Journal of Photochemistry and Photobiology A: Chemistry 212 (2010) 14-19

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

=
...... i
Photochemistry

Phoroi;iology

Photodegradation kinetics of androgenic steroids boldenone and

trenbolone in aqueous solutions

Dorota Gryglik?, Magdalena OlakP, Jacek S. Miller?*

a Technical University of Lodz, Faculty of Civil Engineering, Architecture and Environmental Engineering, al. Politechniki 5, 90-924 £6dZ, Poland
b Technical University of Lodz, Faculty of Process and Environmental Engineering, ul. Wélczariska 213, 90-924 £6dz, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 15 December 2009

Received in revised form 10 March 2010
Accepted 13 March 2010

Available online 20 March 2010

The subject of this study was photodegradation of boldenone and trenbolone belonging to the class of
compounds which demonstrate endocrine disrupting activity. Their decomposition was carried out on
the pathway of 254 nm photolysis alone and in the presence of hydrogen peroxide. The influence of pH,
oxygen content in the reaction mixture, initial substrate concentration, photon fluence rate and initial

concentration of H,0, on the reaction rate was investigated. The effect of radical scavenger on the reaction
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course was also tested. The obtained results were used to determine kinetic parameters. Quantum yields
of boldenone and trenbolone decay were equal to 0.61+0.02 and 0.0029 4 0.0002, respectively. The
estimated rate constant of the reaction of hydroxyl radicals with trenbolone was (4.3 +0.8) x 109 M~1s-1,

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, numerous scientific researches indicate that some
substances in the environment may interfere with a normal func-
tion of the endocrine system of humans and wildlife [1,2]. Minute
amounts of these chemicals are able to disrupt the endocrine sys-
tem and cause cancer to male and female reproductive systems
and produce other adverse effects. Therefore, these substances are
called endocrine disruptors (EDs).

A particular group of EDs consists of pharmaceuticals based on
steroid moiety both of natural and synthetic origin. They are mainly
used as contraceptives, drugs applied in menopause, breast cancer
and for other medical purposes. A further important group of phar-
maceutical hormones are anabolic steroids used in agriculture in
animal farming. In EU countries application of growth-promoting
hormones is banned in meat production [3] but in other countries
they are regularly applied (e.g. USA or Canada) [4]. There is a grow-
ing concern that these synthetic hormones are making their way
into surface waters and even ground water via human and ani-
mal wastes, mainly by their incomplete removal during passage
through wastewater treatment plants [4,5]. Natural and synthetic
hormones such as 17f3-estradiol (E2) and 17a-ethinylestradiol
(EE2) are frequently detected in the nanogram per liter ranges [6,7].
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Compared with the natural hormones, synthetic hormonal
steroids show relatively greater stability in aqueous media and
greater resistance to microbial degradation [4]. These properties
pose a potential for accumulation and persistence in the environ-
ment and endanger consumers with a permanent exposure. It can
be presumed that other structurally related xenobiotic hormones
used in veterinary treatment show a similar behavior.

Boldenone and trenbolone belong to a group of synthetic
steroids with great anabolic potency. Their chemical structures are
shown in Fig. 1.

Boldenone (BD) is a steroid which differs from testosterone only
by one double bond at the 1-position. It is used mainly as undecyle-
nate ester by bodybuilders and is illicitly administered to racing
horses. But first of all it is applied as a growth promoter on meat
production farms improving the growth and feed conversion of cat-
tle and therefore might be abused to achieve more efficient meat
production. Like other androgenic steroids, BD is classified as a
probable human carcinogen [8].

Trenbolone (TB) is characterized by a very high anabolic effect
nearly 10 times stronger than that of testosterone propionate [4]
and is licensed as a growth promoter in the US and Canada. It
is suspected of teratogenic activity as it can induce developmen-
tal abnormalities in rat’s fetus [9]. The demasculinizing effect in
Japanese quail was observed [10] and reproductive alterations
in fish living downstream from animal feedlot operations were
reported [9]. The problem with TB is more evident taking into
account that in the US only several tons is applied every year [4]
and that TB can remain in manure piles for more than 270 days [5].
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Nomenclature

B optical path length

BD boldenone

G molar concentration

c? initial molar concentration

F fraction of absorbed photon flux
H hydrogen peroxide

HO, hydroperoxide ion

Eo volumic photon fluence rate
K dissociation constant

k rate constant

k. I-order apparent rate constant
OH hydroxyl radical

R reaction rate

t time

TB trenbolone

£ molar absorption coefficient

A wavelength

1) quantum yield

0 initial conditions

The studies on degradation of hormone steroids in aqueous
solutions were performed mainly for estrogens such as estrone
(E1),17B-estradiol (E2), 17a-ethinylestradiol (EE2) and estriol (E3).
There were various methods applied for their degradation. Ozona-
tion and ozone-based advanced oxidation processes [6] resulted in
efficient removal of the estrogen steroid from the aqueous envi-
ronment. Worth noting is a very high rate constant of the direct
reaction of ozone with dissociated forms of steroids attaining dif-
fusion controlled limit which is 10* to 10° times greater than
with neutral forms of steroids [11]. The application of OH radi-
cals using the H,0,/UV system to eliminate the estrogen steroids
from aqueous solutions is characterized by rate constants of the
order 101 M~1s-1[12,13]. However, photolysis as well as the use
of high energy radiation of a low pressure lamp (254 nm) as solar
or solar-simulated light is reported to be inefficient [14]. The deter-
mined quantum yields are of the order 10~2 reaching 0.1 for E2 at
radiation from a medium pressure lamp [13]. The direct photolysis
using 254 nm radiation can be enhanced in natural waters due to
the presence of various photo-oxidants [15].

The present paper describes aqueous BD and TR degradation
studies during 254 nm irradiation alone and in the presence of
hydrogen peroxide. The obtained results were used to estimate the
decay quantum yield of both studied compounds and rate constant
of the reaction of hydroxyl radicals with TB.

2. Materials and methods
Boldenone (BD) (98.8%) was purchased from Sigma-Aldrich,

trenbolone (TB) (98%) and tert-butyl alcohol (>99.7%) were from
Fluka. Hydrogen peroxide (30% solution), methanol (p.a.) and

CH, OH

(o)

Boldenone, MW 286.41 Trenbolone, MW 270.37

reagents used to prepare buffers (Na,HPO4, KH,PO4, NaOH, p.a.)
were bought from POCH (Poland).

Experiments were carried out in quartz test tubes of the capacity
of 10 cm3 (optical path length 0.85 cm), placed in a merry-go-round
device which was located between two exposure panels with UVC
lamps emitting mainly wavelength at 254 nm. The initial concen-
trations of the substrates ranged from 4.8 x 106 to 1.8 x 1075 M
and from 5 x 1076 to 1 x 10~4 M for BD and TB, respectively. The
details of equipment, the run of the process and the reaction mix-
ture preparation were analogous to those outlined elsewhere [16].
Photon fluence rate entering the reaction space was calculated
by uranyl oxalate actinometer [17] and ranged from 4.3 x 1076 to
10.6 x 10-6 einstein dm~3 s~ for 2 and 6 lamps, respectively. These
fluence values corresponded to irradiance from 11.8 to 29.1 Wm~2.

Spectrophotometric measurements were done on a Unicam
apparatus.

The reaction progress was traced by chromatographic analysis
of BD and TB decay. The HPLC (Waters) apparatus equipped with a
UV diode array detector and Symmetry C18 reverse-phase column,
operated in isocratic mode was used. The mobile phase consisted of
30% acetonitrile and 70% of 0.01% (v/v) water solution of phosphoric
(V) acid and the flow rate 1cm? min~! was applied.

Data analysis was performed using Origin software (Micro-
cal Software Inc., USA). The initial reaction rates were calculated
by differentiating exponential curve that fitted experimental
points (concentration, time) at the correlation factor higher than
0.97.

3. Results and discussion

The spectrophotometric measurements of BD and TB as the basis
of photochemical studies were performed and molar absorption
coefficients were determined. The absorption spectra of BD and
TB in water solutions and emission spectrum of the UVC lamp are
shown in Fig. 2.

The maximum of the BD absorption appears at 252 nm which
fits very well with the emission of the UVC lamp. TB absorption
extends in the whole near-UV range up to nearly 500 nm in the vis-
ible range, with two maxima: clear one at 351 nm and broad band
centered at 237 nm. The determined molar absorption coefficient
€ at 254 nm for BD at pH 5, 7 and 10 is equal to 13,800, 14,570
and 15,240 M~1 cm~1, respectively, and for TB it is 5460, 6300 and
5690 M~! cm~!, respectively.

The absorption of both compounds slightly depends on pH of
the solution, probably due to the interaction of BD and TB chro-
mophores with the solution components. BD and TB can dissociate,
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Fig. 1. Chemical structures of studied steroids.

Fig. 2. The absorption spectra of BD and TB in buffered reaction solutions and the
emission spectrum of the UVC lamp.
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Fig. 3. (A) Disappearance of BD and TB during photolysis (pH 7; CJp =1 x 107> M, Eg=4.3 x 10-5 einsteindm 3 s~1; Chy=1x 107> M, Eg=10.6 x 106 einsteindm~3s-1).
(B) The influence of solution pH on the decay of BD and TB during photolysis (CgD =1.8x107°M, Ep=4.3 x 10-5 einstein/dm—3s-1; C?B =5x10"°M,

Eo=10.6 x 10-% einstein/dm—3s~1).

but are very weak acids as can be inferred from pK; values for other
steroids [7].

3.1. Direct photolysis

The degradation of BD during photolysis by 254 nm radiation
was much faster than that of TB (Fig. 3A). Starting from the BD
concentration of 1 x 10~> M, a 50% reduction was achieved in 11s
using fluence rate equal to 4.3 x 10-% einsteindm~3s~1, whereas
the TB of the same initial concentration was halved in 30 min using
fluence rate 2.5 times higher (10.6 x 10~6 einsteindm—3 s~1). Such
a significant difference in the reaction rates was to some extent a
result of various values of molar absorption coefficients of BD and
TB at 254 nm.

The 50% degradation of steroids was achieved after exposure of
the reaction solutions to 130J m~2 and about 52,000] m~2 energy
for BD and TB, respectively. Comparing these values with UV
disinfection dose usually applied for tap water treatment equal
to 400Jm~2 [15], one can notice that only boldenone could be
removed in the disinfection process. Especially, employing higher
irradiance of a low-pressure UV lamp, a complete BD removal can
be achieved in several seconds. In the case of TB, a probably better
removal degree should be attained using a medium-pressure UV
lamp.

The pH of reaction medium often influences the photoreaction
rate due to various electron distributions in the molecules. The pho-
tolysis of steroids was studied at three pH values: 5, 7 and 10. The
obtained results show a very weak or no influence of pH on the
decay rate of studied compounds, which is illustrated in Fig. 3B.

The photolysis of steroids is independent of oxygen presence in
the reaction mixture. The experiments carried out with a solution
saturated with air and nitrogen practically did not show any differ-
ences (Fig. 4A). Hence the initial decay of BD and TB can proceed
without the participation of oxygen. In the degradation of steroids
the hydroxyl radicals did not take part either, which was indicated
by the process run in the presence of tert-butyl alcohol—the known
hydroxyl radical scavenger (Fig. 4A).

The plot in Fig. 4B shows the course of photolysis for various
initial concentrations of steroids. An increase in the concentration

resulted in a higher rate of the reaction. This relation is almost
directly proportional in the studied concentration range.

The absorption of UV radiation by the examined compounds
causes their decay according to the reaction:
BD

B + hv — products (1)

For the initial reaction time, when the molecules are solely absorb-
ing species, the reaction rate can be expressed using the following
expression:

G
g =
This relationship was used to calculate decay quantum yields ¢;
of BD and TB. In the studied range of steroids concentrations at
neutral pH of the reaction solution, the value of ¢ was equal to
0.61 +£0.02 and 0.0029 + 0.0002 for BD and TB, respectively. In the
alkaline solution quantum yields were roughly estimated to be 0.61
and 0.0038 for BD and TB, respectively. The curves in Fig. 4B show
good correlation with experimental data.

(]5,‘50 [1 - exp(—2.303b8,~Ci)] (2)

3.2. Decomposition of TB by H,0,/UV process

The experiments in the H,0,/UV system were performed only
for TB solution because in the case of BD the reaction was very fast
and measurements of the reaction progress were hindered even at
the lowest fluence rate. The highest rate of TB decay was achieved
athydrogen peroxide concentration equal to 1 x 10~2 M. Above this
value the reaction rate dropped rapidly. This decline was a conse-
quence of scavenging hydroxyl radicals by the reaction with H,05.
The verification of the effect of fluence rate on TB decay confirmed
a typical rectilinear relationship.

The addition of hydrogen peroxide to the reaction solution of TB
caused a significant acceleration of its photodegradation (Fig. 5A).
The half-life of TB during the direct photolysis at fluence rate
4.3 x 108 einsteindm—3 s~! was about 120 min, whereas addition
of H,0, at optimal concentration (C{_’l =1 x 1072 M) reduced it to
about 90s.

Studies of TB degradation in the UV/H, 0, system were also per-
formed in the presence of a hydroxyl radical scavenger. In these
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Fig. 4. (A) The effect of tert-butanol presence and oxygen content in the reaction solution on the decay of BD (CgD

=1.8x107°M, C°

-1
Opeon = 1x 107" M, pH 7,

Eo=4.3 x 10~ einsteindm—3 s~1). (B) The influence of the initial concentration of BD (Eg=4.3 x 10-6 einsteindm=3s~') and TB (Ep =10.6 x 10-° einsteindm—3 s~!) on the
initial reaction rate during photolysis at pH 7. Points represent experimental data and lines represent the plot of expression (2).

tests the tert-butyl alcohol was used as a radical scavenger. The
results show inhibition of the decomposition rate of TB (Fig. 5A),
which confirmed the dominating role of hydroxyl radicals reaction
in this process.

Fig. 5B shows the dependence of initial reaction rate on starting
TB concentration. The rising TB concentration yielded an increase
of the observed decay rate, after that the reaction slowed down.
This observation can be explained by a competition between hydro-
gen peroxide and TB of UV radiation. At a low TB concentration
photons were absorbed mainly by H,0, causing production of a
hydroxyl radical and at an increasing TB concentration leading to
a higher reaction rate. At the higher concentration, TB became the
main absorber of photons causing a decrease of hydroxyl radical
concentration and inhibition of the reaction rate. At the TB con-
centration 1x 107> M it absorbs above 25% of radiation, at the

concentration equal to 1 x 10~4 M it absorbs above 77% of radia-
tion leaving only 23% for hydrogen peroxide. The molar absorption
coefficient of H,O, at 254 nm is about 340 times smaller than that
for TB (18.6 Mcm~! [18] and 6300 M cm™, respectively).

The TB degradation was also performed in solutions of various
pH. The obtained results indicate an inhibiting action of a rising
pH on the reaction rate (Fig. 6A). This is caused by an increas-
ing dissociation degree of hydrogen peroxide (pK, =11.6 [19]). The
hydroperoxide anion is an efficient scavenger of hydroxyl radi-
cals, better than hydrogen peroxide (see Table 1), which leads to
diminishing the concentration of hydroxyl radicals available for the
reaction with TB.

The photodegradation of TB by hydrogen peroxide combined
with UV radiation can be treated as a process consisting of direct
photolysis and reaction with hydroxyl radicals generated in H,0,
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Fig. 5. (A) The comparison of reaction run during photolysis and in the H,0,/UV system in the presence and absence of t-butanol (C%; =52x107°M, Cg =1x107%M,

0
Ct-BuOH

=1x 1072 M, pH7,Ey=4.3 x 10-5 einstein dm~3 s~1).(B) The dependence of initial reaction rate of TB decay on its initial concentration. The curve represents calculated

total reaction rate of photolysis and reaction with *OH radicals, using Eqs. (6), (7) and (11). Bottom curve represents the contribution of photolysis alone (Eq. (7)) in the total

rate of TB decay (C} = 1 x 102 M, pH 7, Eg =4.3 x 10-6 einsteindm~3 s1).



18

D. Gryglik et al. / Journal of Photochemistry and Photobiology A: Chemistry 212 (2010) 14-19

(A) (B)
B T L 4 J‘"'I"“L“"I""I""I""
407 » ] i
] \ 1F - 0.3
3.5 u . I
< 3.0 1
« 1 ] m
s ] 1F 0.2 O'_
F:C_; 2'5‘: ' (] D\E
x ] ] ©
o 4 - f =
= 2.0—_ ] + =
] r 01
1.5 3 L] —
] ] . kz=0‘00598 +0.00012 s
1 . ] 2
104 ] R%=0.997
L e e e r— 0.0
5 6 7 8 9 10 0 10 20 30 40 50 60
pH ts

Fig. 6. (A) The influence of the pH of reaction mixture on the initial rate of TB decay in the H,0,/UV system (C%; =25x107°M, Cg =1x107%M,
Eg=4.3 x 107° einsteindm=3 s~1). (B) Determination of pseudo-first order rate constant for TB decay in the H,0,/UV process (pH 7, C%, = 2.36 x 107° M, CGh=1x 107" M,

Eo=4.3 x 10 S einsteindm3s~1).
photolysis. In this system the following reactions can occur:

Hp0, + hv — 2°0H  2¢uEoFy {1 —exp (—2.303b Zsiq” 3)

"OH 4 Hy0, — Hy0 + HO,  kqCrCon (4)
"OH + HO; — H,0+ 05" k5Cuo,Con (5)
TB + "OH — products ko ConCra (6)
TB + hv — products ¢rsEoFrp [1 —exp (—2.303b Z e,-C,»)}

(7)

When the process is carried out with high concentration of hydro-
gen peroxide such that it absorbs all incident radiation, then TB
photolysis can be neglected. Kinetic calculations were done for the
data obtained from the experiment when hydrogen peroxide con-
centration was equal to 0.1 M and pH equal to 7. In this condition the
fraction of UV radiation absorbed by H,0,, according to expression
(8) was 0.93.

_enCy
Fr = ZSI'C,'

(8)

The rate of TB photolysis alone in these conditions, calculated
according to Eq. (7) was equal to 1.1 x 10~ Ms~! and the rate of
TB decay, calculated from experimental data was equal to about
1.3 x 10~7 M s~1, which confirms that it was justified to neglect the
direct TB photolysis.

Simultaneously, the hydrogen peroxide concentration at initial
stages of the reaction can be treated as constant. In this case, the
rate of TB decay can be expressed as the equation at the right-hand
side of (6). Additionally, in these circumstances the assumption
of steady state for hydroxyl radical concentration allowed us to

Table 1

express the rate law as the pseudo-first order kinetics:

dc
—TIB =k,Crp 9)
where
kz = konCon (10)

is the pseudo-first order rate constant. The plot of integrated form
of Eq. (9) should follow a straight line in the coordinate system
In(C,/C) — t. Fig. 6B shows the verification of this relationship and
calculated slope of the line which corresponds to k,. At the begin-
ning of the reaction, the produced hydroxyl radicals attack TB, but
as the reaction proceeds, the substrate concentration is depleted.
This can lead to the deviation from steady-state *OH concentration.
However, hydroxyl radicals react also with formed intermediates
and probably at the same or very close rate constants as TB. Thus,
the steady-state assumption remains valid also at higher conver-
sion [20].

It follows from the steady state assumption that the forma-
tion and disappearance rates of hydroxyl radicals are equal to each
other. If we combine these rate equations (3)-(6) we will obtain
the expression of hydroxyl radicals concentration:

ZWHEOFH [] — exp (—2303b Z eiCi)]
OH = k4CH + ks CHOZ + kouCrs

(11)

The presence of phosphates used as buffers in the reaction solu-
tion does not practically affect the hydroxyl radical concentration.
The rate constants of *OH with HPO42~ (1.5 x 10° M~1s~1[21])and
withHyPO,4~ (2 x 104 M~1s~1[21]) atapplied concentrations 0.022
and 0.028 M, respectively, do not cause any change in the value of
the denominator in Eq. (11).

Combining Eqs. (10) and (11) and after rearrangement we get:

_ kz(kaCy + ksCho2)
2¢uEoFu [1 —exp (_2.303b 3 sici)] — k,Crp

kon (12)

The values of constants used in calculations of rate constants of TB degradation and obtained results.

Constant erg at 254nmM-1cm~! ey at 254nmM-1 cm~! pK, for H,0, Ou ks (M~1s1) ks (M~1s™1) kon (M~1s71)
Value 6300 18.6 11.6 0.5 2.7 x 107 7.5 x 10° 43+0.8 x10°
Source This work [18] [19] [22] [23] [23] This work
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Relationship (12) allowed us to calculate the value of second-order
rate constant of hydroxyl radical reaction with TB. The values of
constants necessary for calculations and the obtained results are
given in Table 1.

The dependence of reaction rate upon TB concentration calcu-
lated from Egs. (6), (7) and (11), using determined rate constant
and quantum yield, shows quite good correlation with the reaction
rates evaluated from experimental points, which is presented in
Fig. 5B.

4. Conclusions

The photolysis of BD and TB initiated by 254 nm radiation leads
to destruction of both steroids. In the case of BD, photolysis occurs
very fast and isindependent of pH of the reaction solution. The com-
plete removal of BD is attained in 1 min at irradiance 11.8 Wm2,
This high rate of BD decay indicates a possibility of its removal dur-
ing UV disinfection of drinking water. The determined quantum
yields of BD and TB decay are equal to 0.61 and 0.0029, respectively.
In alkaline solution the photolysis of TB is slower. For BD and TB the
content of oxygen in aqueous solution does not influence the pho-
tolysis rate and the process proceeds without the participation of
hydroxyl radicals.

The addition of hydrogen peroxide during photolysis signifi-
cantly accelerates the rate of steroids decay. In the case of BD the
rate became so high that it was impossible to measure the reaction
progress in the used experimental system. The highest TB degrada-
tion rate in the H,0,/UV system was achieved in acidic solutions
and the rising pH resulted in the rate reduction. For given operat-
ing parameters (H,0, concentration, fluence rate) the maximum
process rate for optimal TB concentration is caused by a high value
of the TB molar absorption coefficient. So, it is advisable to control
TB concentration during its degradation in the H, 0, /UV system.

The results of performed investigations made it possible to build
a kinetic model and determine the rate constant of the reaction of
hydroxyl radicals with TB equal to (4.3 +0.8) x 10° M~1s-1,

Acknowledgements

The study was financed by the Polish Ministry of Science and
Higher Education from resources for science in 2006-2009 as the
research project no. N207 032 31/1438.

References

[1] D.W. Kolpin, E.T. Furlong, M.T. Meyer, E.M. Thurman, S.D. Zaugg, L.B. Barber,
H.T. Buxton, Pharmaceuticals, hormones and other organic wastewater con-
taminants in US streams, 1999-2000: a national reconnaissance, Environ. Sci.
Technol. 36 (2002) 1202-1211.

[2] J. Lintelmann, A. Katayama, N. Kurihara, L. Shore, A. Wenzel, Endocrine disrup-
tors in the environment (IUPAC Technical Report), Pure Appl. Chem. 75 (2003)
631-681.

[3] Council Directive 03/74/EC, Commission of the European Communities, Off. J.
Eur. Communities: Legis L262 (2003).

[4] B. Schiffer, A. Daxenberger, K. Meyer, H.H.D. Meyer, The fate of trenbolone

acetate and melengestrol acetate after application as growth promoters in cat-

tle: environmental studies, Environ. Health Perspect. 109 (2001) 1145-1151.

A.M. Soto, ].M. Calabro, N.V. Prechtl, A.Y. Yau, E.F. Orlando, A. Daxenberger, A.S.

Kolok, LJ. Guillette Jr., B. le Bizec, I.G. Lange, C. Sonnenschein, Androgenic and

estrogen activity in water bodies receiving cattle feedlot effluent in eastern

Nebraska, USA, Environ. Health Perspect. 112 (2004) 346-352.

B. Ning, N. Graham, Y. Zhang, M. Nakonechny, M. Gamal El-Din, Degradation

of endocrine disrupting chemicals by ozone/AOPs, Ozone Sci. Eng. 29 (2007)

153-176.

Z. Liu, Y. Kanjo, S. Mizutani, Removal mechanisms for endocrine disrupting

compounds (EDCs) in wastewater treatment—physical means, biodegradation,

and chemical advanced oxidation: a review, Sci. Total Environ. 407 (2009)

731-748.

H.F. De Brabander, S. Poelmans, R. Schilt, R.W. Stephany, B. Le Bizec, R. Draisci,

S.S. Sterk, L.A. van Ginkel, D. Courtheyn, N. Van Hoof, A. Macri, K. De Wasch,

Presence and metabolism of the anabolic steroid boldenone in various animal

species: a review, Food Addit. Contam. 21 (2004) 515-525.

[9] V.S.Wilson, C. Lambright, J. Ostby, L.E. Gray Jr., In vitro and in vivo effects of 173
trenbolone: a feedlot effluent contaminant, Toxicol. Sci. 70 (2002) 202-211.

[10] MJ. Quinn Jr., E.T. Lavoie, M.A. Ottinger, Reproductive toxicity of trenbolone
acetate in embryonically exposed Japanese quail, Chemosphere 66 (2007)
1191-1196.

[11] M. Deborde, S. Rabouan, J.-P. Duguet, B. Legube, Kinetics of aqueous ozone-
induced oxidation of some endocrine disruptors, Environ. Sci. Technol. 39
(2005) 6086-6092.

[12] M.M.Huber,S. Canonica, G.Y.Park, U.von Gunten, Oxidation of pharmaceuticals
during ozonation and advanced oxidation processes, Environ. Sci. Technol. 37
(2003) 1016-1024.

[13] E. Rosenfeldt, K.G. Linden, Degradation of endocrine disrupting chemicals
bisphenol A, ethinyl estradiol, and estradiol during UV photolysis and advanced
oxidation processes, Environ. Sci. Technol. 38 (2004) 5476-5483.

[14] P. Mazellier, L. Méité, J. De Laat, Photodegradation of the steroid hormones
17B-estradiol (E2) and 17a-ethinylestradiol (EE2) in dilute aqueous solution,
Chemosphere 73 (2008) 1216-1223.

[15] S. Canonica, L. Meunier, U. von Gunten, Phototransformation of selected phar-
maceuticals during UV treatment of drinking water, Water Res. 42 (2008)
121-128.

[16] D.Btedzka, D. Gryglik, ].S. Miller, Photodegradation of butylparaben in aqueous
solutions by 254 nm irradiation, J. Photochem. Photobiol. A: Chem. 203 (2009)
131-136.

[17] S.L. Murov, I. Carmichael, G.L. Hug, Handbook of Photochemistry, Second ed.,
M. Dekker, New York, Basel, 1993.

[18] I Nicole, J. De Laat, M. Dore, ]. Duguet, C. Bonnel, Utilisation du rayonnement
ultraviolet dans le traitement des eaux: measure du flux photonique par acti-
nometrie chimique au peroxide d’hydrogene, Water Res. 24 (1990) 157-168.

[19] J. Hoigne, Chemistry of aqueous ozone and transformation of pollutants by
ozonation and advanced oxidation processes, in: ]. Hrubec (Ed.), The Handbook
of Environmental Chemistry, Springer-Verlag, Berlin, Heidelberg, 1998.

[20] L. Wojnarovits, E. Takacs, Irradiation treatment of azo dye containing wastew-
ater: an overview, Radiat. Phys. Chem. 77 (2008) 225-244.

[21] K.P. Madden, Notre Dame Radiation Chemistry Data Center, updated 2002.
http://allen.rad.nd.edu/Compilations/Hydroxyl/OH_214.HTM.

[22] J.H.Baxendale, ].A. Wilson, Photolysis of hydrogen peroxide at high light inten-
sities, Trans. Faraday Soc. 53 (1957) 344-356.

[23] H.S. Christensen, H. Sehested, H. Corfitzan, Reactions of hydroxyl radicals with
hydrogen peroxide at ambient and elevated temperatures, J. Phys. Chem. 86
(1982) 15-68.

(5

(6

17

(8


http://allen.rad.nd.edu/Compilations/Hydroxyl/OH_214.HTM

	Photodegradation kinetics of androgenic steroids boldenone and trenbolone in aqueous solutions
	Introduction
	Materials and methods
	Results and discussion
	Direct photolysis
	Decomposition of TB by H2O2/UV process

	Conclusions
	Acknowledgements
	References


