Fig. 6. Yield of CQ from BPA degradation by use of the photo-Fenton
process: (a) [Fé)]o = 4 x 10~°moll~1, [H20,]p = 4 x 10~*mol I,
(b) [Fe(D]o = 4 x 10~*mol 71, [H202]p = 4 x 103 mol 7L,
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Table 2

Percentages of CQyield and TOC remaining in the sample solution

[FEt]o (mol =) [H20]o (molI~1) Reaction time (h) CQ (%) TOC (%) CQ + TOC (%)
40 x 105 40x 104 24 54 37 91

40x 1074 4.0x 1073 36 93 13 106

not be completely decomposed to &Qve performed the  3.3. Identification of intermediate products and
minelarization experiments in which both concentrations photodegradation mechanism of BPA
of catalysis and blO, were 10 times higher than those for
the condition shown ifFig. 6a These results are shown in Table 3summarizes the main fragments/f) and rela-
Fig. 6b Under the conditions, the GQyeneration reached tive abundances (%) obtained for the intermediate products
93% after 36 h of irradiation time. Therefore, it is consid- after 5min of irradiation time by GC-MS. Six compounds
ered that HO, concentration (mgi!) needed ca. 17 times  were found in the GC-MS chromatograffid. 7) and iden-
higher than carbon concentration of BPA (mg@)l in tified by comparisons of mass spectra with the library data
order to completely decompose to &0 of NIST. 4-Hydroxyacetophenone, peak no. 6, was also re-
The percentage of GOmineralization yield and that of  ported as one of the by-products for the photodegradation
TOC remaining in the sample solution are summarized in of BPA by Ohko et al][16]. Another compound, for exam-
Table 2 As shown inTable 2 it was found that there was ple 3-(4-hydroxyphenyl)-3-methyl-2-oxobutanoic acid and
the correlation between CGOgeneration from BPA and  4-isopropylphenol, have been identified by LC-I18,17]
TOC remaining in the solution during the photo-Fenton The percentage of the sum of the six intermediate prod-

treatment. ucts and remaining BPA concentrations to the initial BPA
Table 3
Mass fragment ionsnf/2 and relative abundance (%) of intermediates and BPA obtained from GC-MS spectra
Peak no. Retention Detected ionsm/z Molecular Molecular structure
time (min) (% abundance) weight (2)

1 5.4 108 (76), 82 (40), 54 (100) 108

2 7.3 94 (100), 66 (39) 94

< >7OH
3 16.9 134 (100), 119 (87), 91 (40) 134 O\_/(
O
5 19.0 134 (100), 119 (53) 134 ©j>—
O
@)
6 20.6 136 (29), 93 (40), 121 (100), 65 (40) 136 >—QQH
7 37.3 228 (22), 119 (31), 213 (100) 228 HOOH

Peak numbers correspond to thoseFig. 7.

4 171 110 (100) 110
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Fig. 7. GC-MS chromatograms of sample solution before and after irradiation. Peak numbers correspond to thoseTisled3irOther peaks are

unidentified compounds and contaminants.
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Scheme 1. Proposed degradation mechanism of BPA by use of the photo-Fenton process.

one was 93% for the photo-Fenton process after 5min. Thedehydration of HMEP, followed by the formation of
remaining percentage may be attributed to the presence of4-hydroxyacetophenone (HAP) by an oxidizing agent such
unidentified intermediates, analytical error, and/or loss of the as HO,. Furthermore, IPP, HMEP, IpeP, and HAP are
intermediates during the analytical process. It was reportedconverted top-HQ and phenol by OM radicals. Methyl-
that the dimerization of the reaction intermediates from PCP benzofurans would be produced from phenol by attack of
occurred during the photo-Fenton proc¢28]. However, propenyl radicals originating from IPeB-HQ is further
there were no peaks in the GC-MS chromatogram corre- oxidized top-quinone. An oxidative ring-opening reaction
sponding to a dimer, indicating that dimer was not formed at the level of C—C bonds between adjacent hydroxyl or ke-

in the reaction after 5 min of irradiation. tone groups leads to the formation of aliphatic compounds
Based on the intermediate products listedable 3and [41-44] such as HCOOH, C4COOH, and CHCHO [17],
the results obtained by other researcl&f;17], the possi- followed by evolution of CQ gas.

ble degradation pathway for BPA is proposedsicheme 1

In the initial oxidation reaction, 4-isopropylphenol (IPP),

p-hydroquinone [§-HQ), 4-(1-hydroxy-1-methyl-ethyl)- 4. Conclusions

phenol (HMEP), and phenol are formed in the photo-

cleavage of phenyl groups in BPA by attack of ©OH The photodegradation of BPA in aqueous solution was in-
radicals. 4-lsopropenylphenol (IPeP) is generated by vestigated by the photo-Fenton treatment. The degradation
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rate was strongly affected by many factors, such as the pH
value and the initial concentrations op8, and Fe(ll). For
BPA complete degradation was achieved after 9 min under
the optimum conditions. It was found that the primary photo-
catalytic decomposition reaction follows a pseudo first-order
kinetic law, and the rate constarkt, was 870 x 10~ 3s~1,

The optimal ratios of chemicals in photo-Fenton treatment
recommended from the results of the present study could be
from 9:0.25:1 to 9:0.9:1 (bDo/Fe(Il)/BPA).

The CQ generation from BPA reached 93% after 36 h of
irradiation in the presence 064102 mol I=1 H,0, and 4x
10~*mol =1 Fe(ll). From the results, it was found thaz &b
concentration (mgil) needs ca. 17 times higher than car-
bon concentration (mg C1) of BPA in order to completely
decompose to C9 Furthermore, we identified six kinds of
intermediate products of BPA during the photo-Fenton pro-
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on the identified by-products.

The advantages of the photo-Fenton process as an oxida
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