
lable at ScienceDirect

Water Research 101 (2016) 95e102
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Transformation of avobenzone in conditions of aquatic chlorination
and UV-irradiation

Polonca Treb�se b, **, Olga V. Polyakova a, Maria Baranova a, Mojca Bavcon Kralj b,
Darko Dolenc c, Mohamed Sarakha d, Alexander Kutin a, Albert T. Lebedev a, *

a Organic Chemistry Department, Lomonosov Moscow State University, Leninskie Gory 1/3, Moscow 119991, Russia
b Faculty of Health Sciences, University of Ljubljana, Zdravstvena pot 5, 1000 Ljubljana, Slovenia
c Faculty of Chemistry and Chemical Technology, University of Ljubljana, Ve�cna pot 113, 1000 Ljubljana, Slovenia
d Clermont Universit�e, Universit�e Blaise Pascal, Institut de Chimie de Clermont-Ferrand, Equipe Photochimie, BP 10448, F-63000 Clermont-Ferrand, France
a r t i c l e i n f o

Article history:
Received 17 February 2016
Received in revised form
6 May 2016
Accepted 21 May 2016
Available online 26 May 2016

Keywords:
UVA filter
Avobenzone
Water chlorination
GC/MS
Disinfection by-products
* Corresponding author.
** Corresponding author.

E-mail addresses: polonca.trebse@zf.uni-lj.si (P. T
msu.ru (A.T. Lebedev).

http://dx.doi.org/10.1016/j.watres.2016.05.067
0043-1354/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Emerging contaminants represent a wide group of the most different compounds. They appear in the
environment at trace levels due to human activity. Most of these compounds are not yet regulated.
Sunscreen UV-filters play an important role among these emerging contaminants. In the present
research the reactions of 4-tert-butyl-4’-methoxydibenzoylmethane (avobenzone), the most common UV
filter in the formulation of sunscreens, were studied under the combined influence of active chlorine and
UV-irradiation. Twenty five compounds were identified by GC/MS as transformation products of avo-
benzone in reactions of aquatic UV-irradiation and chlorination with sodium hypochlorite. A complete
scheme of transformation of avobenzone covering all the semivolatile products is proposed. The iden-
tification of the two primary chlorination products (2-chloro-1-(4-tert-butylphenyl)-3-(4-
methoxyphenyl)-1,3-propanedione and 2,2-dichloro-1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)-1,3-
propanedione) was confirmed by their synthesis and GC/MS and NMR analysis. Although the toxicities
of the majority of these products remain unknown substituted chlorinated phenols and acetophenones
are known to be rather toxic. Combined action of active chlorine and UV-irradiation results in the for-
mation of some products (chloroanhydrides, chlorophenols) not forming in conditions of separate
application of these disinfection methods. Therefore caring for people «well-being» it is of great
importance to apply the most appropriate disinfection method. Since the primary transformation
products partially resist powerful UV-C irradiation they may be treated as stable and persistent
pollutants.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Recently a new group of chemical compounds, known as
emerging contaminants, and representing an extremely wide
group including pharmaceuticals, nanomaterials, hormones, per-
sonal care products, flame retardants, etc. attracted the attention of
the environmental scientists (Richardson, 2012; Lebedev, 2013).
These compounds penetrate the environment due to extensive
human activity usually at parts-per-billion and lower levels.
reb�se), a.lebedev@org.chem.
Although some rules and restrictions exist (Richardson and Ternes,
2011), the safe values for the vast majority of them have not been
determined, and most of these compounds are not yet regulated.

Among these groups sunscreen UV-filters play an important
role. During last 75 years they are intensively used in various
sunscreen products and other formulations for the daily con-
sumption (lotions, creams, shampoo, dyes and varnishes for hair,
lipsticks, perfumes, etc.) The levels of certain UV-filters in sun-
screens vary from 0.5 to 10%, sometimes reaching 25%. UV-filters
penetrate the environment by several routes. They can be washed
out directly from the skin of the swimmers, appear in the envi-
ronment with waste water or swimming pool water, or due to
leaching at the dump sites. Recently the data on their occurrence in
different water compartments across the world (Ramos et al., 2015;
Poiger and Buser, 2004) as well as at the wastewater plants (Ramos
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et al., 2016) have been published. The waste water treatment plants
(WWTP) are not efficient dealing with emerging contaminants (Li
et al., 2007; Gago-Ferrero et al., 2011; Zhang et al., 2011).

UV-filters are not always stable under the environmental con-
ditions. Water in the natural reservoirs is always subjected to the
sun irradiation, while swimming-pool water is required to be dis-
infected by chlorination, bromination, ozonation, or UV-irradiation
(Chowdhury et al., 2014), Toxicity of the transformation products
may be higher than that of the parent compound (Florentina et al.,
2011; Bottoni et al., 2014). Therefore it is important to take into
account not only the initial compounds, but their transformation
products as well.

Our previous research dealt with aquatic chlorination reactions
of benzophenone type UV-A filters (Grbovi�c et al., 2013; Zhuang
et al., 2013). The studies were combined with toxicity experi-
ments, using marine bacteria Vibrio Fischeri (Zhuang et al., 2013)
and microalgae Desmondes subspicatus (Grbovi�c et al., 2015).
Continuing our research we have focused on UV filters belonging to
dibenzoylmethanes. The most common UV-A filter (400-320 nm)
of this type in the formulation of sunscreens is 4-tert-butyl-4’-
methoxydibenzoylmethane, known as avobenzone and sold under
the trade names Parsol 1789 or Eusolex 9020. It is a constituent of
numerous sunscreen products being one of UV-A filters permitted
to be used by the European Commission on Health (The
Encyclopedia of UV Filters, 2007).

Avobenzone exists in two tautomeric forms: enol and keto ones.
In sunscreen formulations, avobenzone exists predominantly in the
enol form, which has a maximum absorption at wavelengths
ranging from 350 to 365 nm depending on the solvent used. Avo-
benzone photostability in organic solvents (methanol, acetonitrile
and hexane) highly depends on the polarity and proticity of the
solvent (Mturi and Martincigh, 2008; Vallejo and Gallardo, 2011).
Recent studies (Santos et al., 2013; Crista et al., 2015) have dealt
with the aquatic chlorination of avobenzone. Using LC/MS method
the formation of two primary by-products in the reaction of avo-
benzonewith sodium hypochlorite inwater (a mono- and dichloro-
substituted compounds) was demonstrated. Our recent LC/MS/MS
experiments allowed elucidating the structures of these com-
pounds being 2-chloro-1-(4-tert-butylphenyl)-3-(4-
methoxyphenyl)-1,3-propanedione and 2,2-dichloro-1-(4-tert-
butylphenyl)-3-(4-methoxyphenyl)-1,3-propanedione (Kalister
et al., 2016). The double bond of the enolic form was shown to be
more reactive in conditions of aquatic chlorination, than the aro-
matic ring (Sinikova et al., 2014). Even activation of the aromatic
moiety by methoxyl substituent did not change the situation and
the reactive particle HOCleH3Oþ (Lebedev et al., 2004) attacked
exclusively the enolic fragment of avobenzone. The third product
(2-chloro-1-(4-methoxyphenyl)ethanone) was formed due to the
cleavage of COeCH2 bond in the aliphatic bridge of the original
molecule.

The present study involves transformation of avobenzone under
the combined influence of active chlorine and UV-irradiation. These
conditions (usually combination of chlorination with UV-C disin-
fection) take place in the disinfection process when reprocessing
water comes back to the swimming pools. The aim of the investi-
gation deals with identification of all possible semi volatile trans-
formation products. Additionally we have checked how stable all
the products are. If they «resist» UV-C they are really persistent.

2. Experimental

2.1. Materials

The analytic standard of hexyl 4-tert-butyl-4’-methox-
ydibenzoylmethane (avobenzone) (99.0% purity); 10% sodium
hypochlorite (NaClO); acetonitrile and ethylacetate (HPLC grade)
were purchased from Sigma Aldrich (UK). Anhydrous sodium sul-
fate and sodium sulfite were purchased from Fluka. Double
deionized water (<18 MU cm) was prepared with the NANO pure
water system (Barnstead, USA).

2.2. Reagent solutions preparation

The stock solution (1 g/L) of avobenzone (Solution 1) was pre-
pared by dissolving of 200 mg of avobenzone in 200 mL of aceto-
nitrile. The concentrated solution 0.5 g/L in water/acetonitrile
(Solution 2) was prepared by adding of 50 mL of solution 1e50 mL
of water. The diluted solution 1 mg/L inwater/acetonitrile (solution
3) was prepared by diluting of 1 mL of solution 2e500 mL with
water. Acetonitrile was used because avobenzone is not sufficiently
soluble in water only.

2.3. UV-irradiation experiments

20 mL of solution (1, 2 or 3) in a 50 mL glass beaker was sub-
jected to the irradiation with bactericidal lamp Philips TUV TL-D
30 W SLV (The Netherlands), producing UV photons with
maximum at 253,7 nm and wavelength range 200e280 nm
(UVeC). A sample aliquot was taken after 1, 2, and 4 h for further
analysis.

2.4. Chlorination experiments

20 mL of avobenzone solution 2 was placed in a 50 mL glass
beaker. Then, 12 and 120 mL (1 and 10 equivalents) of 10% sodium
hypochlorite solutionwas added. In the case of solution 3 0.024 and
0.24 mL (2 and 20 equivalents) of 10% sodium hypochlorite solution
was added. The reaction mixtures were maintained in a dark place
at constant stirring. After 45 min the reaction was terminated by
addition of sodium sulfite (Na2SO3) to eliminate the remaining
active chlorine. Then 1 mL of the reaction mixture was subjected to
triple extraction with ethylacetate, extracts were combined, dried
over anhydrous sodium sulfate, and concentrated at 50�С to 200 mL.
Dodecane was added as an internal standard. Its concentration in
the sample ready for injection was 0.15 mg/mL.

The chlorination procedure, accompanied by UV-irradiation,
was the same as in the case of chlorination. The only difference
involves the fact that the reaction mixtures were placed in a special
reactor and subjected to UV-C irradiation for 30 min.

2.4.1. Synthesis of mono chloro- and dichloroavobenzone
Chlorination of 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)-

1,3-propanedione (Avobenzone).

a) 1 equivalent of tert-BuOCl: 310 mg (1.00 mmol) of avobenzone
was dissolved in 5 mL dichloromethane, cooled in an ice bath
and a solution of 120mg (1.1 mmol) of tert-butyl hypochlorite in
2 mL of dichloromethane was added. After 15 min, the solvent
was evaporated, the resulting oil (325 mg) was subjected to
column chromatography (SiO2, CH2Cl2: petroleum ether ¼ 2: 1)
and 226mg (yield 66%) of 2-chloro-1-(4-tert-butylphenyl)-3-(4-
methoxyphenyl)-1,3-propanedione was isolated as a colorless
oil.

b) 2 equivalents of tert-BuOCl: the same procedure as in a), except
the amount of tert-butyl hypochlorite was 230 mg (2.1 mmol).
Several products were established in the reaction mixture.
Chromatographic separation (SiO2, CH2Cl2: petroleum
ether ¼ 2: 1) yielded 27 mg (yield 7%) of 2,2-dichloro-1-(4-tert-
butylphenyl)-3-(4-methoxyphenyl)-1,3-propanedione as a
colorless oil.
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2.4.2. Spectroscopic and analytical methods
NMR spectra were recorded with a Bruker Avance 500 spec-

trometer (500 MHz). Chemical shifts are reported against the tet-
ramethylsilane reference.

All the samples were analyzed with GC/MS chromatograph
Agilent 7890 A with quadrupole detector Agilent 5975C. A column
Agilent VF-Xms (30m� 250 mm� 0.25 mm)was used. Temperature
program was as follows: 100�С (1 min), 10 �С/min to 280 �С,
5 min at 280 �С. Two microliters of sample was injected at 280�С.
Helium was used as a carrier gas at the rate 1 mL/min with split
ratio 20:1. Electron ionization spectrawere recorded at the electron
energy 70 eV in the mass range from m/z 40 to 450.
Fig. 1. TIC chromatograms of avobenzone irradiated for 1, 2, and 4 h in acetonitrile/water
methoxybenzaldehyde; (3) e 4-tert-butylbenzaldehyde; (4) e 4-methoxybenzoic acid; (5)
3. Results and discussion

UV-irradiation of avobenzone in pure acetonitrile did not bring
to any changes. Nevertheless experiments demonstrated that this
compound is not stable in acetonitrile/water solution. Corre-
sponding aldehydes and acids are the major products of its
decomposition. The total ion current (TIC) chromatograms of the
samples irradiated for 1, 2, and 4 h are presented in Fig. 1.

Since all three chromatograms (Fig. 1) are presented in the same
scale a decrease of avobenzone (6) level and an increase of its
degradation products (2e5) levels with irradiation time are
obvious. The quantitative estimations are done using dodecane as
solution (annotated as a), b) and c). Identified compounds: (1) e dodecane; (2) e 4-
e 4-tert-butylbenzoic acid; (6) e avobenzone.



Table 1
GC/MS identified UV-irradiation products of avobenzone in acetonitrile/water
solution.

UV-irradiation

Compound formula Compound name* 1 h 2 h 4 h

4-methoxybenzaldehyde þ 0.012 0.031

4-tert-butylbenzaldehyde 0.002 0.027 0.052

4-methoxybenzoic acid 0.004 0.055 0.101

4-tert-butylbenzoic acid 0.010 0.093 0.141

4-methoxyphenol e þ þ

4-tert-butylphenol e þ þ

* Standards were used to prove the presence of the compounds highlighted with
bold. The other compounds were tentatively identified by computer library search
and taking into account the known pathways of fragmentation of molecular radical-
cations.
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an internal standard and considering response factors for all the
products as 1.0. Mass spectra of the corresponding pair of aldehydes
Fig. 2. TIC chromatograms of avobenzone in water:a) after chlorination þ UV-irradiatio
methoxybenzaldehyde; (3) e 4-tert-butylbenzaldehyde; (4) e 4-methoxybenzoic acid;
chloroethanone; (8) e 2,2-dichloro-1-(4- methoxy-phenyl)ethanone; (9) e 1-(4-ter
methoxyphenyl) propanedion-1,3; (11) 2-chloro-1-(4-methoxybenzaldehyde; (12) e 1-(4-t
and pair of acids are presented in Supplementary files. The corre-
sponding phenols (Table 1) are also appear at trace levels at high
irradiation times.

Trace amounts present in Figure: (7) 4-methoxyphenol, RT 5.40;
(8) 4-tert-butylphenol, RT 6.32.

TIC chromatograms of the samples after chlorination and
chlorination þ UV-irradiation (Fig. 2) demonstrate the appearance
of many new peaks due to the transformation products. The high
level of chlorine (10 eq.) was used to detect all the possible aquatic
chlorination semivolatile products and to propose a complete
transformation scheme of avobenzone. Cromatographic peak 12
(Fig. 2b) of the sample with 10 eq. of active chlorine arises at RT
21.7 min. Its mass spectrum (Fig. 3) clearly demonstrates the
presence of two chlorine atoms in the molecule (isotopic distri-
bution of the molecular ion of m/z 378) and allows concluding that
the corresponding product is dichlorinated avobenzone. The pres-
ence of the abundant ion peaks of m/z 135 and 161 shows that
chlorination involves the methylene bridge of the molecule rather
than activated aromatic ring. This direction of the reaction is
characteristic for the non derivatized dibenzoylmethane as well,
due to its existance in solution in enolic form (Sinikova et al., 2014).

Trace amounts:(13) 1-chloro-4-methoxybenzene RT4.20; (14)
1-chloro-2-methoxybenzene RT4.69; (15) 4-methoxyphenol
RT5.43; (16) 3-chloro-4-methoxyphenol RT5.80; (17) 1-tert-butyl-
4-chlorobenzene RT6.08; (18) 4-tert-butylphenol RT6.30; (19) 2,4-
dichloro-1-methoxybenzene RT7.28; (20) 2,4,6-trichloro-1-
methoxybenzene RT8.00; (21) 2,4,6-trichlorophenol RT8.20; (22)
4-methoxybenzoylchloride RT8.45; (23) 4-tert-butyl-2,6-
dichlorophenol RT9.17; (24) 4-tert-butylbenzoylchloride RT9.31;
n with 1, and b) 10 equivalents of sodium hypochlorite. (1) e dodecane; (2) e 4-
(5) e 4-tert-butylbenzoic acid; (6) e avobenzone (7) e 1-(4-tert-butylphenyl)-2-
t-butylphenyl)-2,2-dichloroethanone; (10) e 1-(4-tert-butylphenyl)-2-chloro-3-(4-
ert-butylphenyl)-2,2-dichloro-3-(4-methoxyphenyl) propanedion-1,3.



Fig. 3. EI mass spectra of 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)-2,2-dichloro-1,3-propanedione and 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)-2-chloro-1,3-
propanedione.
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(25) 3-chloro-4-methoxybenzoic acid RT 11.2; (26) 2,2,2-trichloro-
1-(4-methoxyphenyl)ethanone RT12.7; (27) 1-(4-tert-butyl-
phenyl)-2,2,2-trichloroethanone RT13.32.

Chromatographic peak 10 with RT 21.4 (Fig. 2) min belongs to
the monoclorinated avobenzone (Fig. 3a). According to the mo-
lecular ion of m/z 344 and to themain fragment ions of m/z 135 and
161, again chlorination involves the methylene bridge. Earlier
(Kalister et al., 2016) a conclusion was made on the structure of
these primary products on the basis of LC/MS/MS experiments. To
get the final proof the corresponding 1-(4-tert-butylphenyl)-3-(4-
methoxyphenyl)-2-chloro-1,3-propanedione and 1-(4-tert-butyl-
phenyl)-3-(4-methoxyphenyl)-2,2-dichloro-1,3-propane-dione
were synthesized and subjected to the MS analysis. The obtained
spectra demonstrated absolutely identical patterns to these ob-
tained for the aquatic chlorination products of avobenzene
(Fig. 3a,b). The retention times coincided as well. The main frag-
ment ions in all the spectra are due tom/z 135 and 161 species, thus
proving the correctness of the proposed structures of these com-
pounds with chlorine atoms in the methylene group between two
carbonyls.

Peaks 4 and 5 with RT 8.10 and 8.80 min (Fig. 2) are due to two
acids forming as a result of the oxidation with the cleavage of
COeCH2 bond. Molecular ions of both 4-methoxybenzoic (m/z 152)
and 4-tert-butylbenzoic acid (m/z 178) are rather intensive in EI
mass spectra (Supplementary files). Both aldehydes forming due to
the rupture of the same COeCH2 bond are characterized by smaller
chromatographic peaks 2 and 3 (RT 6.13 and 6.70 min corre-
spondingly) being less stable in the oxidative conditions of the
reaction and easily transforming into the corresponding acids.
Their EI spectra with pronounced molecular ions peaks (m/z 136
and 162) are presented in the Supplementary files.

Chlorinated acetophenone derivatives although being minor
products require special attention as they are known as tear gases,
trigger dermatitis and some other health problems (Treudler et al.,
1999; Blain, 2003). They are forming in the reaction conditions due
to the cleavage of the same COeCH2 bond as complementary to the
benzoic acids products. Their molecular ions (m/z 210, 184, 244,
218, 278 and 252) although being not very intense are present in
the EI spectra, while fragmentation pattern allows matching the
corresponding structures of the 6 chlorinated acetophenones with
methoxyl or tert-butyl substitients in para-position.

The cleavage of CO-Ar bond brings to formation of 4-
chloroanisole. The mechanism of ipso-substitution of the carbonyl
moiety for chlorine may be proposed. Another possibility involves
reaction of chlorodecarboxylationwith 4-methoxybenzoic acid as a
precursor (Shaydullina et al., 2005). Isomeric 2-chloroanisole was
detected only in trace amounts, while its formation should involve
electrophilic substitution in the activated aromatic ring of
methoxybenzoic aldehyde or methoxybenzoic acid as well as
metoxylated acetophenones followed by the elimination of the
aliphatic moiety (Shaydullina et al., 2005). One of the intermediate
products of this type (3-chloro-4-methoxybenzoic acid) was
detected in joint application of UV-irradiation and aquatic chlori-
nation (Table 2). Chlorination of the original avobenzone into the
aromatic ring position is less possible as the corresponding prod-
ucts were not detected so far in the reactions of aquatic chlorina-
tion. Similar secondary reactions may result in the formation of 2,4-
dichloroanisole and 2,4,6-trichloroanisole. Alternative 4-tert-
butylchlorobenzene was detected at trace level only in the case of
joint chlorination and UV-irradiation (Table 2). Its isomer or higher
chlorinated products are not formed due to the steric effects of the
bulky tert-butyl group.

UV-irradiation of the reaction mixture during aquatic chlori-
nation resulted in rather significant changes in the quantities of the
products aswell as appearance of the newproducts. The traces of 4-
tert-butylchlorobenzene detected in these experiments were



Table 2
GC/MS identified transformation products of avobenzone under aquatic chlorination þ UV-irradiation.

Compound Semi-quantitative results

UV-irradiation Chlorination UV-irradiation þ chlorination

Formula Name 1 h 2 h 4 h 1 eq Clþ 10 eq Clþ 1 eq Clþ 10 eq Clþ

1-(4-tert-butylphenyl)-2-chloro-3-(4-methoxyphenyl) propanedion-1,3 e e e 0.108 0.144 0.034 0.186

1-(4-tert-butylphenyl)-2,2-dichloro-3-(4-methoxyphenyl) propanedion-1,3 e e e 0.044 0.093 0.016 0.120

4-methoxybenzaldehyde þ 0.012 0.031 e e 0.006 0.008

4-tert-butylbenzaldehyde 0.002 0.027 0.052 e e 0.009 0.013

4-methoxybenzoic acid 0.004 0.055 0.101 þ 0.004 þ 0.011

4-tert-butylbenzoic acid 0.010 0.093 0.141 0.005 0.035 0.022 0.040

2-chloro-1-(4- methoxyphenyl)ethanone e e e 0.007 þ 0.001 þ

1-(4-tert-butylphenyl)-2-chloroethanone e e e 0.005 þ 0.006 þ

2,2-dichloro-1-(4- methoxyphenyl)ethanone e e e 0.011 þ 0.003 þ

2,2-dichloro-1-(4- tert-butylphenyl)ethanone e e e traces þ traces þ

2,2,2-trichloro-1-(4- methoxyphenyl)ethanone e e e e þ e þ

1-(4–tert-butylphenyl)-2,2,2-trichloroethanone e e e e þ e þ

4-chloro-2-methoxybenzene e e e e e traces traces

1-chloro-2-methoxybenzene e e e e e þ þ

2,4-dichloro-1-methoxybenzene e e e e þ e þ

2,4,6-trichloro-1- methoxybenzene e e e e þ e þ

1-tert-butyl-4-chlorobenzene e e e e e e þ

3-chloro-4-methoxy benzoic acid e e e e e e þ

4-methoxybenzoyl-chloride e e e e e e þ

4-tert-butyl-benzoyl chloride e e e e e e þ

4-methoxyphenol e e e e e e þ

3-chloro-4- methoxyphenol e e e e e e þ

4-tert-butylphenol e e e e e e þ

4-tert-butyl-2,6-dichlorophenol e e e e e e þ

2,4,6-trichlorophenol e e e e e e þ

* Standards were used to prove the presence of the compounds highlighted with bold. The other compounds were tentatively identified by computer library search and taking
into account the known pathways of fragmentation of molecular radical-cations.
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Scheme 1. Transformation pathways of avobenzone under aquatic chlorination and UV C irradiation.
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already mentioned. The cleavage of COeCH2 bond in the presence
of UV-irradiation led to the formation of the corresponding chlor-
oanhydrides of the benzoic acids along with the acids themselves
or the corresponding aldehydes (Table 2).

Aquatic chlorination accompanied with UV-irradiation resulted
also in the formation of additional phenolic products 19e22
(Table 2). Their spectra are presented in Supplementary material.
One may assume that they could be formed due to the presence of
the highly reactive hydroxyl radicals in the reaction conditions. The
corresponding chlorinated phenols are formed as secondary
products of the primary phenols, while 2,4,6-trichlorophenol is
formed from the corresponding trichlorinated anisole due to the
decomposition of the methylaryl ether. Scheme 1 represents all the
discovered pathways of transformation of avobenzone in condi-
tions of aquatic chlorination and UV-irradiation.

Analysis of the reaction mixture of aquatic chlorination at low
levels of avobenzone (Solution 3, 1 mg/L) allowed detecting only
few major products: 1-(4-tert-butylphenyl)-2-chloro-3-(4-
methoxyphenyl) propane-1,3-dion, 1-(4-tert-butylphenyl)-2-
chloroethanone, and 1(4-tert-butylphenyl)-2,2-dichloroethanone.
Doubtless, our study has proven, that UV irradiation as a possible
additional step in water treatment process causes the formation of
many different products of each personal care product used by
humans, many of them for the case of avobenzone we have iden-
tified. But questions which of these products may cause skin effects
and which of them contribute to allergic skin reaction, irritations
and other possible effects are still opened.

4. Conclusions

1. Although avobenzone is stable in organic solvents under UV-
irradiation the presence of water brings to photochemical
degradation of the molecule with formation of the two pairs of
corresponding substituted benzoic aldehydes and acids. The
longer is the irradiation, the higher are the levels of these
products.

2. Twenty five disinfection by-products were identified as trans-
formation products of avobenzone in standard disinfecting re-
actions of aquatic UV-irradiation and chlorination with sodium
hypochlorite. Although the toxicities of the majority of these
products remain unknown substituted chlorinated phenols and
acetophenones are known to be rather toxic.

3. UV-C is a very powerful tool in terms of degradation of different
organic compounds. Since the primary compounds partially
resist the irradiation they are really stable andmay be treated as
persistent pollutants.

4. Combined action of active chlorine and UV-irradiation results in
formation of some products not forming in conditions of sepa-
rate application of these disinfection methods. Therefore caring
for people «well-being» it is of great importance to apply the
most appropriate disinfection method.

5. A trend in water preparation technologies for conventional
swimming pools is going in the direction of reducing the intake
of chlorine as a dissinfection chemical to the mininum meaning
also a reduction of allergic reactions to the agents. Part of
disinfection could be carried out with the addition of other
oxidizing agents and/or various physical procedures.
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