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Abstract

Decomposition and complete degradation of two endocrine disrupters, nangelysiradiol (&) and bisphenol A (BPA) in aqueous
medium by using ozone only and Q/UV advanced oxidation techniques (AOT) has been studied. The efficiency of thes@ms used
were determined based on the initial conversion and complete degradation of the substrates. Within the limitsdfthge&3 used, coupling
of UV decreased the fconsumption by 22.5% in converting the same amount,0fA50 the time to convert the same amount gfviias
considerably decreased. It was observed that there is no significant differengaimo@nt consumed for complete conversion of BPA by
O3z and Q/UV systems. However, whens@losage decreased the amount of BPA conversion exhibits significant differences between two
processes. The intermediate products formed during the oxidationpwéEe determined to be formed by oxidation of aromatic side,of E
with O3/*OH radical.
© 2005 Elsevier B.V. All rights reserved.

Keywords: 173-Estradiol; Bisphenol A; Ozone; UV; Degradation; Endocrine disrupters

1. Introduction 17B-estradiol () and the synthetic hormone d-&thinyl
estradiol.

An endocrine disrupter (or in other terms endocrine mod- It has been argued that endocrine disrupters may be
ulator) is defined as an exogeneous agent that interferes withresponsible for decline in sperm counts, abnormalities in
the synthesis, secretion, transport, binding, action, or elimi- the male reproductive tract, slow development in infants and
nation of natural hormones in the body that are responsibleincreases in the rate of testicular and breast cancer. Possi-
for the maintenance of homeostasis, reproduction, develop-ble links to earlier puberty in females, a shift in the ratio
ment and/or behavidil]. Chemicals which vary widely in  of male to female births, prostate cancer and enlargement,
their structures and which have numerous different uses havenon-Hodgkins lymphoma have also been discu$ggdrhe
been identified as endocrine disrupters. They include cer-anomalies in reproductive and other systems of juvenile alli-
tain types of pesticides (e.g. dicofol, DDE, methoxychlor, gatord3], fish intersexuality4] and synergistic activation of
toxaphene), plastics and other industry related materialsestrogen receptor viathe combination of some environmental
(bisphenol A (BPA), alkylphenols, butyl and dibutylphtha- chemicalg[5] are some of the reported observations which
lates, hydroxy-polychlorinated biphenyls, etc.) and natural had increased the concerns on these type of environmen-
compounds that include human hormones and their break-tal chemicals. Halling-Sgrensen et @] and Daughton and
down products such as estrogen and the estrogen sterolsTerned7] reviewed the relevant literature in detail explaining

the potential risks due to the presence of pharmaceuticals in
mpondmg author. Tel.: +90 322 338 6081/18: vario_us e_nvironmental matrixes. On the other hand, a group
fax: +90 322 338 6070. of scientists reported that the extremely low concentrations

E-mail address: sibel.irmak@gmail.com (S. Irmak). of these chemicals in environmental matrices do not pose a
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Ozone decomposition proceeds with chain reactions

OH
CH;
TH3 including initiation, propagation and termination steps
o o B
CH;
HO

e Initiation step:
Decomposition reaction of ozone is initiated by OH

17B-estradiol Bisphenol A ~ions in the solution yieldin@OH radicals.

— o — . _ 11
Fig. 1. Structural formulas of £Fand BPA. O3+OH™ — Oz*" +HO, k1= 70M™"s (1)

e HO»* radical is in acid—base equilibrium:

threat on both wildlife and on human healfB](and the rel- . . n
evant references therein). Because the situation is not clear HO2® = Q" +H" pKa= 48 @
yet these c_hemic_als in the environmental matrixes are being, propagation step:
monitored intensively9-11].

Besides the works on removal or mineralization of these O3+ 02°” — O3*~ + 02 kp= 1.6x 10°M~1s71 (3)
chemicals have been carried out using various advanced . o | Lt
oxidation techniques (AOT) are effective in decomposing HOs® = Os* +H™ pKa= 6.2 )
refractory organic chemica[&_2—14] In this study, Q oxi- HO3* — *OH + O, k3= 1.4x 10°st (5)
dation was chosen as the main chemical treatment to decom-
pose 1B-estradiol () and bisphenol A in agueous medium O3+°0H — HOs* ks= 20x 10°M~*s7! (6)
(Fig. 1). E; is the principal intracellular human estrogen and R . _ 1
is substantially more active than its metabolites, estrone and HOs* — HOz" + 02 ko= 28x 10's @)
estripl. B may enter the aquatic environment from contra- o Termination step:
ceptive pill re3|du§s, hormong replacemeqt thgrapy residues  Thjs step includes any recombinatiorf@H, HO,* and
and human excretig9]. E; resists degradation in the course 0,
of typical sewage treatment operati{@hand be released into o _ o _
surface water§l5-17} When the sludges from wastewater ~ The combination of ultraviolet (UV) radiation with 0
treatment plants, which contain these chemicals, are used ifmay be a more effective advanced oxidation technique than
agricultural fields they can be transported into surface and/orusing G alone for certain target materials due to the for-
ground water$18]. mation of additional HO, and*OH radical generation via

BPA is a monomer of various polymeric materials. In Photolysis[27].
addition to being used as monomers for the production of o
polycarbonates, epoxide phenol resins, etc., it is also being©3s + H20—H202 + 02 (8)
utilized as an antioxidant in numerous types of plaqti€g. h oo,
Recent studies have shown that BPA can leach out of the1202—>2"0OH ©)

plastic lining of cans used for foods, polycarbonate baby bot- | ever the photolysis of #D; to produce twd OH rad-
tles, tableware, white dental fillings and seal¢&@. Epoxy icals is rather slow because molar extinction coefficient of

resins used for the renovation of water pipes are based OMydrogen peroxide is much lower (19.6¥cm™1) than that
BPA diglycidyl ether or a mixture of BPA and diglycidyl ¢ 5,0ne (3300 ML cm2) at 254 nm[28]. A fraction of

ether. Residues of this compound in water appear to be duenydrogen peroxide is dissociated into HO(pKa=11.8) by
to incomplete polymerizatiof21]. BPA was also frequently following reaction[29]:

encountered in water22]. When BPA was subjected to

metabolic activity it bounded to DN23]. H,Op, — HO;™ +HT (20)
O3 reacts with organic compounds through a direct path-

way by molecular ozone and a radical pathway by means

of hydroxyl 'radicals. Under aci_dic .copcﬁtions anq in PreS- HO,~ + 03— HO,®* + O3*~ (11)

ence of radical scavengers which inhibit the chain reaction

which accelerates the decomposition af e direct ozona-  and it therefore acts as a further chain carf®&.

tion pathway dominates but under basic conditions or in  The decomposition of endocrine disruptors &d BPA

presence of solutes which promote the radical-type chainin aqueous medium by{and G/UV oxidation has not been

reaction which accelerates the transformation of ozone into investigated previously. Therefore, in this studydad BPA

*OH radicals the latter, i.e. hydroxyl radical reactions domi- were treated with both $and G/UV in aqueous medium

nate[24,25] When the medium is basic,z@lecomposes to  at 0.40 mM initial concentration. The depletion of the initial

generate hydroxyl radical, which is non-selective and highly substrates throughout the treatments were monitored and the

reactive oxidant for destruction of toxic organic compounds efficiency of conversions and complete degradations in two

in wastewater. different systems were compared.

This reacts with further ozone by producing®O radicals,
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2. Experimental Services, Burton, BC, Canada). Production of ozone was con-
trolled by changing the power input of ozone generator and
2.1. Chemicals adjusting of oxygen gas flow. The gas flow rate was adjustable

by a valve. Ozone generator was tested by different flow rates

17B-Estradiol (>98%; Sigma, 272.4 g/mol) and Bisphenol of oxygen to produce different ozone dosages. During the O
A (99%; Aldrich, 228.29 g/mol) were used without further application, aliquots of 1 mL were withdrawn from the reac-
purification. All the solvents used were HPLC gradgsBlu- tor at specified time intervals and quenched immediately in
tion was prepared by dissolving it in acetonitrile followed glass vials with excess sodium thiosulfate—sodium sulphite
by the addition water due to its low aqueous solubility. Final mixture to decompose any residual @nd®OH radicals.
composition of the solution with respect to solventswas 30%  The UV radiation was produced by a 15 W, low-pressure
CH3CN, 70% RO (v/v). Acetonitrile was chosen as the co- mercury UV lamp (UVP Inc., Upland, CA, USA). In the UV-
solvent because it was miscible with water and has a low induced oxidation experiments, the Pen-Ray UV lamp was

reactivity with ozonek <6 x 10-°M~1s-1, [30]). It’s rate immersed vertically in the solution in the center of the reactor.
of scavenging®OH radicals was about two to three orders In all ozonization experiments, the initiaj Bnd BPA con-
of magnitude less than the rate of scavengin§@f radi- centrations were 0.40 mM. pH values of Bnd BPA were

cals via the competing target materials in the same medium6.25+ 0.05 and pH 5.25:-0.03, respectively, and ozoniza-
[31]. Standard solutions of Bvere prepared by diluting the  tion was performed at original pH values for each solution.
0.40 mM stock solution and standard working curve based on

mean HPLC peak areas was constructed for a concentratior, 3 4, alysis

range of 0.40-0.020 mM.

BPA is directly dissolved in water with a concentration of Residual & and BPA concentrations in the aliquot of
0.40mM. Standard solutions of bisphenol A were prepared gamples withdrawn from the reactor were determined by
by diluting the 0.40 mM stock solution and standard working using high performance liquid chromatograph equipped with
curve based on mean HPLC peak areas was constructed fog multiple UV wavelength detector (Dionex HPLC system,

a concentration range of 0.40-0.025 mM. Sunnyvale, CA, USA). UV detector was set at 280 nm for
all analysis. Sphereclonegyn, ODS (2), 150 mmnx 4.6 mm
2.2. Ozonization and UV irradiation Phenomenex Column and Zorbax Chromatography Col-
umn (ODS 4.6 mnx 25cm) were used for the analysis of
Experimental set up for ozonization is showrFig. 2 A E> and BPA concentrations in ozonated samples. The elu-

cylindrical glass reactor of 250 mL volume was usegwas ent for the former case was acetonitrile:water (38:62, v/v)
produced by the ozone generator OL100 model (from Ozone solution and the same components with 43:57 (v/v) for
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Fig. 2. Experimental set up for ozonization.
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Fig. 3. Decrease of 0.1 mmol,Eduring application of @ at different
dosages.

the latter case was used with 0.5 mL/min flow rate for all
cases. The products formed during the oxidation piére

determined by Finnigan Mat-Spectrasystem liquid chromato-
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Fig. 4. Decrease of 0.1 mmohkHluring application of @UV at different
O3 dosages.

O3/E> ratio for complete oxidation of £by this process
is 8.89.
Fig. 4 shows the degradation of;Ehroughout Q/UV.

graph/mass spectrometer instrument with APCl interface andAlthough O; needed for complete conversion ofz E
triple quadrupole mass analyzer (Finnigan TSQ 700 system, (0.1 mmol) by Q/UV applications was lower thangalone

Hemel Hempstead, UK).

3. Results and discussion
3.1. Processing of E; by O3 and O3/UV

The oxidation of i was carried out by using various
O3 dosage and results were given kig. 3 and Table 1
The flow rate of ozone ranged between 157802 and
7.56x 10-3mmolmin~1. The time needed for complete
conversion of i (0.1 mmol) were 55, 75 and 90 min for
the applied @ dosages of 15.78 102, 12.25x 102 and
9.78x 103 mmol/min, respectively. At 8.22 102 and
7.56x 10~3 O3 dosages, 0.013 and 0.030 mmol concentra-
tions of & remained without oxidation at the end of 90 min.
Thus, 0.868, 0.919 and 0.880 mmol o§ @ere consumed
for complete conversion of 0.1 mmolEThis shows that
roughly equal amounts of£{0.889+ 0.027 mmol) are con-
sumed for the conversion of 0.1 mmol of.ETherefore,

Table 1

oxidation rate was observed to be higheig( 3andTable ).
7.56x 10 3mmolmin~1 Oz dosage for 90 min was not
enough for complete oxidation of;,Bby this process. Dur-
ing Os/UV applications, the time needed for complete con-
version of i were 45, 55, 67 and 75 min for the applied
O3 dosages of 15.89 1073, 12.21x 1073, 9.78x 103
and 8.22x 10-2 mmol/min, respectivelyTable 3. Thus, for
complete conversion of 0.1 mmo}.715,0.672,0.655 and
0.616 mmol of Q were consumed. This shows that roughly
equal amounts of €(0.6644 0.041 mmol) are consumed to
transform 0.1 mmol of E Os/E; ratio for complete oxidation
of E> by O3/UV process is 6.64, in other words, coupling of
UV decreased the £oconsumption by 22.5% in converting
the same amount of EAlso the time to convert the same
amount of i was considerably decreased.

3.2. Intermediate products formed during oxidation of E;

HPLC chromatogram and mass total ion chromatogram
of an ozonated sample of;Eare seen inFigs. 5 and 6

O3 dosages used in the oxidation experiments and the fractions efa@ted with &

Oxidation system @dosagex Total O3, reacted with & E, oxidation Unreacted
10~3 mmol/min and by-products (mmol) time (min) E> (mmol)
O3 15.78 0.868 55 0.000
O3 12.25 0.919 75 0.000
O3 9.78 0.880 20 0.000
O3 8.22 0.740 920 0.013
O3 7.56 0.680 20 0.030
O3/UV 15.89 0.715 45 0.000
O3/UV 12.21 0.672 55 0.000
O3/UV 9.78 0.655 67 0.000
O3/UV 8.22 0.616 75 0.000
O3/UV 7.56 0.680 90 0.008
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Fig. 5. HPLC chromatogram of an ozonation sample p{@&1 mmol of & and 0.34 mmol of @).

respectively. Some peaks observed in HPLC were not seen in5.06 minutes retention time in mass total ion chromatogram.
MS. Because of lower sensitivity of MS detection for these However, this product formed at very low yield ins@QV
compounds some peaks were not detected or detected iroxidation and did not persist because of further oxidation.
low intensity in MS.Fig. 5shows the intermediate products This product was suggested to be one of the most polar inter-

formed during oxidation of 0.1 mmol of £ In this chro- mediate products that was unretained by the HPLC column
matogram, the peak corresponding t0(E2.88 min) is seen in the polar mobile phase and was also similar to the prod-
after the intermediate products peaks. uct seen at 7.21 min because of sanigbase peak (261.5).

Addition of Oz/*OH radical to the different positions of  Therefore, these intermediate products are supposed to be
aromatic ring leads to formation of various intermediates with dicarboxylic acids that are formed by attack of @olecules
different polarity. The peaks of more polar products have to two of the ortho positions of £ The intermediate seen
earlier retention times in polar eluent (acetonitrile/water) in at 8.15min was formed during the early stages of the O
HPLC. The intermediate products identified from MS spec- application. However, it was not observed ig/OV process.
tra are given inTable 2 The most probable attack of3O  This product is second most polar product and supposed to
molecules was to one of the ortho positions (with respect to be monohydroxylated E The mass spectra of intermediate

phenolic hydroxyl

group) of the aromatic ring ob.EOne product in 19.99 min indicated that this product should be

of the intermediate products identified is the product with diketone formed by oxidation of aromatic ring. Formation

100 22.88

80

60

40

20

T T T L T T T T T T T T T T T T T T T T

10.0 20.0

Fig. 6. Mass total ion chromatogram of an ozonation sample ¢®0E mmol of & and 0.34 mmol of @).
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Table 2
Intermediate products formed during ozonization gf E

By-product Retention time Mass/relative abundance of predominant ions
o # 5.06 261/100; 114/90; 147/68; 247/65
HO—C C
HO/
and/or

HO——C 7.21
HO——C

8.15

béﬁ

22.88

261/100; 114/20; 163/15; 279/10

123/100; 287/30; 163/25; 259/15

271/100; 133/70; 122/65; 253/58; 114/38; 159/36

159/100; 133/30; 255/28; 109/14; 271/08

of this intermediate was very low when compared to other 3.3. Processing of BPA by O3 and O3/UV

intermediates. It was observed in lower yield ig frocess
than G/UV oxidation process. The suggested oxidation of
monohyroxylated of Eto diketone intermediate probably is
only minor reaction since monohyroxylated &ndergoes a
high conversion to dicarboxylic acids.

Fig. 7 shows two pathways for the formation of these
intermediate products for direct ozonation of Eegarding

Three different @ dosages, which were lower and upper
level used for complete oxidation obE10.33x 103 and
18.67x 10~3 mmol/min) used for oxidation of BPAFig. 8
and Table 3show the results throughout applications for
bisphenol A. As seen ifrig. 8 Oz dosage used for com-
plete oxidation of 0.1 mmol of £(15.78x 102 mmol/min)

the intermediate products formed and mechanisms proposedvas not enough for complete oxidation of 0.1 mmol of BPA

for the G; oxidation of pheno]32—35] Meanwhile, indirect
reaction of Q with the organic substrate, i.e. V®H radi-

during 90 min of oxidation. However, the complete con-
version of BPA was achieved by 18.6710~2 mmol/min

cals can lead to production of the same dicarboxylic acids. All Oz dosage for 80 min at which 1.494 mmok @as con-
these different dicarboxylic acids are further decomposed in sumed. Q/BPA ratio for complete oxidation of BPA is
various competing oxidation reactions and smaller products 14.94, which is 1.68 times higher than that of obtained for

are formed.

Eo.
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Table 3

61

O3 dosages used in the oxidation experiments and the fractions @d@ted with BPA

Oxidation system @dosagex< 103 Total O3, reacted with BPA BPA oxidation Unreacted
(mmol/min) and by-products (mmol) time (min) BPA (mmol)
O3 18.67 1.494 80 0.000
O3 15.78 1.420 90 0.023
O3 10.33 0.930 90 0.080
O3/UV 18.67 1.400 75 0.000
O3/UV 15.78 1.420 20 0.008
O3/UV 10.33 0.930 90 0.028

Fig. 9 shows that the conversion rates of BPA become 3.4. Complete degradation of E; and BPA during O3/UV

faster in all dosages when UV is coupled withy @eat-

ment. However, the complete conversion was still achieved

by 18.67x 10~3mmol/min OG; dosage for 75min. Thus,
1.4 mmol of @ was consumed for complete conversion of
BPA by O3/UV process. Although there was no significant

application

Experiments for the ozonation obEnd BPA with UV
coupling were also carried out until complete degradations
were achieved. It should be mentioned that since the solu-

differences between two treatment techniques in terms oftion of E; contains acetonitrile as solvent in addition to water

O3/BPA ratio at high Q dosage, 0.023 mmol BPA was
remained without oxidation using 15.%310~2 mmol/min

O3 dosage in @ only application while in @ coupled with
UV application, 0.008 mmol BPA remained using the same
O3 dosage.

= 18.67x10° mmol/min O,
0.100 4 e 1578x 10" mmol/min O,
A 10.33x10™ mmol/min O,
0.075 -
o)
g
& 0050 —
<
A~
m
0.025 T
OO———T T 1 1 1
0 15 30 45 60 75 90
Time (min)
Fig. 8. Decrease of BPA during application of & different Q dosages.

= 18.67x10” mmol/min O,
® 15.78x10” mmol/min O,
0.075 4 10.33x10” mmol/min O ,

0.050 —

BPA (mmol)

0.025 7

0.0 T T T T T T
45

Time (min)

Fig. 9. Decrease of BPA during application ok/0V at different G
dosages.

it was not possible to follow mineralization by measuring
“total organic carbon” contents or by measuring the chemi-
cal oxygen demands of the solutions. HPLC analysis of the
samples were carried out until all the products disappeared in
the chromatogram and this point was accepted as the marker
of complete degradation of the organic substrate. Although
BPA solutions did not contain acetonitrile, their complete
degradations were also followed by HPLC analysis to com-
pare with the results obtained fop Bolutions.

When 9.70x 10~3 mmol/min O; dosage is used, complete
degradation of 250 mL of 0.40 mMJEsolution is achieved
following 195 min of treatment. The corresponding figure for
the complete degradation of 250 mL of 0.40 MM BPA was
218 min. Calculations based oz @osages and the times
needed for complete degradation showed that for 1 mole of
E,, 18.9 moles of @ had to be consumed while the corre-
sponding figure for 1 mole of BPA was 21.1 moles af O

Some important considerations can be highlighted under
the results of this study. £and Q/UV advanced oxidation
techniques are successfully applied to degradation @irig
BPA using certain amount of £2dosage. Considering the
economical aspects, the use of these techniques as advanced
oxidation techniques are not cheap technologies. These tech-
niqgues must be optimized by adjusting process conditions
and/or coupled with another economically feasible method.
The operating conditions for attaining maximum efficiency
can be investigated using various metal catalystin various pH
solutions. The toxicity and the refractory nature of the pollu-
tants can be reduced up to a certain level, and then biological
treatment may follow-up.

4. Conclusion

17B-Estradiol (B) and bisphenol A (BPA) have been
oxidized by @Q and G/UV radiation by varying @ dosages.
The initial concentration of subject materials was 0.1 mmolin
250 mL solution and kept constantin all treatments. Coupling
of UV with O3 decreased the Ooconsumption compared
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ith 18.9 moles of @ while for 1 mole of BPA, 21.1 moles [15] L.S. Shore, M. Gurevitz, .M. Shemesh, Est_rogen as an environ-
wit . ! . mental pollutant, Bull. Environ. Contam. Toxicol. 51 (1993) 361—
of O3 was consumed. Intermediate products formed during 366.

oxidation of & were analyzed by LC-MS. They were deter- [16] R.E. Alcock, A. Sweetman, K.C. Jones, Assessment of organic con-
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