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Abbreviations

1,2-DHB: 1,2-dihydroxybenzene

1,4-DHB: 1,4-dihydroxybenzene

ApicL: an aromatic by-product of the VUV photolysis ofldR, presumably its
monohydroxylated derivative

Ajgy: an aromatic by-product of the VUV photolysis oBU, presumably its
monohydroxylated derivative

Aketo: an aromatic by-product of the VUV photolysis ofERO, presumably 3-
ethylbenzophenone

Anap: @an aromatic by-product of the VUV photolysis oAR, presumably 2-methoxy-6-
vinylnaphthalene

AOP: advanced oxidation process

BpicL: an aromatic by-product of the VUV photolysis ofldR, presumably 1-(8-
chlorocarbazolyl)acetic acid

Bisu: an aromatic by-product of the VUV photolysis oBU, presumably its
dihydroxylated derivative

Bkero: an aromatic by-product of the VUV photolysis ofERO, presumably 3-(1-
hydroperoxyethyl)benzophenone

Bnap: @n aromatic by-product of the VUV photolysis ofAR, presumably 1-(6-
methoxynaphthalene-2-yl)ethylhydroperoxide

CpicL: an aromatic by-product of the VUV photolysis ofidD, presumably 1-(8-
hydroxycarbazolyl)acetic acid

Cigu: an aromatic by-product of the VUV photolysis &U, presumably 1-isobutyl-4-
isopropylbenzene

Ckero: an aromatic by-product of the VUV photolysis oE RO, presumably 3-(1-
hydroxyethyl)benzophenone

Cnap: @an aromatic by-product of the VUV photolysis ofAR, presumably 1-(2-
methoxynaphthalene-6-yl)ethanone

Digy: an aromatic by-product of the VUV photolysis d8U, presumably 2-[4-(2-
hydroxypropyl)phenyl]propanoic acid or hydroxy(®imitylphenyl)acetic acid

DICL: diclofenac



Dketo: an aromatic by-product of the VUV photolysis ofERO, presumably 3-
hydroperoxybenzophenone

¢: the molar absorption coefficient of the contamin@olecule at the emission wavelength
of the light source

[HO']ss the steady-state concentration of hydroxyl radica

IBU: ibuprofen

k’: apparent reaction rate constant

Kobs: the initial VUV-induced degradation rate of meibh

krecomb: the reaction rate constant of the recombinaté@ction of HQ' /O,

KETO: ketoprofen

NAP: naproxen

NSAID: nonsteroidal anti-inflammatory drug

PB: phosphate buffer

pHmax PH of the maximal solubility of the NSAIDs

PhOH: phenol

R’: carbon-centered radical

RH: organic compound

RO': oxyl radical

ROO': peroxyl radical

ROOOOR: tetroxide

ROS: reactive oxygen species

SD: standard deviation



1. Preface

Since the traditional wastewater treatment teclesgare based on biological
methods, and there are several pollutamts. (onsteroidal anti-inflammatory drugs) which
can not be eliminated completely by the used migaoisms, the decontamination of
these waters is of upmost interest nowadays. Thmicagion of advanced oxidation
processes (AOPs) as additive methods during tlaéntent of wastewaters may solve this
problem.

AOPs are based on the generation of reactive fadieghich can induce the
transformation of the contaminants. Although thereplenty of information about the
reactions of the most reactive radical, the hydroaglical (HO), only a few data are given
concerning the less reactive radicals, which masd contribute to the degradation of the
pollutant molecules if their concentration is iresed.

Vacuum ultraviolet (VUV) photolysis is a suitableethod, among the AOPs, to
study the effects of different parameteesg( the presence of dissolved, @r radical
transfer molecules) on the radical set and on éggatiation of organic contaminants, since
the generated radical set is known, using thisriiecie. These results could contribute to

improve the efficiency of AOPs.



2. Literature background

2.1. The investigated nonsteroidal anti-inflammatoy drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) ared for multiple indications in
both human and veterinary medicimeg.to treat inflammation and pain, to relieve fever,
and sometimes they are also used for long-terntintez® of rheumatic diseases. They act
by inhibiting the prostaglandin synthesis by blogkieither reversibly or irreversibly, one
or both of the two isoforms of the cyclooxygenaseyene (COX-1 and COX-2). Most of
their side effects (gastric ulceration, renal ainerl damages) can be related to their
nonspecific inhibition of the prostaglandin syntisefl]. Since prostaglandins are also
produced in non-mammalian vertebrates like fishplitnans and birds, in invertebrates
such as corals, sponges, coelenterates, mollusttaceans, insects, as well as in marine
algae and higher plants [2, 3], NSAIDs releasedhm environment can cause adverse
effects also in the ecosystem, especially when déineypresent as a mixture [2, 4-11].

Four arylcarboxylic acids were selected among NSAiBuprofen (IBU), containing
only one phenyl group, ketoprofen (KETO), a benzouine derivative, naproxen (NAP),
a naphthalene derivative and the Cl-containingofiéclac (DICL) (Table ).

Table I. The IUPAC name, the chemical structurethedacidic dissociation constant of the
investigated compounds.
comp. IUPAC name structure Ka ref.

(R9-2-(4-(2-
IBU | methylpropyl)phenyl)propanoi
acid

4.4 | [12-14]

H

CHs
OH
C CHs
o
e}
[¢] CH,
| an [14]
(¢}
CH,
-2-(6- Ol
NAP (R9-2-(6 metho_xyna_phthalen H 42 | 115, 16]
2-yl)acetic acid
HsC._ o)
(¢)
Cl
NH
Cl OH
o

(R9-2-(3-

KETO . .
benzoylphenyl)propanoic acid

2-(2-(2,6-
DICL | dichlorophenylamino)phenyl)
acetic acid

42 | [14,17)]

As it can be seen from Table | and Fig. 1, thesgmphceuticals are week acids.
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Fig.1. pH dependence of the undissociated andaéated forms of the investigated NSAIDs.

Since the maximal solubility of the undissociat¢dA]s) and dissociated ([As)
forms of the studied NSAIDs differs with at leabtee orders of magnitude (Table II),
their solubility €s) is significantly pH-dependent (Fig. 2). (Unforaaly no information
was found in the literature concerning thé]Avalue of KETO.)

Table II. The maximal solubility of the undissoeidtand dissociated forms of the used compounds
in water at 25°C.

comp. | [HAls(x 10*moldm™) | [A7]s(mol dm®) ref.

IBU 2.40 0.80 determined from [18]
KETO 4.60 n.d. determined from [18]
NAP 0.69 0.85 [19]

DICL 0.03 0.03 determined from [18]

"not determined

1.E+017

1.E+004

1E-014

-3,

m

1E-024

¢s (mol d

1.E-034
1E-044

1.E-051

1.E-06
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Fig. 2. pH-dependence of the solubility of the g#ddNSAIDs.




The ¢ values were calculated according@bowhan[19], using the parameters of
Tables | and 1. At low pH values the solubility thfe undissociated species is the limiting
factor (Eqg. I) and thes values may be calculated according to Eq. IV (eetifrom Egs. |-
lll). Since the [A]s values are with orders of magnitude higher than [tHA]s values
(Table 1), Eqg. IV was used also in case of intedimte pH values, when the pH of the
solution was lower than pk« (the pH of the maximal solubility of the NSAIDs)

accordance with the work @howhan[19].

CPHPHm =[HA] . +[A ] (1)
e =[HA), + el an
H,O"
K
cPMPMmec =[HA]_ x| 1+ a+ (1
H,O
CPHPHm =[HA] | x (1+ 10(pH-pKa)) (V)

While at higher pH values the solubility of the imed species is the liming factor
(Eq. V). Therefore, in this case Eq. VI was used.

cg"ir =[HA] +[A ], V)
C§H>pHmax :[A - ]s % (l+ 10(pKa-pH)) (V|)
1400 H |BU
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Fig. 3. The annual consumption of the studied NSAilDdifferent countries [20].

These pharmaceuticals are among the most often rifmedcdrugs, their annual

consumption varying usually between several hursleedi several thousands mg pefson



year! (Fig. 3). However, in 2005 17890 mg persoyear’ IBU was consumed in Finland.
It has to be also mentioned that the annual consampf these NSAIDs increases in the
course of time [20].

After administration, the investigated compounds @mly partly metabolized and 5—
33% of IBU, 80% of KETO, 70% of NAP and 3-30% of DI excreted in form of the
parent compound or its conjugates. Additionallhaligh IBU is usually eliminated in 86—
99% in wastewater treatment plants, in some cdseaimination efficiency is only 38—
64% and the elimination efficiency of the otheretNSAIDs is also lower (45-77% in the
case of KETO, 46-93% in the case of NAP and 17-69%hé¢ case of DICL). These
compounds occur therefore in surface waters (BigAdditionally, IBU was detected in
~15 x 10° mol dm®in a UK river, in 1.0 x 10 mol dm* in a German groundwater and in
6.5 x 10° mol dn®in a USA drinking water sample. KETO and DICL welsoadetected

in 0.1 x 10° mol dm™® and 2.0 x 10 mol dm?® respectively in a German groundwater
sample [20].

cnsap (x 10° mol dm®)

Slovenia Sweden  Switzerland Canada Germany USA

Fig. 4. The maximal detected concentrations ofrkiestigated compounds in surface waters in
different countries [20].

These results make reasonable the elaboration ofweder treatment technologies,
which could enhance the elimination of these phagufically active compounds from
waters. The addition of AOPs to the traditional evareatment techniques seems to be a
promising alternative. For the determination of #ficiency of these methods as well as
for the suggestions of the possible reaction mdsh@s) the comparison of the treatment
technologies with a simple-structured, well-knowigamic compound may be useful. In

this work phenol (PhOH) was chosen for these p@pos
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2.2. Advanced oxidation processes

2.2.1. General characterization of the AOPs

AOPs are based on the generation of reactive fadiglD’, hydrogen atom/hydrated
electron (H/exq), hydroperoxyl radical/superoxide radical ion ({#0,") etc), reacting
with the organic contaminants to induce the degradeof pollutant molecules. Among
the formed radicals, the H@s the most reactive and less selective one. Toenseorder
rate constant¥] of its reactions with the studied compounds &ted in Table Ill. These
values were measured by either pulse radiolysisoarpetitive techniques. Generally the
directly measured values (determined by pulse tgglg 8.4 x 18 mor™ dm® s in the
case of PhOH [21], (6:86.1) x 16 mol™* dn?® s in the case of IBU [22, 23], (4:6.5) x
10° mol™* dm® st in the case of KETO [23, 24], (3:3.5) x 13 mol™* dn?® s in the case
of NAP [22, 23] and (8:29.6) x 10 mol™* dm® s in the case of DICL [22, 23, 25]) are

considered to be the most reliable.

Table Ill. The second order rate constants of ¢laetrons of
HO', ey and H with the investigated compounds.

comp k (x 10 mol™ dm® s
' HO* ref. € ref. H* ref.
PhOH | 6.6-18.0 |[21, 26, 27] 0.03 [28] 1.2-2.1 | [29-31]
[12, 16, 17,
IBU 6.0-18.0 | 22, 23,32,| 8.58.9 [23, 34] 4.0 [34]
33]
23, 24, 33,
KETO 4.6-10.0 [ 35-37] 20.0-26.1| [23, 24] n.d. -
[15, 16, 22,
NAP 3.5-22.0 | 23, 33, 36, 4.9 [23] n.d. -
37]
[17, 22, 23,
DICL 6.0-24.0 25, 33, 36] 1.5-1.7 [23, 25] n.d. -

Radiolysis, photochemical processes (photolysisgugsible (Vis), ultraviolet (UV)
or VUV light, the combination of UV and VUV radiam or that of UV photolysis with
H»0,), ozone based processes (simple ozonation, itbioation with UV light, HO, or
both), homogeneous photocatalytic (Fenton, photadfe and electro-photo-Fenton
reactions) and heterogeneous photocatalytic presdssually Vis/TiQ, UV/TIO, or their
combination with ozonation) are the most significamong AOPs (Fig. 5). Naturally,
there are no strict borders between the listedgoaites because of the variations of their

different combinations [5].

11
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Fig. 5. Major AOPs [5].

2.2.2. UV photolysis of the investigated compounds

UV photolysis is the most widely used photochemigaicess among AOPs. The
efficiency of direct photolysis is determined b tquantum yield of the proces®)(and
the overlap between the absorption spectrum oftaéinget molecule (Fig. 6) and the
emission spectrum of the light source [38]. In ca@ monochromatic lamp this latter
factor is expressed by the value of the molar gitswr coefficient of the contaminant at
the emission wavelength of the light souree [The reported? values (Table IV) are
usually < 1, suggesting that only a part of theitescmolecules degrade. Besides this, it is
likely that other deactivation processes withougrdéation (like the emission of the
incident radiation, the transformation of the plmtenergy to thermal energy, or
fluorescence) also take place in the systems [B9, Bhe big difference between the
reported values may be attributed to the differsnite the photon flux and emission
wavelength of the used light sources or to theeddifices in the reaction conditions (like
the pH and the concentration of dissolveg). @lthough UV irradiation is often used for
water disinfection, the total mineralization of taminant molecules is not feasible by
performing solely UV photolysis with the UV dosegpitally used during water
disinfection (50-400 J ). Under the mentioned conditions, IBU may be reetbin
~10%, NAP in 29% and DICL in 21-34% [41-43]. Theyakception is KETO which is
reported to be eliminated in > 90% using a UV do&880 J m? [44]. The reason of the

12



high efficiency of KETO elimination might be thatuadly low-pressure mercury lamps

(emitting photons with an intensity maximum at 2%#) are used in water disinfection
techniques, and the value &&ro, 254 nmis relatively high (14104-15450 mbldn® cmi*

[44-46]).
180 - - 60
150 - - 50
120 \ - 40
2 2
E 901 30 £
< <
IBU
60 e - 20
\\ KETO
DICL 2X
30 - - 10
\
e
O T T T T T O
190 210 230 250 270 290 310
A (nm)

Fig. 6. UV absorbance of the investigated compounds

Table IV. The quantum yield values of the photdysi the investigated NSAIDs.

comp. (] A (nm) ref.
PhOH 0.02-0.12 254 [47, 48]
IBU 0.04-0.19 254 [45, 49]
0.33 300-400 [12]
0.17-0.26 254 [37, 45, 46]
KETO 0.38 200-300 [37]
0.75 313 or 333 [50]
0.0093-0.061 254 [15, 37, 39, 51]
NAP 0.0556 200-300 [37]
0.001 and 0.012  310-390 [40]
0.27 254 [43, 52-55]
0.41 238-334 [43]
DICL 0.22 30536??13 [54]
0.0313 and’ 366 [56]
0.0375-0.24 sunlight [16, 52, 53, 55, 56]

Although VUV photolysis is a photochemical procéss, its mechanism differs a lot

from that of UV photolysis. The reason is that ie first case the incident photons are
mainly absorbed by the solvent molecules and #inesformation of the contaminant starts

with the reaction of the radicals formed from thavent, while in the latter case the

13



irradiation excites the solute molecules which lssim their further transformation. The
mechanism of VUV photolysis shows similarities witidiolysis, since similar radicals

form during both methods.

2.2.3. Radiolysis

Radiolysis is one of the AOPs, where the generaimdical set is known.
Furthermore, in this case the distribution of thacative intermediates may be considered
homogeneous. This method is suitable therefore ferfopning some mechanistic
investigations concerning the role of differenticats during the radiolysis of the studied
compounds.

During irradiation of water with ionizing radiatiddO’, e, and H form as reactive
radical intermediates (1). In dilute aqueous sotuthey may react with solute molecules
with G values (the yields of the radicals) of 0.28, Ca@ 0.062umol J*, respectively [57,
58].

H.O +y — HO', eq, H’ (1)

Radiolytic experiments have revealed that althougthe case of PhOH, IBU and
KETO HO is more effective than,g in decomposing the NSAIDs [24, 34, 59], these
reactive intermediates are similarly effective igthding DICL, and the contribution of
€aq IS lower only from the point of view of DICL mindization [25, 60]. The reactions of
HO* with IBU, KETO and DICL lead to hydroxycyclohexadyktype radical
intermediates, which in their further reactionslgidydroxylated derivatives of these
compounds [24, 25, 34, 60]. Although in case of I8} attacks the carboxyl group [34],
in case of KETO it is scavenged by the carbonyl oryaed the electron adduct protonates
to ketyl radical [24]. In case of DICL, the reactiwith &g results in the dechlorination of
the molecule [25, 60]. Unfortunately, no informatiwas found in the literature concerning
the radiolysis of NAP.

2.2.4. Vacuum ultraviolet photolysis

VUV photolysis is the other method among the AOPRgm the generated radical set

is known, and suggestions may therefore be putdaiwoncerning the effects of different

14



parameters on the radical set and on the degradattiorganic contaminants. These results
could contribute to the optimization of other AOPs.

Because of the low concentration of the soluteadlis < 102 mol dni™) relative to
the solvent molecule (practically 55.56 mol djin aqueous solutions, the VUV photons
(100 nm <4 < 200 nm) are mainly absorbed by water moleculd® relatively high
energy of the VUV light (6.20 eV &, < 12.40 eV) excites #D molecules and results in
the homolysis (2) or, in a minor extent, in theisation (3) of HO [61]. E.g.the 172 £ 14
nm radiation emitted by the widely used xenon excinlamps (Xe excilamps) is
practically absorbed completely within a 0.04-mnckhH,O layer, due to the high molar

absorption coefficient of D at this wavelengtheg,o'’> "= 10 mol* dn?* cmi™) [62]. In

this case bond homolysis is realized with a quantieitl of: @no*2"™= 0.42 + 0.04 [62]

and gq (the conjugate base pair of ) are produced with @ value of lower than 0.05
[63].

* k2
H20 + vicigomm=HO = H + HO (2)
2
Hz0 + hvi<100nm= H,O = H" + HO + eyq 3)
H" + H0 = €yq + H:O" PKa = 9.6 [58] (4)

The deactivation of electronically excitecdd® molecules is also promoted by the
surrounding solvent molecules, which can form aeai cage [64-66]. The separation of
the radicals is hindered by the cage and theseatsdiecombine therefore very effectively,
with the formation of HO (k» = 7x10 mol™ dm® s in the bulk) [67]. These processes

explain why®y,0'"> "is much lower than 1.

VUV photolysis was found to be an effective methodhe decomposition of PhOH
from diluted aqueous solution [64]. The presencé/olV light along the UV photons
increased significantly the transformation rate?bOH [48], IBU [45] and NAP [39] as
well as the mineralization rates of IBU and KETO][6Bhese results made reasonable the
investigation of the simple VUV photolysis of theSNIDs and the role of the generated
radicals, which were not studied earlier.

15



2.3. The effects of radical transfers on the radidaset formed during the VUV
photolysis of aqueous solutions
2.3.1. The effects of dissolved O

Due to their short lifetime, the role of differenaidicals can be investigated only with
indirect methods. One of these is the additionaafical transfer materials to the treated
solutions. In this case, the target molecules dred radical transfers compete for the
primary radicals of VUV photolysis (HOand H/e,q). Since the concentration of the
reactive intermediates available for the contantmas therefore reduced, it will decrease
the transformation rates of the pollutant moleculdse degree of inhibition will depend on
the concentration of the investigated compoundsthadadical transfers, on the ratio of
their reaction rate constants with the primary catsi and on th& values of the studied
organic compounds and the radicals formed in thetiens of the transfer molecules and
the primary radicals. If th& values of the pollutants and the radical transteits the
primary radicals are in the same order of magnitanl@ the concentration of the transfer
molecules is high enough, almost all of the primaicals react with the radical transfers.
In this case the transformation of the target cammgs may be initiated by the radicals
formed in the reactions of the transfer molecules the primary radicals.

A widely used radical transfer is dissolved, @hich hinders the recombination
reactions of He,q and HO, and converts reductive’fd,q to oxidative HQ' /O, (5-7).
The concentration of reactive oxygen species (R@3; HO,' /O,™, peroxyl radicaletc)

is therefore very likely to be increased in thespree of Q

H" + O, — HO, ks = 2.1 x 18° mol* dm® s [29] (5)
€aq + O — O ke = 1.9 x 18° mol™* dm® s [29] (6)
HO, = H" + O;~ pKa = 4.8 [69] (7)

If an organic contaminant reacts with H&ther by H abstraction (8) or electrophilic
addition (9), carbon-centered radicals formi @R (RHOHY)) [70]. The dissolved ©might
affect the degradation efficiency also by scavemgihese radicals (10, 11) and by
hindering therefore the backward reactions of tmadeals.

RH+HO = R + H0 (8)

RH + HO = (RHOHY 9)

16



R + 0, — ROC (10)
(RHOH) + O, — (RHOH)-O,' (11)

2.3.2. The effects of formate ions

Formate ion is also a well known H@ansfer because it reacts with reactive'HO
with high rate constant and forms negligibly reaeticarboxyl radical/carbon dioxide
radical anionCOOH/CQ™) (12-14):

HCOOH + HO — "“COOH + HO ki, = 1.3 x 18 mor* dm® s [71] (12)
HCOO + HO — CO,™ + H,0 kis= 3.2 x 1 mo™* dm® s [71] (13)
"COOH= H"'+ COy~ pKa = 1.4 [72] (14)

In the presence of 'COOH/CQ’™ transform to HG /O, (15, 16):

"COOH + Q — HO, + CO, ks = 3 x 16 mort dm® s [72] (15)
CO, +0,—> 0, +CO, kis = 4.2 x 18 mol* dm® s [73] (16)

Summarizing, in the presence of bothadd formate ions, all of the primary reactive
species of VUV photolysis (HCand H/e,q) transform to HG@/O, ", therefore the effect

of these species (HQO, ") may be investigated using these reaction conditio

2.3.3. The effects of radical scavengers

If the reactivity of a radical (formed in the react of the transfer molecules and the
primary radicals) is low enough, so that its cdnition to the transformation of the
contaminant might be neglected, the radical trani&fecalled radical scavenger. Two
widely used radical scavengers are methanol;@H) and tert-butanol (C(CH)s;OH).

They react with HOwith pretty high rate constants:

CH3OH + HO — "CH,0H + H,0 k7= 9.7 x 16 mol* dm?® s [29] (17)
C(CHa)30H + HO — "CH,C(CHs),0OH + H,0 kig = 6.0 x 18 mor™ dm® s [29] (18)

In the presence of dissolved,@he carbon centered radicals formed in (17 arjd 18

are converted to peroxyl radicals:
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*CH,OH + O, —» "OOCH,0OH kio = 4.2 x 18 mor™ dm® s [74] (19)
"CH,C(CH),0H + O, —» "OOCH,C(CH;s),OH koo = 1.4 x 18 mol™ dm® s [75] (20)

H'/e,q react also with these radical scavengers (21-4)there is a difference of
4-6 orders of magnitude between their reaction @astants with the scavenger
molecules and with dissolved: @ks, ks, ko1—k24). Therefore, in the presence of bothand
radical scavengers, H®O, ", "OOCH,OH and’OOCH,C(CH;),OH will be present in the

solution among the reactive intermediates.

CHs;OH + H — "CH,OH + H ko1 = 2.6 x 16 mol* dm® s [29] (21)
CH3OH + g — H* + CHO™ koo < 1 x 10 mol™* dm® s [29] (22)
C(CHa)3s0H + H — "CH,C(CHs),OH + H, kos= 1.7 x 16 mol™ dm® s [31] (23)
C(CHs);0H + &4 — products koa < 4 x 16 mol™ dm® s [76] (24)

2.4. HO, formation during the VUV photolysis of aqueous saltions

The recombination (25, 26) and disproportionaticactimns (27—-29) of the radicals
generated during the VUV photolysis of aqueoustgmis may lead to 0, production:

2 HO — H,0, kos = 5.5 x 18 mol™ dm® s [29] (25)
H + HO, — H,0, kog = 9.7 x 18 mol™ dm® s [77] (26)
2 HO, — H,0, + O, ko7= 8.3 x 16 mol* dn?® s [69] (27)
20,7+ 2H0— O, + H,0, + 2 HO kog < 0.3 mot* dm® s [69] (28)
0, + HO; + HyO — Oy + HyOp + HO™ koo= 9.7 x 10 mol™* dn?® s [69] (29)

Reactions (26) and (28) occur to a negligible eixbetause of the low concentration
of H" in the presence of dissolved @nd the low value of rate constdas. The reaction
rate constant of the recombination reaction o, H®' ™ (kecomn) depends strongly on the
pH of the solution (Fig. 7) [69].

HO, can also react with HQreducing the possibility of #D, formation:

HO, + HO — O, + H0 kao = 6.6 x 18 mor™* dm?® s [78] (30)
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Fig. 7. The reaction rate constant of the recontlmnaeaction of Hg/O, ™ as a function of the
solution pH[69].

H,O, can be decomposed by reaction with 'H®1) or with H (32) (this latter
reaction being of lower significance in the preseatQ, because of the low concentration
of H") and in a minor extent by its VUV photolysis (388]. The quantum yield of the
photolysis has been estimated to be 0.98 + 0.@b4tnm [79], while in the presence of

organic compounds it was determined to be 0.50Q [80]

H20, + HO — HO," + H,0 ksy = 2.7 x 10 mol™* dm® s [29] (31)
H,0, + H — HO' + H,0 ks = 3.6 x 1@ mol™ dm® s [81] (32)
H,O, + v —» 2 HO (33)

The presence of organic contaminants influencesHj@, concentration dy,o,)

since the reaction of these molecules with'Hi@reases the concentration of ®), and
also reduces the probability of the reaction gOHand HO (31). Additionally, the
decomposition of RO generated from Rn the presence of dissolved (10), may lead
to HO,” production (34) [82], but they may also furnistragides (ROOOOR) by
recombination (35). HEYO, ™ can lead to kD, formation through reactions (27, 29 and
36), but their reaction with HGreduces the possibility of ), generation (31). According

to the works ovon Sonntag and SchuchmgB2] andQuici et al. [83] the decomposition
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of the unstable tetroxides with the formation ofdtes (R'R"C=0) (37) results again in
HzOz.

RHOO — R + HO; (34)
2 RO — ROOOOR (35)
RH + HO — R + H,0, (36)
ROOOOR— 2 R'R"C=0 + HO; (37)

The tetroxides formed from secondary peroxyl radicahy also transform through
oxyl radicals (38). The latter can rearrange tadmeric a-hydroxyalkyl radicals (39) and
then may produce HOagain, in the presence of (10) [82]:

R'R"HCOOOOCHR'R’— 2 R'R’HCO' + O, (38)
R'R"HCO’ — R'R"C'OH (39)
R'R’C'OH + 0, — R'R’"C=0 + HO; (40)
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3. Objectives

Since pharmaceuticals are usually reported to ¢eaigrant water contaminants, four
nonsteroidal anti-inflammatory drugs (IBU, KETO, NARd DICL) were chosen as target
molecules of VUV photolysis and PhOH as a model pound.

HO,/O,~ are the most important oxygen containing speciesgawith HO. The
concentration of kD, (ch,0,) refers to their concentratioro,0,,-) and therefore, the
Cu,0, Was planned to be measured during the VUV phobfsthe target molecules.

As it could be seen from Section 2.3.1 and FigliSsolved Q affects the radical set
from several routes. Therefore, the aim of this wtwas to investigate the effect of the
presence of @on the initial transformation of the pollutantsp ¢he formation and
transformation of their main aromatic by-productsl @n their mineralization. To study
the relatively increasing effect of dissolved, @xperiments were planned in solutions
containing the contaminant molecules in two diffénaitial concentrations.

L PKa=48
HO, ——0,

OZ/ \ 'OZ

O,, CH,OH/ °
H,0 L HO-  OnCHs OOCH,0H/

ﬁ_J C(CH):O0H ~ -OOCH,C(CH,),0H
H,0
Fig. 8. The effect of different radical transferstbe radical set generated during the VUV
photolysis of water.

In the presence of both dissolved &hd formate ions, all of primary reactive species
of VUV photolysis (HO and H/e,) transform to H@/O,~ (Fig. 8). Additionally,
altering the pH of the solution the ratio of H@nd Q™™ might also be influenced. Thus,
the experiments aimed at the investigation of ttieces of HQ" and Q™ on the initial
transformation rates of the target compounds.

In the presence of both dissolved @nd radical scavengers (methanol tert-
butanol), peroxyl radicals’@QOCHOH and ‘OOCHC(CHs),OH) are present in the
solution along with Hg/O,™ (Fig. 8). The aim of this study was to compare itfigal
transformation of the pollutant molecules in theegance of formate ions and in the

presence of radical scavengers, and the react¥ityese ROS with each other.
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The radical set is affected also by the contamin#msselves, and therefore the
VUV photolysis of the target molecules was planteetle executed in four different initial
concentrations.

Since no information was found in the literatur@@erning the VUV degradation of
IBU, KETO, NAP or DICL, the aim of this work was ald4o give suggestions for the
chemical structures of the formed aromatic by-potsland to give a tentative mechanism

of their formation.
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4. Materials and methods

4.1. Chemicals and reagents

Table V. The purity and the producer of the useshulbals.

chemical purity producer
1,2-DHB > 99% Fluka
1,4-DHB 99.5% Riedel-de Haen
2-propanol HPLC gradient grade, 99.8% Scharlau
acetonitrile ultra gradient HPLC grade J.T.Baker
tert-butanol 100% VWR
CH;COOH HPLC grade Scharlau
CH;OH HiPerSolv CHROMANORM, 99.8% VWR
DICL n.r. Sigma
PhOH 99% Sigma
HCI AnalaR NORMAPUR, 37% VWR
HCOOH AnalaR NORMAPUR, 99-100% VWR
HCOONa n.r. Reanal
HNO; AnalaR NORMAPUR, 68.5% VWR
H,O, puriss, ~ 30% Fluka
H,O,-urea adduct ~ 30% Fluka
H;PO, 85% SAFC
IBU > 99% Fluka
KMnO, n.r. Reanal
K-oxalate n.r. Reanal
KETO n.r. Sigma-Aldrich
NaH,PO, >99% Spektrum 3D
Na,HPO, >99% Fluka
NaNG; 99.2% VWR
NaOH AnalaR NORMAPUR, 99% VWR
Na-oxalate n.r. Reanal
NAP | 98% | Fluka

not reported

All the chemicals used were analytical grade (Taljeand were applied without
further purification. The solutions were preparediimapure Milli-Q water (MILLIPORE
Milli-Q Direct 8/16 or MILLIPORE Synergyl85). The paraters of the water gained
from the first system were the followings: permeataductivity: 13.3uS cnt ! resistivity:
18.2 MQ cm, total organic carbon (TOC) content: 2 ppb. Tasistivity of the water
gained from the second system was 1@ Fm. Some photolytic measurements of DICL
were preformed in phosphate-buffered solution (FFH.of pH = 7.4 contained 1.1 x £0
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mol dni® NaHPO, and 1.9 x 10 mol dm> NaHPO, in Milli-Q water. The initial
concentrationd) of the used radical transfers were chosen inrdaensure the reaction
rates of HO and these compounds to be in nearly the same ofaeagnitude (seky, ki,
ki7 andk;g). Thecy values of HCOOH, HCOONa, GBH andtert-butanol were therefore
0.50, 0.05, 0.1 and 0.50 mol di respectively. Additionally, the radical scaversmyer
(CH3OH andtert-butanol) were applied also in concentratiofig (scay of 1 mol dm?®and

0.05 mol dm®, respectively.

4.2. Spectrophotometric determination of the HO, concentration

The concentration of #D; (ch,0,), formed during the photolysis of .8 in the

presence of PhOH, IBU or KETO was measured wigHest kits from Merck (valid in
the range 4.41 x 10— 1.76 x 10* mol dnmi®), which made use of the redox reaction
between HO, and Cu(ll) ions in the presence of phenanthrolihe41-43). This reaction
furnishes a yellow or orange complex that can lderdened spectrophotometrically at 455
+ 4 NM €454 nm = 14300 + 200 mot dm® cmi™®) [84]. Samples were analyzed either in a

Perkin Elmer, Lambda 16 or in an Agilent 8453 diadey spectrophotometer.

HzOz + HzO == H30+ + HOZ_ pKa = 116 [85] (41)
CU" + HO, — Cu" + HO, (42)
CH+0, -»Cu+0, (43)

The test kit was calibrated with five points usingOgturea adduct or simply J@;.
The exact concentration of the aqueous soluticth@fadduct and the B, solution were
determined by titration with KMng (standardized with potassium or sodium oxalate

solution). The calibration curve of this,0, measuring method was reported not to be

affected by coexisting organic compounds and orgperoxides [84]. Thus, the equation

established between the absorbance of the sampletheircy,o, in pure HO could also

be used in the case of solutions containing Ph@4, IKETO or their decomposition
products. This was confirmed in control experiments.

Ch,0, N four samples (for IBU and KETO) was calculatesthg the calibration curve
or the standard addition method. In the latter cdsm? of standard 1.34 x IHmol dm®

H,0, solution (made from the urea adduct) was added T of irradiated sample
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solution. In the knowledge of the exact concerdratf the standard solutio,,o, for the

sample could be calculated. The difference betwhenresults of calculations using the

calibration curve or the standard addition methods wwithin the error OfCH202

determination. The standard deviation of the measents performed with the B, test

kit was less than + 10% of the stated values.
4.3. Reactor configurations

Two types of experimental setups were used for th¥ Vhvestigations. Most of the
measurements were performed in the apparatus ddpictFig. 9, containing a Radium
Xeradex™ xenon excimer lamp (of 20 W electrical input popemitting at 172+14 nm.
The lamp was placed at the center of a water-codtgae-walled tubular reactor. The
inner wall of the reactor was made of Supfasgiliartz. The treated solution (250 jrwas
circulated at 375 chmintin a 2-mm thick layer within the two inner wallstbe reactor
and the reservoir by a Heidolph Pumpdrive 5001spatic pump. The reactor and the
reservoir were thermostated at 25.0+0.5 °€(3N99.99% purity; Messer) or 3> 99.99%
purity; Messer) was bubbled (600 €min™) through the solution in the reservoir to
achieve deoxygenated or,-®aturated conditions, respectively. The injectidrNe was
started 30, while the injection of,(5 min before each experiment, and was continued
until the end of the irradiation.

The pH of the irradiated solutions was measured aitinoLab pH 730p instrument,

the measuring electrode being introduced direatly the reservoir.

PS@

Fig. 9. Scheme of the 20 W photochemical apparktpswer supply; 2: teflon packing ring; 3:
xenon excimer lamp; 4: reactor; 5: peristaltic puBigeservoir; 7: magnetic stirrer; 8: flow meter;
9: G, or N, bottle and 10: thermostat.
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The formation of HO, during the VUV photolysis of IBU and KETO was folNed
in the other apparatus, containing a 100 W xenam®ex flow-through photoreactor (Fig.
10). The inner electric connection of this react@sva central metal wire and its outer
electric connection was an aluminum reflector ffdilhe electric connections were linked
to an ENI plasma generator (model HPG-2). This lampitted also a quasi-
monochromatic, incoherent radiatidn,x. = 172+14 nm) with an electrical efficiency of ~
8-10% [86, 87].

Sampling
Gas 1
Qutlet Insert for Xenon
Measurement of: Excimer Lamp
Temperature -1 Al
o Reflector
I VUV, 172 nm
@ Radiation
Reservair Discharge
V=2L Gap: Xe

Ceramic
Oxygenator

Flange - Flow meter

%
¢ _@ Gas Inlet: 02/ N2/ air

Fig. 10. Scheme of the 100 W photochemical apparaiataining a ceramic gassing unit [68].

The aqueous solution within the cylindrical xenokimer flow-through photoreactor
is characterized by a non-irradiated-€aturated bulk solution and a thin-walled hollow
cylindrical irradiated volume\{;) near the quartz/#D interface. This is due to the low
penetration depth of 172 nm light in,®. Within Vi, dissolved @ reacts rapidly with
H/esq and R (5, 6 and 10), resulting in a permanentdeficit within this tiny volume
[88, 89]. To reduce this effect, a ceramic gassing was mounted axially within the
xenon excilamp [90], which facilitated the transééO, directly into the irradiation zone.

In this case, 2 dof liquid was transferred into the reservoir ar@htinuously
recirculated through the xenon excimer flow-throlgyhp at a flow rate of 8 to 9 dmir™
The reservoir was cooled externally with tap watsdditionally, 240 cm of residual
water remained within the pump and the teflon tubesulting in 2.240 drhas the total
treated volume. The flow rate of the injected gasas adjusted to ~ 1 dhmin™, with a
gas pressure of ~ 0.5 bar. For saturation of theisa with O,, the liquid was recirculated
for 30 min before ignition of the lamp. The gas wgected continuously during both the

saturation and the irradiation phases.
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All the presented results are the averages of pBrements; the error bars show the

standard deviation of the measured values.
4.4. Gas chromatography

The photon flux of the 20 W light source was detewdi by means of methanol
actinometry [91]. The methanol containing samplesrewanalyzed on an Agilent
Technologies 6890N Network GC System with an Adil&@achnologies 5973 Network
Mass Selective Detector. Helium was used as cagéerat a flow rate of 1 ¢hmin™* and
at 0.58 bar. Methanol was separated from its VUgraeation productse(g. formic acid,
ethylene glycol or formaldehyde) on an Agilent 1989133 HP-INNOWax (0.25 mm x
30 m x 0.25um) column using the following heating profile: ttemperature was kept at
60 °C for 3 min, than raised to 100 °C with a slapet0 °C min* and kept there for 1
min, further it was raised to 220 °C with a slofet® °C miri* and kept there for another

1 min. In each case Oyl sample was injected using the split mode witlplé satio of 50.
4.5. Solid phase extraction

Solid phase extraction (SPE) was used for sampheerdration before performing
the MS measurements in the case of IBU and KETCo‘,nﬁ?Q;ample solution was extracted
in each case on,g@SPE cartridges with the help of a BAKER spe-12Gaagfus (prod. no.
7018-94). The cartridges were conditioned with 2 of1% acetic acid and methanol in
1:1 ratio, followed by 1 chMilli-Q water. After the addition of the samplelstion the
cartridges were left to dry for ten minutes and easwith 1 cm 4% 2-propanol solution.
The elution of the target molecules was performéth W cnt of 1% acetic acid and

methanol in 1:1 ratio.
4.6. High-performance liquid chromatography with mass spectrometry

Samples containing the pollutant molecules werdyaad on an Agilent 1100 series
LCMSD VL system consisting of a binary pump, a migeguum degasser, a diode array
detector, a thermostated column compartment, a 199D and ChemStation data
managing software (Agilent Technologies). In theecalsthe NSAIDs, 1% aqueous acetic

acid and acetonitrile were used in 1:1 ratio asmluat a flow rate of 0.8 ¢hmin™* either
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on a LIChroCART Gg (4 x 125 mm, 5 um) or on a Kinetex Phenomengx(€.6 x 100
mm, 2.6pum) column. In the case of PhOH, methanol and Mjliwater were used in 7:13
ratio, at a flow rate of 0.8 chmin * on a LIChroCART Gg (4.6 x 150 mm, fum) column.
The quantification wavelengths for the UV deteat@re 210 and 280 nm in the case of
PhOH, 220 and 260 nm in the case of IBU, 260 nithéncase of KETO, 230 and 242 nm
in the case of NAP and 240, 273 and 280 nm in #se of DICL containing solutions. For
MS detection, a 1956 MSD with quadrupole analyzed alectrospray ionization was
operated in the negative ion mode when measuritgj Bree of its by-products (4\v,
Bisu and DOgu), KETO, three of its by-products (Bro, Cketo and xeto), one by-product
of NAP (Bnap), DICL and its by-products (#cL, Boic. and GycL), and in the positive ion
mode when measuring one by-product of IBUs(J one by-product of KETO (4e10),
NAP and two of its by-products {Ar and Gap). N2 was used as drying gas (300 °C, 12
dm® min™%) and the fragmentor voltage was 70 V (except fier measurement ofpfigy,
where a fragmentor voltage of 80 V was appliede mBbulizer pressure was 2.4 bar in the
case of measuring IBU and KETO, while it was 3.4ibahe case of measuring NAP and
DICL containing solutions. The capillary voltage wa800 V (except in the case of

measuring DICL containing solutions, where it wag@ V).

4.7. Adsorbable organic halogen content measurement

The adsorbable organic halogen (AOX) contents ofQKeL containing solutions
were determined by using an APU2 sample preparatiodule (Analytik Jena AG) and a
multi X 2500 instrument (Analytik Jena AG). Durirgample preparation, 30 ¢énof
solution was passed at a flow rate of 3enin * through two quartz tubes containing 2 x
50 mg active carbon in the APU2 module. Inorgaredopens were washed from the
surface of the carbon with a solution containing Bl dnm® NaNO; and 0.14 mol dit
HNOs. The carbon-containing columns were then burnddhif> 99.99% purity; Messer,)
stream at 950 °C and their halogen content was unedsvith a microcoulometric method

in the multi X 2500 instrument.

4.8. Total organic carbon content measurements

For determination of the TOC content of solutioasmulti N/C 3100 instrument

(Analytik Jena AG) was used. The TOC content wasroeted as the difference between
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the total carbon (TC) and total inorganic carbotCjTcontents. 2 cth10 viv % HPO,
was added to 0.500 énsolution to release the TIC of the sample in thenf of CQ. A
further 0.500-cr sample was then burned in, @ 99.995% purity; Messer) stream at
800 °C. The C@formed reflected the TC content of the sample.dthlzases the amount

of CO, was measured with a nondispersive infrared abisorpletector.

4.9. Kinetic modeling

The formal k' values of the degradation of the investigated camge were
determined by performing a nonlinear model fit ba toncentrations measured during the
HPLC analyses, with the help of Mathematica 8 (\Woif) software. It should be
mentioned that our system is very inhomogeneous. VIi& photons are absorbed in a
very thin water layer (< 0.1 mm) and therefore oalythin-walled hollow cylindrical
volume of solution is irradiated, near the quarttay interface. Further, the experimental
setup consisted of a partly-irradiated reactor amdservoir, the determined (apparekit)
values therefore referring to the overall transfation rate of the target molecules under

the experimental conditions applied.

4.10. Proliferation inhibition assays

For measuring the proliferation inhibiting effedttbe VUV-treated DICL containing
samples, 1Dcells well* were placed in the core blocks of 60 wells in S&hunicrotiter
plates (Sarstedt AG) and incubated with the samale28 °C for 24 h. The cells were
subsequently fixed with 4% formaldehyde (Reanahtaming PB and counted with an
impedimetric CASY TT cell counter (Innovatis-Roch&he inhibitory effects of VUV-
treated samples were determined by normalizingntmebers of cells in the treated sample
wells to the cell numbers in the negative contrellsv These wells contained cell culture
medium (containing 0.1% (w/w) yeast extract (Difem)d 1% (w/w) Bactotriptone (Difco)
in distilled water) with the appropriate volume pootion of PB. Measurements were
performed in quintuplicate and repeated three times

Samples from the VUV photolysis of DICL solutionsepared in PB were then
diluted to 1%, 5% and 25% (v/v) in the cell cultmmedium. Cells were incubated with 1—
90 v/v% of PB in culture medium for 24 h, and thenber and morphology of the cells

were then evaluated under a microscope (Zeiss Akge@er).
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4.11. Chemotaxis assay

Chemotaxis is the directed migratory response ofilencells to the gradient of a
dissolved chemical. Chemotactic characterizatioa sfibstance includes the description of
the elicited effect (positivei.e. attractant, or negative,e. repellent) and the time and
concentration dependences of the induced resp@hgsechemotactic responses elicited by
the VUV-treated DICL containing samples were meagun a two-chamber multichannel
capillary assay device [92] for which the optimatubation time was found to be 15 min
[93]. Samples were placed in the upper chambehefdevice, whereas cells ()avere
loaded into the lower chamber. Following a 15-nmiaubation at 28 °C and fixation with
4% formaldehyde containing PB, the number of pesitesponder cells was determined
with a CASY TT cell counter (Innovatis-Roche).

Samples were diluted to 0.1%, 0.01%, 0.001%, 0.2901.00001% and 0.000001%
(v/v) in cell culture medium. Control runs with jpuculture medium in the upper chamber
served for the normalization of cell numbers. Theioraobtained designated the

Chemotaxis Index (Chtx. Ind.). Measurements wergexhout in quadruplicate.

30



5. Results and discussion

5.1. Methanol actinometry

At the beginning of the measurements the photax dluthe 20 W light source was
determined by means of methanol actinometry [9tLokding to the work of Oppenlénder
and Schwarzwaélder, the photon flux of the larRp i6 proportional to the initial VUV-
induced degradation rate of metharid) in aqueous solution, as it is presented in Eq.
VII. The factor 0.946 refers to the production of themol by the disproportionation
reaction of hydroxymethyl radicalSQH,OH) (44), which slows down the Hé@nduced

transformation of methanol (17 is the total irradiated volume (250 ?)mquzo is the
total quantum yield of water photolysis (0.42 [62]).0 is the fraction of photons absorbed
by water; @cr,omH is the total quantum yield of methanol photoly§i88 [62]) anCKCHsoH

is the fraction of photons absorbed by methanolc&thek’ values of Fig. 22 and theg (=
k' x cp) values of Tables VI, VIII-X (Sections 5.2-5.5) neecalculated to refer to the
overall transformation rate of the target molecutbe K%us. Values calculated here refer
also to the overall transformation of methanol, awg although inhomogeneously
irradiated, is considered to be the total voluménefsolution. Thus, the andk’ys values

are consistent with each other.

P=—1 ko, x Ve (Vi)
0946 D0 X o + Popron X Conon
2°CH,OH — CHzOH + CHO (44)

TheCHzo andCCHsoH values were calculated from the molar absorptmeffecients of
water and methanol at 172 nepf = 10 mol* dn?® cmi?, echyon = 162 mol* dm?® cmi™,
respectively [62]), the initial concentration of tnanol (:OCHgoH) and the concentration of
water €u,0), which was considered to be 55.6 mol drm such diluted solutions (Egs.

VIl and 1X).

0
gCH OH X CCH OH
: : VI

(CHsoH -

0
chgor X Cengon + €n0 *Chyo

ZHZO =1- ZCHaoH (IX)
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The P may be determined from tH&,s. values, which are nearly constant over a

definite COCHsoH range. At IowercOCHsoH the degradation of methanol may be represented

with a pseudo-first-order rate constant, insteaa néro-order rate constak?o()s), while at
higher COCH3OH, the VUV photolysis of methanol (45-48) competeghwhe VUV

photolysis of water and the Hénitiated degradation of methanol, increasing g
values [91] (theD, - 135 nmValues represent the quantum yield of the proseass&85 nm).
The Koys. was determined therefore to be 5.1 x°1@ol dm® s (Fig. 11) and the photon

flux of the 20 W xenon excimer lamp was calculatetde 3 x 10° moknotonS

CH;OH +hv — CH30' +H D) =185 nm= 0.69 [62] (45)
CH;OH +hv — 'CHon +H @) =185 nm= 0.08 [62] (46)
CH3OH + v — CH,O + H, &)= 185 nm= 0.06 [62] (47)
CH;OH +hv — CH3. + HO D) =185 nm= 0.05 [62] (48)
8 -
7,
e
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Fig. 11. The initial VUV-induced degradation ratésnethanol as a function of the initial
methanol concentration, using the 20 W xenon exclamp.

Since the energy of the 172 nm photoBs’{ ™) is 6.96 x 18 J MOphoton , the
electrical power of this lamp may be calculatéd, (= 2.1 W; Eq. X), which means a

realistic electrical efficiency of ~ 10%.

s1x696x10° Jmol =21 W (X)

photon

P, =PxE" =3x10"° mol

photon
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5.2. The effects of dissolved £

5.2.1. HO, formation during the VUV photolysis of the contamant molecules

Although the formation of kD, during the irradiation of PhOH was measured in the
reactor depicted in Fig. 9, and during the irradiabf IBU or KETO in the reactor shown
in Fig. 10, it was experienced in each case theiritial transformation of the contaminant
molecules increases tleg,o, (Fig. 12) [68]. (Thecy,o0, values measured during the VUV
photolysis of the NSAIDs were significantly hightean the values obtained in the case of
PhOH likely because of the difference between thetec input power of the light sources
(100 Wvs. 20 W). While the difference between tbgo, values in the case of IBU and

KETO are likely due to the difference between therical structures and the number of

carbon atoms of these compounds.)
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Fig. 12. HO, formation during the VUV irradiation of PhOH, 1Bt KETO containingdg = 1.0 x
10™* mol dm®), O, saturated solutions.

The increase of they,o, in the presence of the previously mentioned owgani

contaminants is in accordance with the results eonog the VUV-induced mineralization

of oxalic acid or methanol [94, 95] and make reakd® the assumption that tieg,o,

increases also during the VUV photolysis of NAP @1€L. The reason of the increased

values ofci,0, may be that these organic contaminants are abkmove HOand H/eyy

from the solvent cage and transform fo(& 49).

RH+H — R +H, (49)
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On the one hand, 4@, may be generated through the formation and decsitipo
of tetroxides, generated from these radicals (5Car®d 37). The formation of ketones (37)
may occur through formation of six- or five-memizteansition states (Figs. 13 and 14,
where Ph represents the aromatic ring) [82, 83]. e&&lence of the above reaction
mechanisms, 4-isobutylacetophenone was detectedntoduring the VUV transformation
of IBU (Section 5.6.1).
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Fig. 13. Split off of HO, from tetroxides formed by the recombination ofitey peroxyl

radicals.
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Fig. 14. Split off of HO, from tetroxides formed by the recombination ofws&tary peroxyl
radicals.
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On the other hand, theuo,o,”~ is also increased in the presence of organic

contaminants (34, 40), which could be the secoadae of the increaseay due to the

202
reactions (27, 29 and 36).

5.2.2. The effects of dissolved ©On the initial transformation of the contaminant

molecules

Although the reactivity of H@/O,™ is usually reported to be lower than that of H
[70], in an elevated concentration they may alsotridoute to the degradation of organic
contaminants. Additionally, dissolved, @ould prevent the recombination of/e}; and
HO™ (2, 3, 5 and 6), and at the same time may hinderbackward reactions of Rnd
(RHOH) (8-11). The increase of the initial transformatiates ;) of the studied
compounds was expected therefore, in the presehn€®.Although in the case of the
model compound (PhOH) the results supported therealassumptions (Fig. 15), the
values were significantly higher in the absenc®gfwhen NAP containing solutions were
irradiated (Fig. 16). Moreover, the differenciesvieen thero values determined in ©

saturated or deoxygenated solutions didn’t depenithec, values of NAP.
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Fig. 15. The VUV photolysis of PhOHy= 1.0 x 10" mol dn®) in the presence and absence of
dissolved Q.
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Fig. 16. The initial VUV transformation rates of RAsolutions of different initial concentrations,
in the presence and absence of dissolved O

The effect of dissolved Owas investigated therefore in the case of theetlotber
NSAIDs as well. As it can be deduced from Table ¥k absence of Oenhanced the
VUV photolysis of IBU in 1.0 x 1¥ mol dn® concentrated solutions, but it had no

significant effect in any other case.

Table VI. The initial VUV transformation rates dfet investigated compounds in the presence and
absence of dissolved,O

Co=1.0 x 10° mol dm™ Co=1.0 x 10* mol dm™

comp. | 9as | ry(x10'mol | SD (x10'mol | ro(x 10" mol | SD (x 10" mol
dm=3s?) dm=s? dm=s? dm=3s?)
PhOH O, 2.4 0.05 4.4 0.10
N> 1.9 0.05 1.2 0.03
IBU 0O, 1.2 0.07 5.3 0.20
N> 1.6 0.06 52 0.30
KETO O, 2.8 0.10 10.0 0.30
N> 2.7 0.04 10.3 0.40
NAP O, 14 0.04 6.8 0.20
N, 3.2 0.20 8.6 0.40
DICL O, 1.9 0.05 5.7 0.30
N, 1.8 0.08 5.5 0.08

Since the reaction of H.q with O, (5, 6) or with an organic compound are

competitive processes, the role of dissolvedv@s investigated in solutions containing the

contaminant molecules both in 1.0 x Aol dni®and 1.0 x 1¢ mol dm®. Although the
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value of the reaction rate constant of the reactitth H' is reported only in the case of
PhOH and IBU (Table I1lI), it might be supposed ttis other three values are in nearly
the same order of magnitude as khalues of their reactions with H@r the values oks

andks. Additionally, the concentration of dissolved ((202 = 1.25 x 10° mol dm‘3) was

with one or two orders of magnitude higher thandppliedc, values. If thecy was 1.0 x
10°° mol dni3, the rate of the reaction of kg with O, (5, 6) was therefore ~ 100 times
higher and in the other case ~ 10 times higher tharrate of the reaction of g with
the studied compounds. Thus, the effects of disdo@ewere more pronounced in the
case of using & of 1.0 x 10° mol dnT™>.

In the case of NAP and 1.0 x£@nol dn® IBU solutions it might be supposed that
H'/e,q also contribute to the degradation of the targelesules. In the presence of
dissolved @ the transformation of these reactive intermeditdeless reactive HEYO, ™
might hinder the degradation of the contaminants.

In the case of KETO, DICL and 1.0 x f0mol dm? IBU solutions also the
contribution of H/e,q to the transformation of the organic substrateghtride underlined.
However, in this case it is likely that the coneatibn of H/e,q, which decreased in the
presence of @ was compensated by the increased concentratiBIO&.

Additionally, in the case of the NSAIDs the sigo#nce of dissolved On hindering
the backward reactions of Rnd (RHOH) seemed not to be relevant, maybe because of

the rapid further transformation of Bnd (RHOH).

5.2.3. The effects of dissolved,@n the degradation by-products and the

mineralization of the contaminant molecules

Dissolved Q also affected the formation and transformatio’vVofV photoproducts
of the contaminant molecules (Section 5.6). Duthgyphotolysis of the target compounds
four aromatic by-products of IBU and KETO A — Dgu and Aeto — Dketos
respectively — see their tentative structures icti8es 5.6.1 and 5.6.2), three by-products
of NAP and DICL (Awar — Guap and ApicL — GoicL, respectively — see their tentative
structures in Sections 5.6.3 and 5.6.4) and twqrogucts of PhOH (1,2- and 1,4-
dihydroxybenzene (1,2-DHB and 1,4-DHB, respectiyelyidentified with the help of
standards) were detected. Among these photoprqdilngisconcentration of 4y, Bigu,

Bketo, CKETO, Dketo, Anap, CNAP, ApicL and 1,2-DHB was hlgher in the presence of
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dissolved @, while the concentration of £, Aketo, Bpict, Coic. and 1,4-DHB in the
absence of @(like in Fig. 17). The concentration ofdd was nearly the same both under
oxygenated or deoxygenated conditions, whilgBwas detected only in Osaturated

solutions.
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Fig. 17. The effects of dissolved On the VUV formation and transformation of a) lypgbuct
Cuap and b) by-product &, (Co = 1.0 x 10* mol dn1?).

o

Although the formation of the detected by-produgftshe NSAIDs is probably not a
one-step process (see Section 5.6), the reactetmgebn the radicals generated during the
VUV photolysis and the target molecules may be e determining steps of their
formation. If the reaction rate of a radical andaaganic compound is higher than that of
the radical and the by-product (which can be canrsid as a result of the reaction between
the radical and the contaminant), the radical eobsuthe formation of the by-product.
Similarly, if the reaction rate of a radical anda@aganic compound is lower than that of the
radical and the by-product, the radical contributesnly to the transformation of the by-
product. In other words, the concentration of apbyduct is elevated if a radical
contributes to its formation, and it is lower ifadical enhances its transformation.

In Os-saturated solutions HOO, ™ are present along HOwhile in deoxygenated
solutions H/e,q. According to the ratio of the by-products in theesence and in the
absence of @ mentioned abovee(g.in Fig. 17) it is likely that HG/O, ™ contributed to
the formation of Asy, Bigu, Bketo, Cketo, Dketo, Anap, Bnap, Cap, ApicL and 1,2-DHB
and to the transformation ofgg, Akero, Boict, Coict and 1,4-DHB. Similarly, He,q
could contribute to the formation ofigg, Akerto, Bpict, Coic. and 1,4-DHB and to the
transformation of Ay, Bisu, Bketo, Cketo, Dketo, Anap, Brnap, Cnap, Apict and 1,2-DHB.

During the degradation of DICL, various chlorineataining (and therefore
potentially toxic) by-products may form. Hence, th®X contents of the solutiongy=
1.0 x 10* mol L™ were also measured. As demonstrated by Fig. b8significant

difference was found between the rates of dehaktgenin the presence or absence af O
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This might be due to the similar initial degradaticates of DICL in oxygenated and
deoxygenated solutions (Table VI) and to the faoéd by-product Ac. was detected in
higher concentration in the presence of While by-products B and Gic. (Fig. 17b)

were more abundant in solutions purged with N
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Fig. 18. The effect of dissolved,®n the dehalogenation of DICEy(= 1.0 x 10* mol dn1?).
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Fig. 19. The effect of dissolved,®n the mineralization of NAR§ = 1.0 x 10* mol dn7?).

Similarly to NAP-containing solutions (Fig. 19),ethmineralization of the NSAIDs
was significantly more efficient in the presencad@solved @ (Table VII). In oxygenated
solutions the total mineralization of the contamitsawas reached after 2 h of VUV
irradiation (with the exception of IBU, where 259% the initial TOC content of the
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solution was detected even after 2 h of treatméfdgjvever, in solutions purged withp,N
only a 10-45% mineralization could be reached witthie applied irradiation time. This
would suggest that in deoxygenated solutions, sandetected recalcitrant by-products
were formed. In the absence of, @he recombination of theRormed in the reaction of
the NSAIDs and HQOis highly likely and may result in dimers and oligers of the target
molecules, analogously to the transformation oeptbrganic contaminants [70, 96]. The
degradation of these compounds is much more difftban that of the original molecule,
which could explain the low efficiency of TOC logs deoxygenated solutions (Fig. 19,
Table VII). The essential role of dissolve@ @Quring the effective decontamination of

NSAID-containing solutions should therefore be utided.

Table VII. The degree of mineralization of the s&adNSAIDs after 2 h of VUV irradiation in
oxygenated and deoxygenated solutions.

mineralization (%)
comp.
Og Ng
IBU 75 20
KETO 100 10
NAP 100 25
DICL 100 45

5.3. The effects of HEF/O,"~ on the transformation of the target compounds

The ratio of HQ" and Q, formed during the VUV irradiation of Osaturated
aqueous solutions, is affected by the pH. Above pig of HO, (4.8 [69]) the
predominance of HO over Q™ should be taken into consideration. This was tree ca
during the VUV photolysis of IBU, KETO and NAP (Fig0). However, due to the higher
pKa of PhOH (9.88 [97]), compared to th&pvalues of the NSAIDs (Table 1) and the
usage of the sodium salt of DICL, in the case mddiating PhOH or DICL, H® was
mainly present in the form of its conjugate baski-plk the 70-80% transformation of
these contaminant molecules.

To settle which form of HE/O,™™ plays the greater role in the transformation @f th
studied compounds, their VUV photolysis was invgeied also in the presence of formate
ions and dissolved £both at lower (~ 3.9) and higher pH (~ 10.5). Awas expounded in
Section 2.3.2, if both formate ions and &e present in the solution, almost all primary

radicals of VUV photolysis can be converted toHO, ™ (12—16). If the pH is adjusted to
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~3.9, 90% of the radicals appear in form of HQvhile using a pH of ~ 10.5, they are
almost completely transformed t@'O The comparison of Tables VI and VIII reveals that
the conversion of highly reactive H@o less reactive HEYO, ™ decreased significantly
(with nearly one order of magnitude in most cas#® transformation rates of the
contaminants. Additionally, the values of Table \dliggest that during the transformation
of PhOH and NAP, the contribution of HQwhile in the case of IBU and KETO, the
contribution of @~ was higher among HOO," ™. From these results it might be supposed
that the reaction rate of B0, ™ and organic compounds depends highly on the simict

of the target molecule.
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Fig. 20. The decrease of the pH of thes@turated, VUV irradiated solutions. The arronavsithe
treatment time needed for the complete transfoonaif the compounds. The broken line depicts
the pH, where the concentration of Hl@nd Q"™ is equal.

Table VIII. The initial VUV transformation rates e investigated compounds in case of
converting the majority of the radicals to K@r to Q™.

HO," or
comp. | r,(x10°mol | SD(x10° | ro(x10°mol | SD (x 10°
dm3s? mol dm™s™) dm3s? mol dm™3s™)
PhOH 13.0 1.00 1.1 0.10
IBU 2.2 0.20 5.2 0.20
KETO 3.2 0.05 8.8 0.30
NAP 2.2 0.20 1.1 0.03

Because of the low solubility of DICL below pH = 5Big. 2), the effect of H®

could not be investigated by using formate ionsaakcal transfers and adjusting the pH

41



around 3.9, as it was studied in the case of therdarget molecules. However, the VUV
photolysis of DICL was performed also in the preseof phosphates, to adjust the pH to
be in the range 6.9-7.2. Under such conditions’ I~ was present mainly in the form
of O, during the whole treatment. Using longer irradiattimes (t > 180 s, Fig. 21), in
the case of DICL dissolved in Milli-Q water, the jodty of O~ could be converted to
HO,". Comparing the VUV photolysis of DICL and the fation and transformation of its
by-products in oxygenated solutions, in the preseand absence of PB, may give
therefore an insight into the role of L@, ™ also in this case. As it can be seen in Fig. 21,
the decay of DICL was slightly increased in Milligater after 180 s of irradiation and the
concentrations of the by-products were higher engresence of PB.
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Fig. 21. The effects of PB a) on the degradatioDI6fL and b) on the formation and
transformation of by-productfy, (Co = 1.0 x 10 mol dni®) in oxygenated solutions.

Both H,PO,” and HPQ? are reported to be HGscavengers [98]. It is essential

therefore, to calculate their effects on the DIGkgihdation kinetics. The reaction rate
constants of HP§ and HPO,™: kipo,2- [98-100] andky,po,~ [100, 101] are 2-6 orders of
magnitude lower than that of DICKdc., Table III):

HPO? + HO — HPQ, ™ + OH Kipo2- = 1.5 x 16— 5 x 16 mol™* dn?®* s™* (50)

HPO” + HO — H,PQ + OH Ki,po,~ =2 x 10 — 1 x 16 mol™* dn® s™* (51)

From the reaction rate constants and the initiateatrations of DICL, HP§ and
H.PO, (which at the beginning of the photolysis weregldly equal to their actual
concentrations ([DICL], [HPg ] and [H:POy ], respectively), the reaction rates of DICL

(roicL), HPQ?Z (rupo,2) and BPO,™ (ru,po,~) may be calculated:

MoicL — kDICLxI_HO.JX[D|CL]

I’HPOE’ kHPO}’ xl.Ho. Jxl.HPOj_J (XI)
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Since bothero42— andrH2p04— were found to be significantly lower thap,c_, the

bulk of the HO is likely to react with DICL rather than with HRO or HLPQ,". The
negligible difference found between the degradataias of DICL in Milli-Q water and in
PB at the beginning of the photolysis (Fig. 21ayrha attributed to the above findings.
The experiences that the concentrations of aronbgtisroducts were higher in the
presence of PB (where H@O, ™ is mainly present in the form of,0) than in the samples
prepared in Milli-Q water (where HJO, ™ is mainly present in the form of HY (Fig.
21b) and that the degradation rate of DICL was lowehe presence of phosphates, using
longer irradiation times (Fig. 21a), may be exptairby the probably lower reaction rates

of DICL and its by-products with £, relative to those of their reactions with HO

5.4. The effects of radical scavengers on the traiesmation of the target

compounds

Methanol andert-butanol are usually considered as ‘Hf@avengers and therefore,
their effects were investigated during the VUV mhpsis of the studied NSAIDs and
PhOH, respectively. According to the expectatidhs, presence of bottissolved @ and
radical scavengers decreased significantly thdalniUV transformation rates of the
studied moleculesc{ = 1.0 x 10* mol dni®) (Table 1X) due to the conversion of highly
reactive HO to less reactiveODOCHOH or OOCH,C(CHs),OH.

At the beginning of the reactions the actual cotreg¢ions of the solutes can be
considered roughly equal to their initial concetinas. Using these concentrations and the
reaction rate constants reported in Table Ill, &l wsk;7 andk;g, the reaction rates of
these compounds and H@ay be calculated. Thg values were chosen in order to ensure
the reaction rates of HGnd the radical scavengers to be ~ 2 orders ohinate higher

than that of HO and the target moleculeise. that almost all HOreact with the radical
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scavengers instead of with the contaminants. Eiaeptvere the usage of 1.00 mol dm
CH3OH (where the reaction rate of H@nd methanol was ~ 3 orders of magnitude higher
than that of HOand the NSAIDs) and the usage of 0.05 mor“dert-butanol (where the

ratio of the reaction rate of H@nd phenol and that of H@nd the radical scavenger was
only 36).

Table IX. The initial VUV transformation rates dfet investigated compoundsg € 1.0 x 10" mol
dm® in the presence of dissolved @nd both dissolved £and radical scavengers.

comp. | Cag. scav. (Mol dm™) | ro (x 107 mol dm=s?) | SD (x 10" mol dm™s™)
- 4.40 0.10
PhOH 0.05 0.83 0.01
0.50 0.55 0.02
IBU - 5.30 0.20
0.10 2.90 0.10
- 10.00 0.30
KETO 0.10 9.10 0.20
1.00 5.40 0.20
- 6.80 0.20
NAP 0.10 2.06 0.07
1.00 1.37 0.03
- 5.70 0.30
DICL 0.10 3.75 0.05
1.00 2.21 0.05

Table X. The ratio of the initial VUV transformatioates of the investigated compounds in the
presence of different radical transfers.

comp ro (O)/ ro (Oz)/ ro (O2)/ o (oA
' Mo (HOZ.) o (02._) o (|OW€I’ Crad. scav) o (hlgher Crad. scav)
PhOH 3.4 40.0 5.3 8.0
IBU 24.1 10.2 1.8 n.m.
KETO 31.3 11.4 1.1 1.9
NAP 30.9 60.2 3.3 5.0
DICL n.m. n.m. 1.5 2.6

not measured

If the ratio of the initial transformation ratestbe studied molecules are compared in
the presence of dissolved @nd in the presence of both @nd formate ions (to convert
the radicals to H®/O,™) (ro (Oo)/ro (HOZ') or ro (Oo)/ro (O.77)) with the ratio of the
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transformation rates in the presence of dissolve@@ in the presence of both @nd
radical scavengers (GBH ortert-butanol) (o (O.)/ro (Iower Crag. scay) OF ro (O2)/ro (higher
Crad. scay), it may be noticed that the former values agnidicantly (in almost all cases
with one order of magnitude) higher than the lattees (Table X). The only exception is
the case of irradiating PhOH in the presence df kiptand formate ions at acidic pH. The
reason of the former surprizing observation mightttmat the contribution of the peroxyl
radicals (formed in the presence of bothddd the radical scavengefQOCHOH and
‘O0OCH,C(CHg),OH, respectively) to the transformation of the emminants may be
higher than that of H&YO,™ (formed in the presence of both @nd formate ions). The
contribution of these peroxyl radicals to the degton of organic pollutants should
therefore not be neglected and methanol gmtbutanol should also be considered as
radical transfers instead of radical scavengers.rélagively low value ofo (O2)/ro (HO,')

in case of irradiating PhOH suggests that the i@acate constants of HOare lower in
case of the NSAIDs than that of PhOH (2.7 ¥ @i mol™* s [102]). Therefore, the
contribution of HQ to the degradation of the contaminants seems teebégible in the

case of the studied drugs and it seems to havear mignificance in the case of PhOH.

5.5. The effects of the initial concentration of th target compounds
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Fig. 22. The apparent reaction rate constantseo$tiidied NSAIDs as a function of their initial
concentrations, in the presence of dissolved O
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If the ¢y is fixed, the pseudo-first-order approach is fkédor the description of the
degradation kinetics of the VUV photolysis of tlwestigated contaminants. However, in
oxygenated solutions, the apparent first-order catestants decreased in almost all cases
with the increase of they (Fig. 22). The reason of these observations mighthiat at
higher co, more HO is involved in reactions with the NSAIDs and theasly-state
concentration of HO([HO']sg therefore decreases. Thus, our observationkhét k x
[HO'lss wherek is the second-order rate constant of the reactfothe® NSAIDs with
HO’) decreases with the increasecgfcan be explained by the decrease in JHd§along
with the constant value d. Although it was measured only in case of tegp similar
tendency was experienced also in the case of Pls@¢iT{able VI), th&’ being 4.4 x 10
stif the o was 1.0 x 10 mol dni® and 24 x 10 st if the ¢, was chosen to be 1.0 x 20

mol dn>. These results correlate well with the workSaftoet al. [103].

5.6. Possible reaction mechanism of the VUV decomgition of the treated
NSAIDs based on the experiments
5.6.1. Possible reaction mechanism of the VUV degposition of IBU

<
-
.......

A (nm)
Fig. 23. UV absorbance of IBU and of by-producis;ABigy, Ceu and Dsy.

The tentative mechanism of the VUV photolysis of Ph®was already investigated
[64], this section focuses therefore on the decatipo of the studied NSAIDs. The
HPLC-MS results permitted suggestions concerning themical structures of the
aromatic by-products of the treated drugs. Amorgyftur by-products of IBU photolysis
(Aiu — Disu, Figs. 24 and 25) one ) could be detected using the positive and the
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others using the negative ion mode. Th&value of Agy was found to be 221 (see Fig.
A2 in the Appendix). Therefore, its molecular mas®uld be 222, which differs by 16
from the molecular mass of IBU (206) (Fig. Al).
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CHs CHs 0o OH
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HsC HsC HyC
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CH,
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HsC

Fig. 24. Possible chemical structures of by-proslégly, Cey and Dgy.

The diode array UV detector of the used HPLC autaralyi measured the UV
absorbance of the chromatographic peaks. Theretbee, UV spectra of IBU and its
aromatic by-products could be compared. The UV dizswe spectrum of 4, displayed
some similarities with that of IBU, although a bathromic shift of the absorbance
maxima was observed and a tertiary maximum aroufid rin was detected (Fig. 23).
Since electron-donating substituents (like OH gsyupharacterized with a positive
mesomeric effect) are reported to induce bathoclueinfts [104] and the atomic mass of
O is 16, it was presumed, that this by-product manohydroxylated derivative of 1BU
(Fig. 24, Agu). The formation of such derivatives was reportésb aduring gamma
radiolysis [34, 105], photocatalysis [106, 107]nalysis, sonophotocatalysis [106], the
photo-Fenton treatment [108], using chemical oxidaiKMnO,, H,O, or K,Cr,O;) or
heating [109], but also during the biodegradatiohBdJ) in the white-rot fungiTrametes
versicolor[110].
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The m/z value of by-product By (237) differed by 16 from then/z value of the
former compound (221) (Fig. A3) and its UV absod®mspectrum displayed similarities
with that of IBU and Agy (in this case the absorbance maxima of the tgrti@ximum
was found around 260 nm) (Fig. 23). It is likelyetéfore that this by-product is a
dihydroxylated derivative of IBU (Fig. 25). Suchopucts form also during gamma
radiolysis [34], photocatalysis, sonolysis, sondpbatalysis [106] and during the
biodegradation of IBU inTrametes versicolof110]. However,Mendez-Arriagaet al.
proposed the formation of a hydroxylated peroxydaém/z = 237) during the
photocatalytic and photo-Fenton treatment of IB071108]. The generation of such
molecule might be interpreted by a hydrogen abstnaceaction from the carboxyl group
of a monohydroxylated IBU derivative, followed byecombination reaction between the
formed radical and HOHowever, HO usually abstracts 'Hrom the carbon atoms of the
aliphatic chains instead from oxygen atoms (in edaoce with the higher energy of the O-
H bond (463 kJ mot) compared to that of the C-H bond (413 kJ MdiL11]), like in its

reactions with methanol (17, 52).
CHs;OH + HO — CH;O" + H,0 kso = 7.3 x 10 mol* dm?® s [112] (52)

In this case (52) the possibility of the formatimfnrmethoxy radicals (C4D’) is only
7% [113]. Therefore, the generation of a dihydrotgdaproduct is more likely during
VUV photolysis than the formation of a hydroxylateeroxy acid.

The molecular mass of &g (176, calculated from iten/z value (177), Fig. A4)
differed by 30 from the molecular mass of IBU (2d6)g. A1) and its UV spectrum
differed significantly from that of IBU (Fig. 23)t might be supposed that in this case the
decarboxylation of IBU occurred, and from the geted radical (Ry’) the ketone 4-
isobutylacetophenone was formed (Fig. 24y} altering significantly the chromophore
of the parent compound. Althoughg@ might also be 1-isobutyl-4-isopropylbenzene (its
m/z value would be 177), the formation of such by-metdis mechanistically unlikely,
because neither the elimination of a H{followed by H addition) from IBU, nor the
recombination of a methyl radical withgl" is probable. It should be mentioned, that the
formation of 4-isobutylacetophenone was reportesb alluring gamma radiolysis of
oxygenated IBU solutions [34], sonolysis, sonopbatalysis [106], UV and UV/VUV
photolysis [12, 45, 114, 115], electro-Fenton arbtpelectro-Fenton treatment [116],
using chemical oxidants (KMnOH,O;, or K,Cr,0;) or heating [109].
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The molecular mass of g (208, calculated from itsn/z value (207), Fig. A5)
differed by 2 from the molecular mass of IBU (2@F)g. Al) and it had only a weak
absorption (with an intensity maximum around 260) mmthe 190-310 nm region (Fig.
23). It is supposed therefore, that in this caseedhyl group was substituted with a
hydroxyl group, resulting in 2-[4-(2-hydroxypropghenyl]propanoic acid (Fig. 24,43 1)
or hydroxy(4-isobutylphenyl)acetic acid (Fig. 24,gl%). The formation of such by-
product was experienced also during sonolysis, quabalysis and sonophotocatalysis
[117].
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Fig. 26. Possible pathway of formation of by-pradu&g, 1, Bigu.1, Ceu and gy 1.
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The degradation of IBU during photocatalysis, ele¢ienton and photoelectro-
Fenton treatment is supposed to be initiated by rdwydation followed by a
decarboxylation step [107, 116, 117]. Similar tfanmation pathways might happen also
during VUV photolysis. Hydroxylation might take pkin the ring [34], but also in the
side chains [105, 106, 108-110]. The former pathmaght be interpreted by the addition
of a HO to the ring, resulting in a hydroxycyclohexadietype radical. After the addition
of an Q molecule to this radical and the elimination ofHD,", 2-(3-hydroxy-4-
isobutylphenyl)propanoic acid (# 1) and 2-(2-hydroxy-4-isobutylphenyl)propanoic acid
(Aigu2) might be formed (Fig. 26). The latter pathway nigle induced by the H-
abstraction reactions of either ldr HO. The recombination reactions of the generated
carbon-centered radicals with HO could result in 2-[4-(2-
hydroxyisobutyl)phenyl]propanoic acid g 3), 2-hydroxy-2-(4-isobutylphenyl)propanoic
acid (Asua4), 2-[4-(1-hydroxyisobutyl)phenyllpropanoic acid §As), 2-[4-(3-
hydroxyisobutyl)phenyl]propanoic acid ge) or 3-hydroxy-2-(4-isobutylphenyl)-
propanoic acid (f&u7) (Fig. 24). Since the stability of carbon-centeradicals increases
in the order: primary < secondary < tertiary [118je probability of Agys formation is
lower than that of sy 3 and Agu.4, but higher than that of g, s and Agu 7.

The formation of dyhydroxylated IBU by-products migbe interpreted by the
hydroxylation of the monohydroxylated IBU derivas/ (Fig. 26). Thus, by-products
hydroxylated both in the side chains and in therartic rings, dihydroxylated only in the
aromatic rings or only in the side chains may beegated. 2-[3-hydroxy-4-(2-hydroxy-
isobutyl)phenyl]propanoic acid (&1), 2-hydroxy-2-(3-hydroxy-4-isobutylphenyl)
propanoic acid (Bugz), 2-[3-hydroxy-4-(1-hydroxy-isobutyl)phenyl) propaic acid
(Bigu,3), 2-[3-hydroxy-4-(3-hydroxy-isobutyl)phenyl]propaie acid (Bsu ), 3-hydroxy-2-
(3-hydroxy-4-isobutylphenyl)propanoic  acid £Bs), 2-[2-hydroxy-4-(2-hydroxy-
isobutyl)phenyl]propanoic acid (), 2-hydroxy-2-(2-hydroxy-4-isobutylphenyl)
propanoic acid (Bu7), 2-[2-hydroxy-4-(1-hydroxy-isobutyl)phenyl) propaic acid
(Bisusg), 2-[2-hydroxy-4-(3-hydroxy-isobutyl)phenyl]propaic acid (Bguge) and 3-
hydroxy-2-(2-hydroxy-4-isobutylphenyl)propanoic é&¢Bisu,10) may form the first group.
2-[2,3-dihydroxy-4-(2-methylpropyl)phenyl]propanoaxid (Bguy,i1), 2-[2,5-dihydroxy-4-
(2-melthylpropyl)phenyl]propanocic acid @3.12), 2-[3,5-dihydroxy-4-(2-melthylpropyl)
phenyllpropanoic acid (Buiz) and 2-[2,6-dihydroxy-4-(2-melthylpropyl)phenyl]
propanoic acid (Bui4) may be species from the second group. Finally4-@,3-
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dihydroxy-2-methylpropyl)phenyl]propanoic  acid £B1s), 2-[4-(1,3-dihydroxy-2-
methylpropyl)phenyl]propanoic acid €9,16), 2-hydroxy-2-[4-(3-hydroxy-2-
methylpropyl)phenyl]propanoic acid d3,17), 3-hydroxy-2-[4-(3-hydroxy-2-
methylpropyl)phenyl]lpropanoic acid 31s), 2-[4-(1,2-dihydroxy-2-methylpropyl)
phenyl]propanoic acid (Bu19), 2-hydroxy-2-[4-(2-hydroxy-2-methylpropyl)phenyl]
propanoic acid (Buzo0), 3-hydroxy-2-[4-(2-hydroxy-2-methylpropyl)phenglppanoic
acid (Bgu,21), 2-hydroxy-2-[4-(1-hydroxy-2-methylpropyl)phenglppanoic acid (Bu.22),
3-hydroxy-2-[4-(1-hydroxy-2-methylpropyl)phenyl]gsanoic acid (&u23) and 2,3-
dihydroxy-2-[4-(2-methylpropyl)phenyl]propanoic dc(Bgy24) may compose the third
group.

If H" or HO abstracts H atom from the second C atom of theamoic acid side
chain, CQ molecule might eliminate from the formed carbomieeed radical. Thus,
another carbon-centered radicalg(R) could be generated. In oxygenated solutions the
addition of an @ to this species would result in a peroxyl radiRDOgy"). After the
recombination of two RO@," a HO, molecule might eliminate from the formed tetroxide
according to the Bennett mechanisms [82]. This waoakllt in 4-isobutylacetophenone
(Cisu, Fig. 26). The fact that the concentration oA Bsu and Gsy was significantly
higher in the presence of dissolveg @rrelates well with the above assumptions.

Even the substitution of a methyl group of IBU wéhydroxyl group is likely to be
initiated by H abstraction from the tertiary C awwf the side chains of IBU. After the
addition of a HO molecule and the elimination of a methyl radi¢@Hs) 2-[4-(2-
hydroxypropyl)phenyl]propanoic acid #31) or hydroxy[(4-isobutyl)phenyl]acetic acid
(Digu,2) might be generated (Fig. 26).

CHj3

CHs
0
HsC
Fig. 27. The distribution of electrons in IBU, therows indicating the increasing electron density.

Based on the electronegativity values of C, H and&t@ms, Fig. 27 depicts the
distribution of electrons in IBU. Since HGs an electrophile radical and the electron
density is higher on the tertiary C atom of thebigyl side chain than on the propanoic
acid side chain, it is likely that hydrogen absti@t occurs more favorably from the

isobutyl chain. Therefore, it is more reasonablé the substitution reactions take place at
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this chain, resulting in 2-[4-(2-hydroxyisobutyl)xatyl]propanoic acid (Au3) rather than
in  2-hydroxy-2-(4-isobutylphenyl)propanoic  acid &4 and in 2-[4-(2-
hydroxypropyl)phenyl]propanoic acid (1) rather than in hydroxy[(4-isobutyl)phenyl]

acetic acid ([xu 2).

5.6.2. Possible reaction mechanism of the VUV degpaosition of KETO

Among the four photoproducts of KETO &0 — Dketo, Fig. 29) one (Asto) could
be detected using the positive and the others ubmgegative ion mode. The molecular
mass of Agto (210, calculated from itm/zvalue (211), Fig. A7) differs by 44 from the
molecular mass of KETO (254, Fig. A6). Additionaltiie UV spectrum of Aero showed
similarities with that of KETO (Fig. 28), suggestititat the change in the structure of the
parent compound did not alter significantly theusture of the chromophore. It is
presumed therefore, thatkéo is the decarboxylated derivative of KETO, the 3-
ethylbenzophenone (Fig. 29x#&0). Such by-product was reported to form also during
radiolysis [119], heterogeneous photocatalysis [1@0otolysis using UV, UV/VUV light
[45, 115, 121-125] or simulated sunlight [124], nalysis and the combined @V
treatment of KETO [126].
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Fig. 28. UV absorbance of KETO and of by-products, Bketo, Cketo and Rxero.

The molecular mass of @Bro (242, calculated from itsn/z value (241), Fig. A8)
differed by 32 from the molecular mass ofgfo (210). Obvious differences were found
also between the UV spectra of these two compoufas 28). Thus, it might be

interpreted that after the decarboxylation of KET@ thaddition of an © molecule
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occurred, resulting in 3-(1-hydroperoxyethyl)benzepone (Fig. 29, o). In this case
the mesomeric effect of O might result in a resaeastructure (Fig. 30) that could alter
the conjugated system and therefore the UV absoebai the chromophore. 3-(1-
hydroperoxyethyl)benzophenone was found also betwdee UV and UV/VUV
photoproducts of KETO [45, 115, 121, 125], duringelhegeneous photocatalysis [120],
radiolysis [119], ozonolysis and the combinedy/ treatment of this contaminant [126].

AKETO BKETO

. C:KETO o o DKETO o

oL [
!(\( ! \/ OH | x

- A s A

Fig. 29. Possible chemical structures of by-praslégtro, Bkero, Ceeto and xero.
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o o o M(\/_\S’/OH
W W

Fig. 30. Two resonance structures QR

From them/zvalue of Gero in the negative ion mode (225) (Fig. A9) the malac
mass of this compound was established to be 22&hwdiffers by 16 from molecular
mass of Aeto (210). Additionally, the UV spectrum ofx€ro was similar to that of KETO
and Aceto (Fig. 28). Therefore, it is likely that«gro contains one more O atom than
Aketo. Thus, Gero is likely to be 3-(1-hydroxyethyl)benzophenoneg(FR9, Gero),
which was detected also during the radiolysis [11B{ and UV/VUV photolysis [45, 115,
121-125], ozonolysis and combined/QV treatment [126] and photocatalytic treatment of
KETO [120].

The molecular mass of i2ro (214, calculated from iten/z value (213), Fig. A10)
differed by 40 from the molecular mass of KETO (284) by 4 from the molecular mass
of Akero (210). Although no published results were foundhie literature concerning the
formation of such by-product, it is proposed thathis case, after the decarboxylation of
KETO, also the loss of an ethyl group occurred aiter the addition of an Onolecule, 3-

hydroperoxybenzophenone was generated (Fig. 28ydP Although in this case the

54



dihydroxylation of benzophenone is also imaginalles considered not to be very likely,
since no monohydroxylated derivatives were detechetdlitionally, the UV spectrum of
Dketo was similar to that of KETO, &0 and Gero (Fig. 28). In this case a mesomeric
rearrangement of a nonbonding electron pair of @Ghetom would not result in the
stabilization of the conjugated system, in contvaith Bxero, and therefore it is not likely
to happen, resulting in the nearly unchanged U\ttspm of Dero, cOmparing to that of
KETO, Akero or Cketo.

KETO ROGero

O o
eavs
)
RH
Byeto Ocero’
. I K
o

w

Crero Dketo
Fig. 31. Possible pathway of formation of by-prasuero, Bketo, Ceeto and Kxeto.

\OZ

Decarboxylation is suggested to be among the siegps during the degradation of

KETO [45, 121, 122, 127-129]. Analoguously to tleenfiation pathway of By°, during
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the VUV photolysis of KETO this process might beenmpreted by the H abstraction
reaction of H or HO from the second C atom of the propanoic acid stiEn, followed
by the elimination of a COmolecule, to result in a carbon-centered radiBat{o’). This
radical might abstract a H atom from another mdkec(RH) and thus, 3-(1-
hydroperoxyethyl)benzophenonex#o) might be generated (Fig. 31).

In oxygenated solutions the former process mighhmete with the addition of
molecular Q to Rceto to result in a peroxyl radical (RQ&o). The H abstraction
reaction of this radical could result in 3-(1-hydesoxyethyl)benzophenone {&o). After
the recombination of two RQ@ro and the elimination of an Omolecule, the
disproportionation of two oxyl radicals (R&o) might result in 3-(1-
hydroxyethyl)benzophenone (&o) and 3-acetylbenzophenone [82] (Fig. 31).
Unfortunately, the generation of this latter compbwvas not detecteded during the VUV
photolysis of KETO.

A reaction with another radical might result in theethylation of Rero™. O, addition
to the formed radical would generate another pdrmagical, which after a H abstraction
reaction could give rise to 3-hydroperoxybenzopimendDceto). These assumptions
correlate well with the experience that the conegin of Bero, Ckero and Dketo was

significantly higher in the presence of dissolved O

5.6.3. Possible reaction mechanism of the VUV degposition of NAP
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Fig. 32. UV absorbance of NAP and of by-produciarABnae and Giap.
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Among the three by-products of NAP {4 — Guap, Fig. 33) one (Rap) could be
detected using the negative and the others usengdhitive ion mode. The molecular mass
of Anap (184, calculated from iten/z value (185), Fig. Al12) differed by 46 from the
molecular mass of NAP (230, Fig. A11). Additionalthe UV spectrum of @ was
similar to that of NAP (Fig. 32). Thus, this compdumight be formed through the
decarboxylation and dehydrogenation of NAP. 2-megk®vinylnaphthalene (Fig. 33,
Anap) was found to be produced also during UV photaly3D, 130, 131].

NAP Bnap Cnap s

A
OH
o o
HC O HiC._ HyC
o o ~o

Fig. 33. Possible chemical structures of by-proslédgip, Buap and Giap.

|CH2

The molecular mass of \&r (218, calculated from iten/z value (217), Fig. A13)
differed by 12 from the molecular mass of NAP (23)erefore, in this case,@ddition
might have followed a decarboxylation step, resgltin 1-(6-methoxynaphthalene-2-
yl)ethylhydroperoxide (Fig. 33, \ap). Similarly to the case of &0, the difference
between the UV spectra of B and NAP might be attributed to the mesomeric
rearrangement of a nonbonding electron pair ofQhetom (Fig. 34). This compound was
also detected among the UV photoproducts of NAR 139, 130, 131].

CHy

CHy
WA\T/A\\(J\\O/OH 0 o
HyC HyC OO
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Fig. 34. Two resonance structures QB

The molecular mass of @ (200, calculated from iten/z value (201), Fig. Al4)
differed by 30 from the molecular mass of NAP (28§ by 18 from the molecular mass
of Bnap (218). Additionally, the UV spectrum of this compml showed obvious
differences from that of NAP (Fig. 32). It might baggested therefore that in this case 1-
(2-methoxynaphthalene-6-yl)ethanone was formed. &89 Guap), Which is a well-known
by-product of NAP UV photolysis [39, 115, 130-132].

The main step of the formation of the by-products réported to be the
decarboxylation [115, 131, 132], which is in ac@rde with the above results, since all
the proposed structures are the decarboxylatedadimes of NAP. This mechanism might

be initiated also in this case by a H abstractaction of H or HO from the second C
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atom of the propanoic acid side chain. The elimoratf a CQ molecule from this radical
would result in a carbon-centered radicah{R). If a radical (a R a H, a HO or a
HO,'/O,") abstracts H from Rp, 2-methoxy-6-vinylnaphthalene {Ar) might form
(Fig. 35).

NAP RH
ROQIAP
R.
CH,
-
C
~N
° Bnap

Fig. 35. Possible pathway of formation of by-prasuap, Bnap and Giap.
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O, addition might compete with the former processuleng in a peroxyl radical
(ROQuar’), which after a H abstraction reaction might diabi in 1-(6-
methoxynaphthalene-2-yl)ethylhydroperoxidey B, similarly to the formation of Bero
(Fig. 35).

Either the elimination of a ¥ molecule from Rap [115] or the recombination of

two ROQuap , followed by HO, elimination could result in 1-(2-methoxynaphthaeg
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yl)ethanone (§ap), Similarly to the formation of @y (Fig. 35). The facts that the
concentration of Gap was significantly lower in deoxygenated solutiaarsd Byap was

detected only in the presence of dissolved@pport the former formation pathways.
5.6.4. Possible reaction mechanism of the VUV degposition of DICL

In the negative ion mode, DICL was observed withmdm value of 294, with two
isotope peaks at 296 and 298, indicative of thioement of one or twCl by *’Cl (Fig.
A15). The ratio of the isotope peaks was nearly19:3mong the by-products of DICL
(ApicL — GoicL, Fig. 37) than/zvalue of Ay, c. was found to be 310 with two isotope peaks
at 312 and 314 (in 9:3:1 ratio), suggesting thet tompound also contains two Cl atoms
(Fig. A16). Since the difference between thi& value and that of DICL was 16 and the
UV absorbance spectrum of by-produchd was very similar to that of DICL (the
maxima and minima in the absorbance of the two @amgds were to be found at very
similar wavelengths; Fig. 36), it is very likelyathApic. is a hydroxylated derivative of
DICL (Fig. 37, AvicL).
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Fig. 36. UV absorbance of DICL and of by-productsA BpicL and Gic..

Hydroxylation could occur on the aromatic ringssuiéing in 5-hydroxydiclofenac
(ApicL1), 3-hydroxydiclofenac (AicL2), 3'-hydroxydiclofenac (AicL3) or 4'-
hydroxydiclofenac (8icL4) [60, 117, 133, 134], on the second carbon atorth@facetic
acid side chain (AcLs) [133] or on the nitrogen atom {f6) [17] (Fig. 37). Although
ApicL1 has been hypothesized to be the most probabletwteuduring radiolysis and
photo-Fenton treatment [60, 135], the relative lew®ity of HO [136] has been reported
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to lead to the formation of fic 2 and Avici 4 together with A1 during the HO/UV
treatment and radiolysis of DICL [25, 137]. Furtlevestigations are therefore needed to

decide which structure corresponds to by-produgt/Aduring the VUV photolysis of
DICL.
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Fig. 37. Possible chemical structures of by-proslégic,, Boic. and GicL.

The m/zvalue of by-product Bc. (258) differed by 36 from that of DICL (294) and
in this case only one isotope peai/Z= 260) could be detected (Fig. A17). The ratio of
the isotope peaks was 3:1. These results and thi®usbdifference between the UV
absorbance spectra of this compound and DICL @&ysuggested HCI elimination in this
case and the formation of 1-(8-chlorocarbazolytacecid (Fig. 37, BicL), a well-known
UV-photolytic and photocatalytic degradation prodoicDICL [54, 138, 139].

Them/zvalue of by-product gic. (240) differed by 18 from that ofdg. (258) (Fig.
A18). In this case no isotope peaks were deteatddte UV absorbance spectrum of this
compound displayed marked similarities with thaBefc. (Fig. 36). It is likely therefore,
that in this case the Cl atom in 1-(8-chlorocarbdyacetic acid was substituted with an
OH-group to yield 1-(8-hydroxycarbazolyl)acetic dicas proposed in the literature [54,
138, 139] (Fig. 37, GicL)-

Since HO is an electrophilic radical, it usually attackstla electron-dense sites of
aromatic rings,e.g. on carbon atoms 5, 3, 3' and 4’ in DICL. Analoggu$o the
mechanisms postulated for the formation of 5-hygdic{ofenac in HO-initiated reactions
[60, 98, 136], Fig. 38 depicts HCaddition to position 3 in DICL, to result in a
hydroxycyclohexadienyl-type radical. After the adsh of an Q molecule and the
elimination of a H@, 3-hydroxydiclofenac (AicL2) may be formed. The formation of

hydroxylated by-products is not likely in the absemf dissolved @ The fact that both in
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the presence and absence of PBcAwas detected in significantly lower concentration
deoxygenated solutions than in the$aturated conditions, supports this assumption.
The results suggest that, @ddition and HCI elimination may be competitive
processes regarding the transformation of the hydselohexadienyl-type radical. The
latter process could result in ring closure antgrahe reaction with a radical (a,R H, a
HO" or a HQ'/O, "), Bpic. might be formed. A similar mechanism can be preddsr the
formation of 1-(8-chlorocarbazolyl)acetic acido({& ) as a result of the reaction of DICL

with H’, and Byc. might therefore also be formed in deoxygenatedtiswnis (Fig. 38).

}+O2

further transformation

Fig. 38. Possible pathway of formation of by-prosuc. 2, Bpic. and Gci.
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After the addition of a HOto Bpic, in O,-saturated solutions, a competition may
again arise betweeiCl elimination (to result in §c.) and Q addition. Naturally, the
latter process cannot occur in deoxygenated sok{iBig. 38). This may be the reason for
the higher concentration of the by-produgsidc in oxygenated Milli-Q water than that
under N purged conditions (Fig. 17b).

5.7. Cell biological effects of VUV-treated DICL stutions on the freshwater ciliate

Tetrahymena

As it was mentioned in Section 2.1, the investidgibarmaceuticals have toxic side
effects. Therefore, in the case of DICL the VU\adiated, multicomponent samples were
characterized also via the proliferation and migmatresponses of the bioindicator
eukaryotic ciliateTetrahymena pyriformjgo have an insight in the environmental risk of
the parent compound and its degradation by-produet8]. (The details of biological

investigation see in the paper.)
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Fig. 39. Time course of the mineralization andghaiferation-inhibiting ability during the VUV
photolysis of DICL under @saturated or deoxygenated conditions. Filled symtepresent
diminution of TOC compared to TQ@roughout the treatment, open symbols correspmiite
toxic potential of samples expressed as proliferaiihibition. Significance levels correspond to:
X: p<0.05; y: p<0.01; z: p<0.001.

The proliferation-inhibiting effect of the untredtsample (2.5 10°>mol dni® DICL
in PB) was ~ 13%, which was in accordance withpfeious results dfang and Khidai

[6]. Treated samples taken after definite periddsradiation exerted slight, but significant
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proliferation-inhibiting effects. Depending on tbe,, the irradiation timess. proliferation

inhibition curves of 25% (v/v) diluted samples disped different shapeg&.g. in samples
irradiated for 10-90 s, the inhibitory effect inased in the presence of dissolvedaDd it
decreased in deoxygenated solutions. This may lagedeto the significantly higher
amount of by-product Ac. formed under @saturated conditions [140]. These findings
are in accordance with those of gamma radiolysiicating that the by-products formed
under oxidative conditions are more toxic towavilsrio fischerithan those detected under
reductive conditions [25].

When samples saturated with, @ere irradiated for 2400-3600 s, the inhibitory
potential exhibited a clear decreasing tenden@chiag only 8% at 3600 s. In contrast, in
the case of the samples purged with dd appreciable change was observed in the Idvel o
inhibition. These observations may be explainedthy more efficient mineralization
achieved under the oxygenated conditions. In thsec70% mineralization was reached
after 3000 s of treatment, in contrast with the 5%2under deoxygenated conditions.
Further, the mineralization efficiency in,Gaturated solutions increased to 75% after 3600 s,
whereas in solutions purged with Nl did not exceed 45% even after 7000 s of irrdoia
Moreover, this last phase of VUV treatment may beompanied by the formation of di-
and polymeric by-products that could not be detbetgh the applied analytical methods
[96, 141], but which could contribute significantty the mixture toxicity [140].

The maximal intermediate proliferation-inhibitingyacity under both conditions
(about 30%) was about 2 times higher than thathef parent compound, which is
significantly lower than other reported results. ring the direct photolysis or
photocatalytic degradation of DICL, for example21443], the maximal toxic potential of
the intermediate samples was 5 or 6-fold highen tteat of the parent compound. The
moderate toxicity enhancement encountered during/ \pldotolysis may also underline
the adequacy of this technology [140].

Besides the proliferation-inhibiting effects of tiieated samples, their impact in
sublethal concentrations (P®% (v/v) — 1% (v/v)) on the migratory response of
Tetrahymenawas also investigated. The use of such behavassdys has the advantage,
that behavioral changes,g. avoidance reactions, are in most cases 10-10Gs tmue
sensitive and less time-consuming indicators ofltidogical impact of a pollutant than
acute or chronic toxicity assays are [144]. Untdatamples in 1% (v/v) dilution exhibited

a strong chemorepellent character. This was ineageat with the previous findings of
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Lang and Khidai [6]. Similarly, treated samples acted also predamily as

chemorepellents [140].
In summary, the evaluation of the biological a¢yivof VUV irradiated samples

suggested that Ssaturated conditions are more efficient in thenglation of the parent

compound and the toxic degradation products.
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6. Conclusions

During this work the VUV photolysis of four NSAIFBU, KETO, NAP and DICL)
and PhOH, as model compound, were performed.

At the beginning of the measurements the photox dfuthe 20 W xenon excimer
lamp was determined by means of methanol actingnf@tj and was found to be 3 x f0
MOlhotonS ™

The VUV photolysis of oxygenated PhOH, IBU and KEBGlutions showed that

during the initial transformation of the contamibamolecules they,o, increases, which

could be a proof for the increase of the conceptmanf HO, /O, (CH02°/02°—). Although

the reactivity of H@/O, ™ is usually reported to be lower than that of [F0], in an
elevated concentration they may also contribute the degradation of organic
contaminants.

Along the generation of HOO,”, dissolved @ could also prevent the
recombination of He,q and HO (2, 3, 5 and 6), and at the same time may hiner t
backward reactions of'Rind (RHOH) (8-11). These effects resulted in the increagbeof
initial transformation rate of PhOH in the presentd,. In contrast, in the case of NAP
and 1.0 x 10 mol dni® IBU solutions, the, values of the contaminants were significantly
higher in the absence of,OThese results suggested that in this case theilmaion of
H'/e.q to the transformation of the target molecules izmmore significant than that of
HO,' /O, It should be mentioned, that in the case of KEDIGL and 1.0 x 10" mol

dm™ IBU solutions the values didn’t depend on thwg,. Thus, it seems that in this case

the concentration of ¥e,q, which decreased in the presence of Wlas compensated by
the increased concentration of ROS.

Dissolved Q also affected the formation and transformation tbé VUV
photoproducts of the contaminant molecules. Thegiree of dissolvedQvas found to be
essential during the effective decontamination &AND-containing solutions, since it
seems that in deoxygenated solutions some undétestalcitrant by-products (maybe the
dimers and oligomers of the target molecules) iemed.

If both formate ions and £are present in the solution, almost all primagicals of
VUV photolysis can be converted to H@D,"~ (12-16). Under acidic conditions most of

the radicals appear in form of HQ while under basic conditions they are almost
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completely transformed to 0. The results suggested that in the case of PhG®, &hd
DICL, the contribution of HE, while in the case of IBU and KETO, the contrilouatiof
O,~ was higher among HOO,™. From these results it might be supposed that the
reaction rate of H®/O, ™ and organic compounds depends highly on the simicif the
target molecule.

The comparison of the ratios of the initial tramefation rates of the studied
molecules in the presence of dissolveda®@d in the presence of both @nd formate ions
(to convert the radicals to HWO,™) with the ratios of the transformation rates ie th
presence of dissolved,@nd in the presence of both @nd radical scavengers (¢BH or
tert-butanol) suggested that the contribution of pekrorgdicals {[OOCHOH and
‘O0OCH,C(CHg),0OH) to the transformation of the contaminants maynigher than that of
HO, /O,"~. Methanol andtert-butanol therefore, should also be considered dgak
transfers instead of radical scavengers. Additlgnahe contribution of HG to the
degradation of the contaminants seems to have armignificance only in the case of
PhOH and to be negligible in case of the studiedsir

In oxygenated solutions, the apparent first-ordge rconstantsk{ = k x [HO']s9
decreased in almost all cases with the increaskeeal. The reason of these observations
might be that along the constant valu&ahe steady-state concentration of ‘Hi@creases
with the increase af.

During the VUV photolysis of the investigated NSAlfbur aromatic by-products of
IBU and KETO and three by-products of NAP and Di@ére detected. With the help of
the HPLC-MS analysis, suggestions could be giventtie chemical structures of these
compounds. At the same time, a tentative mechaafgime VUV photolysis of the studied
drugs could be given.

DICL and the VUV irradiated, multicomponent sampi@sibited the proliferation of
the bioindicator eukaryotic ciliateletrahymena pyriformisand exhibited a strong
chemorepellent character. Howeveg;Saturated conditions seemed to be more efficrent i

the decrease of the toxic effect of the parent @amg and its degradation by-products.
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Theses of the PhD dissertation

T1. During the initial VUV transformation of the stdied contaminants the
concentration of HQ/O," increases.
The VUV photolysis of oxygenated PhOH, IBU and KEBGlutions showed that

during the initial transformation of the contamibamolecules they,o, increases, which

could be a proof for the increase of mz-/02°—. Although the reactivity of HO/O, ™ is

usually reported to be lower than that of [[M0], in an elevated concentration they may

also contribute to the degradation of organic amimants [68].

T2. The role of reductive (Fle,q) and oxidative (HQ/O,™ and HO) reactive
species in the transformation of organic pollutanteepends strongly on the structure of
the contaminant molecules, which influences theieaction rate constants with the
mentioned radicals.

The initial VUV transformation rategg) of PhOH were higher in the presence of
dissolved @, although they were lower in the case of irradigNAP and 1.0 x I8 mol
dm21BU solutions. In the case of KETO, DICL and 1.0&* mol dni® IBU solutions the
ro values didn’t depend on tleg, (Table VI and Fig. 16).

In the case of PhOH, dissolved @ould prevent the recombination of/élq and
HO', it converts reductive ¥e,q to oxidative HQ' /O, ~, and at the same time it may
hinder the backward reactions of Bnd (RHOH) (generated in the reactions of the
pollutant molecules and HPD These effects could result in the increase ef itfitial
transformation rate of PhOH in the presence pf O

In contrast, the results of the VUV photolysis ohfand 1.0 x 18 mol dn® IBU
solutions suggested that in this case the contoibwif H'/e,q to the transformation of the
target molecules was much more significant than ¢iaHO,’/O,~ [39]. In the case of
KETO, DICL and 1.0 x 1@ mol dn® IBU solutions, where the, values didn’t depend on

the co,, showed, that although the concentration feld is decreased in the presence of

O,, this effect may be compensated by the increasedentration of ROS [140].
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T3. The presence of dissolved, @as found to be essential during the effective
VUV induced decontamination of NSAID-containing sdtions.

Since in the absence of dissolved tBe rate of mineralization was so low, it seems
that in deoxygenated solutions some undetectedcigaat by-products (maybe the dimers

and oligomers of the target molecules) were forfdd@].

T4. The reaction rate of HgJ/O,™ with organic compounds depends highly on the
structure of the target molecules.

If both formate ions and £are present in the solution, almost all primagicals of
VUV photolysis can be converted to H@D,”. Under acidic conditions most of the
radicals appear in form of HO while under basic conditions they are almost detefy
transformed to @. The results of the VUV photolysis of the studsmmpounds under
these conditions suggested that during the tramsfbon of PhOH and NAP, the
contribution of HQ" [102], while in the case of IBU and KETO, the admition of G~
was higher among HOO," ™ (Table VIII).

Because of the low solubility of DICL below pH = 5t8e contribution of Hg) and
O, to the transformation of this molecule was studigdpberforming experiments in the
presence and in the absence of phosphates. Inosslygrepared in phosphate buffer (PB)
HO,'/O,"~ was present mainly in the form of’‘Oduring the whole treatment. In the case
of DICL dissolved in Milli-Q water, the majority oD, was converted to HQ using
longer irradiation times (t > 180 s). After 180 siwadiation, the decay of DICL was
slightly increased in Milli-Q water. Additionallythe concentrations of the aromatic by-
products were higher in the presence of PB. Thesalts suggested that the reaction rates

of DICL and its by-products with O are probably lower than those with HQL40].

T5. The contribution of the peroxyl radicals formeétom methanol and tert-
butanol (OOCH,OH and ‘OOCH,C(CHs),OH, respectively) to the VUV transformation
of the studied contaminants may be higher than tletHO,"/O, ™.

The ratios of the initial VUV transformation rate$ the studied molecules in the
presence of dissolved,@nd in the presence of both @nd formate ions (to convert the
radicals to H@/O,") (ro (Ol)/ro (HOY) or ro (Ox)lrg (O.7)) with the ratios of the
transformation rates in the presence of dissolvedm@ in the presence of both @nd

radical scavengers (GBH ortert-butanol) (o (O.)/ro (Iower Crag. scay) Of ro (O2)/ro (higher
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Crad. scay) Were compared. From Table X it can be seen thatformer values are
significantly (in almost all cases with one ordémmagnitude) higher than the latter ones.
The only exception is the case of irradiating Phi@lthe presence of both,@nd formate
ions at acidic pH.

The reason of the former surprizing observationhinige that the contribution of the
peroxyl radicals (formed in the presence of both &d the radical scavengers:
‘OOCHOH and ‘OOCH.C(CH;),OH, respectively) to the transformation of the
contaminants may be higher than that of,HQ, ™ (formed in the presence of both é@nd
formate ions). The contribution of these peroxyicals to the degradation of organic
pollutants should therefore not be neglected. Tmethanol andert-butanol should also
be considered as radical transfers instead ofabsi@vengers.

The relatively low value ofg (O.)/ro (HOZ) in case of irradiating PhOH suggests
that the reaction rate constants of f@re lower in case of the NSAIDs than that of PhOH
(2.7 x 16 dn?® mol™* s [102]). Therefore, the contribution of HOto the degradation of
the contaminants seems to be negligible in casleeo$tudied drugs and it seems to have a

minor significance in case of PhOH.

T6. In oxygenated solutions, the steady-state canaion of HO® ([HOs9
decreases with the increase of, avhich results in the decrease of the apparentstir
order VUV degradation rate constants (k' = k x [H[Rg).

If the ¢ is fixed, the pseudo-first-order approach is $lédor a description of the
degradation kinetics of the VUV photolysis of tmeéstigated contaminants. However, in
oxygenated solutions, the apparent first-order catestantsk’ =k x [HO]s9 decreased in
almost all cases with the increase of theThe reason of these observations might be that
at higherco, more HO are involved in reactions with the NSAIDs and #teady-state
concentration of HO([HO']sg therefore decreases, along the constant value [88,
140]. In case of PhOH, the results correlate wéhthe work ofSatoet al.[103].

T7. H-abstraction, HO/H *-addition and decarboxylation reactions, as well tese
reactions of the peroxyl radicals (formed from tharget molecules) are the key steps
during the VUV degradation of the studied NSAIDso®e of these reactions take place
only in oxygenated solutions, while others bothtime presence and absence of dissolved
O..
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During the VUV photolysis of the investigated NSAlEbur aromatic by-products of
IBU and KETO and three by-products of NAP and Di@ére detected. With the help of
the HPLC-MS analysis, suggestions could be giventlie chemical structures of these
compounds. At the same time, a tentatively detezthimechanism of the VUV photolysis
of the studied drugs could be given (Figs. 26, 3. and 38). The formation of the by-
products of KETO and NAP could be interpreted wiité reactions of the aliphatic chains,
the formation of the by-products of DICL with theactions of the aromatic rings [140],
while the formation of the by-products of IBU withe reactions of both the aromatic ring

and the aliphatic chains.

70



References

[1] Fent, K.; Weston, A.A.; Caminada, DEcotoxicology of human pharmaceuticals
Aquatic Toxicology, 76 (2), 122-159, 2006.

[2] Cleuvers, M., Mixture toxicity of the anti-inflammatory drugs thtenac,
ibuprofen, naproxen, and acetylsalicylic acicotoxicology and Environmental Safety,
59 (3), 309-315, 2004.

[3] Osada, M.; Nomura, T.The levels of prostaglandins associated with the
reproductive-cycle of the scallop, Patinopectensgessis Prostaglandins, 40 (3), 229-
239, 1990.

[4] Oaks, J.L.; Gilbert, M.; Virani, M.Z.; WatsorR.T.; Meteyer, C.U.; Rideout,
B.A.; Shivaprasad, H.L.; Ahmed, S.; Igbal Chaudiy).; Arshad, M.; Mahmood, S.; Ali,
A.; Ahmed Khan, A.Diclofenac residues as the cause of vulture popratecline in
Pakistan Nature, 427, 630-633, 2004.

[5] Gajda-Schrantz, K.; Arany, E.; lllés, E.; SzahbB.; Pap, Z.; Takacs, E.;
Wojnarovits, L.,Advanced oxidation processes for ibuprofen remamdl ecotoxicological
risk assessment of degradation intermediates Carter, W.C.; Brown, B.R. (Eds.)
Ibuprofen: Clinical pharmacology, medical uses aadierse effects, Nova Science
Publishers, Inc., Hauppauge, New York, 2013, pf—232.

[6] Lang, J.; Khidai, L., Effects of the aquatic contaminant human pharmacaist
and their mixtures on the proliferation and mignatoresponses of the bioindicator
freshwater ciliate Tetrahymen&hemosphere, 89 (5), 592-601, 2012.

[7] la Farré, M.; Ferrer, |.; Ginebreda, A.; Figagr M.; Olivella, L.; Tirapu, L.;
Vilanova, M.; Barcel6, D.Determination of drugs in surface water and wastewa
samples by liquid chromatography—mass spectrometgthods and preliminary results
including toxicity studies with Vibrio fischerdournal of Chromatography A, 938, 187—
197, 2001.

[8] Naidoo, V.; Wolter, K.; Cromarty, D.; Diekmanhl.; Duncan, N.; Meharg, A.A.;
Taggart, M.A.; Venter, L.; Cuthbert, Rlpxicity of non-steroidal anti-inflammatory drugs
to Gyps vultures: a new threat from ketoprofBiology Letters, 6 (3), 339-341, 2010.

[9] Pomati, F.; Castiglioni, S.; Zuccato, E.; FdneR.; Vigetti, D.; Rossetti, C.;
Calamari, D. Effects of a complex mixture of therapeutic drugsravironmental levels on

human embryonic cell&€nvironmental Science & Technology, 40 (7), 22427, 2006.

71



[10] Quinn, B.; Gagne, F.; Blaise, GA\n investigation into the acute and chronic
toxicity of eleven pharmaceuticals (and their soteg found in wastewater effluent on the
cnidarian, Hydra attenuataScience of the Total Environment, 389 (2-3), 304, 2008.

[11] Quinn, B.; Gagne, F.; Blaise, CEvaluation of the acute, chronic and
teratogenic effects of a mixture of eleven pharmtcals on the cnidarian, Hydra
attenuata Science of the Total Environment, 407 (3), 10024, 2009.

[12] Vione, D.; Maddigapu, P.R.; De Laurentiis, Elinella, M.; Pazzi, M.; Maurino,
V.; Minero, C.; Kouras, S.; Richard, @®Jodelling the photochemical fate of ibuprofen in
surface watersWater Research, 45 (20), 6725-6736, 2011.

[13] Shaw, L.R.; Irwin, W.J.; Grattan, T.J.; ConwdB.R., The effect of selected
water-soluble excipients on the dissolution of pgatamol and ibuprofen Drug
Development and Industrial Pharmacy, 31 (6), 515:-2205.

[14] Meloun, M.; Bordovska, S.; Galla, L.The thermodynamic dissociation
constants of four non-steroidal anti-inflammatorsugls by the least-squares nonlinear
regression of multiwavelength spectrophotometric -tiptdtion data Journal of
Pharmaceutical and Biomedical Analysis, 45 (4),-5&2, 2007.

[15] Benitez, F.J.; Real, F.J.; Acero, J.L.; Roldaa., Removal of selected
pharmaceuticals in waters by photochemical procgs3asurnal of Chemical Technology
and Biotechnology, 84 (8), 1186-1195, 2009.

[16] Packer, J.L.; Werner, J.J.; Latch, D.E.; MdNekK.; Arnold, W.A.,
Photochemical fate of pharmaceuticals in the emuinent: Naproxen, diclofenac, clofibric
acid and ibuprofepAquatic Sciences, 65 (4), 342-351, 2003.

[17] Huber, M.M.; Canonica, S.; Park, G.-Y.; von r@n, U., Oxidation of
pharmaceuticals during ozonation and Advanced CiodaProcessesEnvironmental
Science & Technology, 37, 1016-1024, 2003.

[18] Avdeef, A.; Berger, C.M.; Brownell, CpH-metric solubility. 2: Correlation
between the acid-base titration and the saturat&irake-flask solubility-pH methqds
Pharmaceutical Research, 17 (1), 85-89, 2000.

[19] Chowhan, Z.T.pH-solubility profiles of organic carboxilic acidad their salts
Journal of Pharmaceutical Sciences, 67 (9), 12%0,12978.

[20] Vieno, N.,Occurrence of pharmaceuticals in Finnish sewagattreent plants,
surface waters and their elimination in drinking teatreatment processe®PhD Thesis,

University of Technology, Tampere, Finland, 2007.

72



[21] Bonin, J.; Janik, I.; Janik, D.; Bartels, D,MReaction of the hydroxyl radical
with phenol in water up to supercritical conditiorddurnal of Physical Chemistry A, 111
(10), 1869-1878, 2007.

[22] Cooper, W.J.; Snyder, S.A.; Mezyk, S.P.; Relld.R.; Nickelson, M.G.,
Reaction rates and mechanisms of advanced oxidgtiocesses for water reysé/ater
Reuse Foundation, Alexandria, Egypt, 2010.

[23] Jones, G.K.Applications of radiation chemistry to understart tfate and
transport of emerging pollutants of concern in daasvaters PhD Thesis, North Caroline
State University, Rayleigh, North Caroline, USADZ0

[24] llés, E.; Takacs, E.; Dombi, A.; Gajda-SchmrK.; Gonter, K.; Wojnarovits,
L., Radiation induced degradation of ketoprofen in @illagueous solutignRadiation
Physics and Chemistry, 81 (9), 1479-1483, 2012.

[25] Yu, H.; Nie, E.; Xu, J.; Yan, S.; Cooper, W.%ong, W.,Degradation of
diclofenac by advanced oxidation and reduction psses: Kinetic studies, degradation
pathways and toxicity assessment¥ater Research, 47, 1909-1918, 2013.

[26] Field, R.J.; Raghavan, N.V.; Brummer, J.&.pulse radiolysis investigation of
the reactions of Brewith Fe(CN)*, Mn(ll), phenoxide ion, and phenollournal of
Physical Chemistry, 86, 2443—-2449, 1982.

[27] Adams, G.E.; Boag, J.W.; Currant, J.; Mich&:D., Absolute rate constants for
the reaction of the hydroxyl radical with organiorapoundsin: Ebert, M.; Keene, J.P.;
Swallow, A.J.; Baxendale, J.H. (Eds.) Pulse RadislyAcademic Press, New York, 1965,
pp. 131-143.

[28] Lai, C.C.; Freeman, G.RSolvent effects on the reactivity of solvated ebest
with organic solutes in methanol water and ethamater mixed-solventsJournal of
Physical Chemistry, 94 (1), 302-308, 1990.

[29] Buxton, G.V.; Greenstock, C.L.; Helman, W.Rgss, A.B.Critical review of
rate constants for reactions of hydrated electrdngjrogen atoms and hydroxyl radicals
(OHrO) in aqueous solutignJournal of Physical and Chemical Reference Data513—
886, 1988.

[30] Ye, M.; Madden, K.P.; Fessenden, R.W.; SchuReH.,Azide as a scavenger of
hydrogen atomsJournal of Physical Chemistry, 90, 5397-5399,6198

[31] Smaller, B.; Avery, E.C.; Remko, J.REPR pulse radiolysis studies of the
hydrogen atom in aqueous solution. |. Reactivityhef hydrogen atomJ. Chem. Phys.,
55, 2414-2418, 1971.

73



[32] Das, R.; Vione, D.; Rubertelli, F.; Maurino,;\Minero, C.; Barbati, S.; Chiron,
S., Modelling On Photogeneration Of Hydroxyl Radical 8Surface Waters And Its
Reactivity Towards Pharmaceutical Wastas: Paruya, S.; Kar, S.; Roy, S. (Eds.)
International Conference on Modeling, Optimizatiand Computing, Amer Inst Physics,
Melville, 2010, pp. 178-185.

[33] Aruoma, O.l.; Halliwell, B.,The iron-binding and hydroxyl radical scavenging
action of anti-inflammatory drugsenobiotica, 18 (4), 459-470, 1988.

[34] lllés, E.; Takéacs, E.; Dombi, A.; Gajda-SchmnK.; Racz, G.; Gonter, K.;
Wojnarovits, L.,Hydroxyl radical induced degradation of ibuprofe®cience of the Total
Environment, 447, 286-292, 2013.

[35] Real, F.J.; Benitez, F.J.; Acero, J.L.; Saigakt).P.; Casas, FKinetics of
chemical oxidation of the pharmaceuticals primidohketoprofen, and diatrizoate in
ultrapure and natural waterdnd. Eng. Chem. Res., 48, 3380-3388, 2009.

[36] Parij, N.; Nagy, A.M.; Neve, JLinear and nonlinear competition plots in the
deoxyribose assay for determination of rate coristafior reaction of nonsteroidal
aniinflammatory drugs with hydroxyl radicalsree Radical Research, 23 (6), 571-579,
1995.

[37] Pereira, V.J.; Linden, K.G.; Weinberg, H.&valuation of UV irradiation for
photolytic and oxidative degradation of pharmaceaiticompounds in waterWater
Research, 41, 4413-4423, 2007.

[38] Peuravuori, J.; Pihlaja, KRhototransformations of selected pharmaceuticals
under low-energy UVA-vis and powerful UVB-UVA iiigttbns in aqueous solutions-the
role of natural dissolved organic chromophoric mi&k Analytical and Bioanalytical
Chemistry, 394 (6), 1621-1636, 2009.

[39] Arany, E.; Szabd, R.K.; Apdati, L.; Alapi, Tlljsz, I.; Mazellier, P.; Dombi, A.;
Gajda-Schrantz, K.,Degradation of naproxen by UV, VUV photolysis artkirt
combination Journal of Hazardous Materials, 262, 151-1573201

[40] Moore, D.E.; Chappuis, P.FA, comparative study of the photochemistry of the
non-steroidal anti-inflammatory drugs, naproxen, nbeaprofen and indomethagin
Photochem. Photobiol., 47 (2), 173-180, 1988.

[41] Gagnon, C.; Lajeunesse, A.; Cejka, P.; GagneHausler, R.Degradation of
selected acidic and neutral pharmaceutical produnts primary-treated wastewater by

disinfection processe®zone: Science & Engineering, 30 (5), 387-39P820

74



[42] Meunier, L.; Canonica, S.; von Gunten, lthplications of sequential use of UV
and ozone for drinking water qualjtWater Research, 40 (9), 1864-1876, 2006.

[43] Canonica, S.; Meunier, L.; von Gunten, Bhototransformation of selected
pharmaceuticals during UV treatment of drinking eratWater Research, 42 (1-2), 121-
128, 2008.

[44] Kim, I.; Yamashita, N.; Tanaka, HPhotodegradation of pharmaceuticals and
personal care products during UV and UV treatments Chemosphere, 77 (4), 518-
525, 2009.

[45] Szabo, R.K.; Megyeri, C.; lliés, E.; Gajda-8htz, K.; Mazellier, P.; Dombi,
A., Phototransformation of ibuprofen and ketoproferaqueous solution€Chemosphere,
84 (11), 1658-1663, 2011.

[46] Pereira, V.J.; Weinberg, H.S.; Linden, K.Ginger, P.C.,UV degradation
kinetics and modeling of pharmaceutical compounddaboratory grade and surface
water via direct and indirect photolysis at 254 ,igmvironmental Science & Technology,
41 (5), 1682-1688, 2007.

[47] Audureau, J.; Filiol, C.; Boule, P.; Lemairk, Photolysis and photo-oxidation
of phenol in aqueous solutionlournal de Chimie Physique et de Physico-Chimie
Biologique, 73 (6), 613-620, 1976.

[48] Alapi, T., Kisnyomasu higanyizlampak alkalmazasa szerves viz- és
légszennyeik lebontdsaban (Applications of low-pressure meycuapor lamps for
decompositing organic pollutants in water and aiPhD Thesis, University of Szeged,
Szeged, Hungary, 2007.

[49] Yuan, F.; Hu, C.; Hu, X.X.; Qu, J.H.; Yang, MDegradation of selected
pharmaceuticals in aqueous solution with UV and Hb@,, Water Research, 43 (6),
1766-1774, 2009.

[50] Costanzo, L.L.; Guidi, G.d.; Condorelli, G.afbria, A.; Fama, MMolecular
mechanism of drug photosensitization - Il. photohalysis sensitized by ketoprofen
Photochemistry and Photobiology, 50 (3), 359-368891

[51] Marotta, R.; Spasiano, D.; Di Somma, |.; Aralrei, R.,Photodegradation of
naproxen and its photoproducts in aqueous solutib254 nm: A kinetic investigatipn
Water Research, 47 (1), 373-383, 2013.

[52] Boreen, A.L.; Arnold, W.A.; McNeill, K.Photodegradation of pharmaceuticals
in the aquatic environment: A revie¥quatic Sciences, 65 (4), 320-341, 2003.

75



[53] Poiger, T.; Buser, H.R.; Muller, M.DRhotodegradation of the pharmaceutical
drug diclofenac in a lake: Pathway, field measuratag and mathematical modeling
Environmental Toxicology and Chemistry, 20 (2), 243, 2001.

[54] Moore, D.E.; Roberts-Thomson, S.; Zhen, D.;kBuC.C., Photochemical
studies on the anti-inflammatory drug diclofen®tbotochem. Photobiol., 52 (4), 685-690,
1990.

[55] Buser, H.R.; Poiger, T.; Muller, M.D.Occurrence and fate of the
pharmaceutical drug diclofenac in surface waterapkl photodegradation in a lake
Environmental Science & Technology, 32 (22), 3449& 1998.

[56] Andreozzi, R.; Raffaele, M.; Nicklas, RRharmaceuticals in STP effluents and
their solar photodegradation in aquatic environmedhemosphere, 50, 1319-1330, 2003.

[57] Spinks, J.W.T.; Woods, R.JAn Introduction to Radiation Chemistr@rd ed.
ed., Wiley-Interscience, New York, USA, 1990.

[58] Buxton, G.V., The radiation chemistry of liquid water: Principleand
applications in: Mozumder, A.; Hatano, Y.; Dekker, M. (Eds.h&ged particle and
photon interaction with matter, CRC Press, New Y&I8A, 2004, pp. 331-363.

[59] Hashimoto, S.; Miyata, T.; Kawakami, WRadiation-induced decomposition of
phenol in flow systepRadiation Physics and Chemistry, 16 (1), 59-8&801

[60] Homlok, R.; Takacs, E.; Wojnarovits, LEJimination of diclofenac from water
using irradiation technologyChemosphere, 85 (4), 603-608, 2011.

[61] Oppenlander, T.Photochemical purification of water and aiWiley-VCH,
Weinheim, 2003.

[62] Heit, G.; Neuner, A.; Saugy, P.-Y.; Braun, A,Wacuum-UV (172 nm)
actinometry. The quantum yield of the photolysisvater, Journal of Physical Chemistry
A, 102 (28), 5551-5561, 1998.

[63] Hart, E.J.; Anbar, M.The hydrated electroriwiley-Interscience, New York,
1970.

[64] Lé&szld, Zs., Vdkuum-ultraibolya fotolizis alkalmazhat6sdganaksyalata
kornyezeti szennyék lebontdsara (Investigation of applicability of VUphotolyis for
degradation of organic pollutantsPhD Thesis, University of Szeged, Szeged, Hungary
2001.

[65] Noyes, R.M.,Models relating molecular reactivity and diffusiam liquids, J.
Am. Chem. Soc., 78 (21), 54865490, 1956.

76



[66] Noyes, R.M.Kinetics of competitive processes when reactivgnfients are
produced in pairsJ. Am. Chem. Soc., 77 (8), 2042—-2045, 1955.

[67] Thomas, J.K.Rates of reaction of the hydroxyl radicdrans. Faraday Soc., 61,
702-707, 1965.

[68] Arany, E.; Oppenlander, T.; Gajda-Schrantz, Bombi, A., Influence of HO,
formed in situ on the photodegradation of ibuprotamd ketoprofenCurrent Physical
Chemistry, 2 (3), 286-293, 2012.

[69] Bielski, B.H.J.; Cabelli, D.E.; Arudi, R.L.; &s, A.B.,Reactivity of HQ/O,
radicals in aqueous solutignJournal of Physical and Chemical Reference Dkta(4),
1041-1100, 1985.

[70] Gonzalez, M.G.; Oliveros, E.; Worner, M.; BrauA.M., Vacuum-ultraviolet
photolysis of agueous reaction systedwurnal of Photochemistry and Photobiology, C:
Photochemistry Reviews, 5, 225-246, 2004.

[71] Bielski, B.H.J.; Cabelli, D.E.; Arudi, R.L.; &8s, A.B.,Reactivity of HQO,
radicals in aqueous-solutigrdournal of Physical and Chemical Reference Dka(4),
1041-1100, 1985.

[72] Leitner, N.K.V.; Dore, M.Hydroxyl radical induced decomposition of alipleati
acids in oxygenated and deoxygenated aqueous@wdudi. Photochem. Photobiol. A., 99,
137-143, 1996.

[73] llan, Y.; Rabani, J.On some fundamental reactions in radiation chemistr
Nanosecond pulse radiolysisit. J. Radiat. Phys. Chem., 8, 609-611, 1976.

[74] Rabani, J.; Klug-Roth, D.; Henglein, ABulse radiolytic investigations of
OHCH,0O; radicals Journal of Physical Chemistry, 78 (21), 2089-20%34.

[75] von Piechowski, M.; Thelen, M.A.; Hoigne, Buehler, R.E.tert-Butanol as an
OH-scavenger in the pulse radiolysis of oxygenaqdeous system®er. Bunsenges.
Phys. Chem., 96, 1448-1454, 1992.

[76] Kohler, G.; Solar, S.; Getoff, N.; Holzwarth,R.; Schaffner, K.Relationship
between the quantum yields of electron photoejectiad fluorescence of aromatic
carboxylate anions in aqueous solutidournal of Photochemistry, 28 (3), 383-391, 1985.

[77] Feng, P.Y.; Brynjolfsson, A.; Halliday, J.WJarrett, R.D.,High-intensity
radiolysis of aqueous ferrous sulfate-cupric s@fatlfuric acid solutionsJournal of
Physical Chemistry, 74, 1221-1227, 1970.

[78] Elliot, A.J.; Buxton, G.V.,Temperature dependence of the reactions OH,+ O
and OH + HQ in water up to 200°CJ. Chem. Soc., Faraday Trans., 88, 2465-247@.199

77



[79] Hunt, J.P.; Taube, HThe photochemical decomposition of hydrogen peeoxid
Quantum yields, tracer and fractionation effeéksAm. Chem. Soc., 74, 5999-6002, 1952.

[80] Baxendale, J.H.; Wilson, J.AThe photolysis of hydrogen peroxide at high light
intensities Trans. Faraday Soc., 53, 344-356, 1957.

[81] Mezyk, S.P.; Bartels, D.MDirect EPR measurement of Arrhenius parameters
for the reactions of Hatoms with HO, and D atoms with RO, in aqueous solutign].
Chem. Soc., Faraday Trans., 91, 3127-3132, 1995.

[82] von Sonntag, C.; Schuchmann, H.-Fhe elucidation of peroxyl radical
reactions in aqueous solution with the help of atidin-chemical methogd&ngew. Chem.,
Int. Ed., 30, 1229-1253, 1991.

[83] Quici, N.; Litter, M.l.; Braun, A.M.; OliverasE., Vacuum-UV-photolysis of
agueous solutions of citric and gallic acidwurnal of Photochemistry and Photobiology,
A: Chemistry, 197, 306-312, 2008.

[84] Kosaka, K.; Yamada, H.; Matsui, S.; Echigo; Shishida, K.,Comparison
among the methods for hydrogen peroxide measursnemvaluate Advanced Oxidation
Processes: application of a spectrophotometric wetlising copper(ll) ion and 2,9-
dimethyl-1,10-phenanthrolin&nviron. Sci. Technol., 32, 3821-3824, 1998.

[85] Staehelin, J.; Hoigne, Decomposition of ozone in water: Rate of initiatimn
hydroxide ions and hydrogen peroxidenvironmental Science & Technology, 16, 676-
681, 1982.

[86] Eliasson, B.; Kogelschatz, UYV excimer radiation from dielectric-barrier
dischargesAppl. Phys. B: Lasers Opt., 46, 299-303, 1988.

[87] Kogelschatz, U.Excimer lamps: history, discharge physics and stdal
applications in: Tarasenko, V.F.; Mayer, G.V.; Petrash, G.BEdq.) Proceedings of the
SPIE, Society of Photo Optical Bellingham, WA, 20p4. 272—-286.

[88] Heit, G.; Braun, A.M.Spatial resolution of oxygen measurements duriny VU
photolysis of aqueous systerdsinf. Record., 22, 543-546, 1996.

[89] Heit, G.; Braun, A.M., VUV-Photolysis of aqueous systems: spatial
differentiation between volumes of primary and selewy reactionsWater Sci. Technol.,
35, 25-30, 1997.

[90] Oppenléander, T.; Walddorfer, C.; Burgbachey,Klermeier, M.; Lachner, K.;
Weinschrott, H.,Improved vacuum-UV (VUV)-initiated photomineraliaat of organic
compounds in water with a xenon excimer flow-thfropgotoreactor (X¢ lamp, 172 nm)

containing an axially centered ceramic oxygenat@nemosphere, 60, 302—-309, 2005.

78



[91] Oppenlander, T.; Schwarzwalder, Rgcuum-UV oxidation ($0-VUV) with a
xenon excimer flow-through lamp at 172 nm: Use ethanol as actinometer for VUV
intensity measurement and as reference compoun@Hbradical competition kinetics in
aqueous system3dournal of Advanced Oxidation Technologies, 5 {8p-163, 2002.

[92] Kohidai, L., Method for determination of chemoattraction in Béymena
pyriformis Curr Microbiol, 30, 251-253, 1995.

[93] Safar, O.; Khidai, L.; Hegeds, A., Time-delayed model of the unbiased
movement of Tetrahymena Pyriforireriodica Mathematica Hungarica, 63 (2), 215-225,
2011.

[94] Azrague, K.; Bonnefille, E.; Pradines, V.; kémta, V.; Oliveros, E.; Maurette,
M.-T.; Benoit-Marquié, F.Hydrogen peroxide evolution during V-UV photolysisvater
Photochemical & Photobiological Sciences, 4, 408-2005.

[95] Robl, S.; Worner, M.; Maier, D.; Braun, A.M=prmation of hydrogen peroxide
by VUV-photolysis of water and aqueous solutionth vianethangl Photochemical &
Photobiological Sciences, 11 (6), 1041-1050, 2012.

[96] Sosnin, E.A.; Oppenlander, T.; Tarasenko, VApplications of capacitive and
barrier discharge excilamps in photoscience Photochem. Photobiol., C, 7, 14-163,
2006.

[97] Liptak, M.D.; Gross, K.C.; Seybold, P.G.; Fgls, S.; Shields, G.CAbsolute
pKa Determinations for Substituted PhendlsAm. Chem. Soc., 124, 6421-6427, 2002.

[98] Garcia-Araya, J.F.; Beltran, F.J.; Aguinaco, Biclofenac removal from water
by ozone and photolytic TiCatalysed processedournal of Chemical Technology and
Biotechnology, 85 (6), 798-804, 2010.

[99] Black, E.D.; Hayon, EPulse radiolysis of phosphate anionsP®, , HPO,”,
PO,* and BO;" in aqueous solutionsThe Journal of Physical Chemistry, 74 (17),
3199-3203, 1970.

[100] Maruthamuthu, P.; Neta, PPhosphate radicals — spectra, acid-base equilibria
and reactions with inorganic compound®urnal of Physical Chemistry, 82 (6), 710-713,
1978.

[101] Anbar, M.; Neta, P.A compilation of specific bimolecular rate constifdr
the reactions of hydrated electrons, hydrogen atants hydroxyl radicals with inorganic
and organic compounds in aqueous solutidnsernational Journal of Applied Radiation
and Isotopes, 18, 493-523, 1967.

79



[102] Kozmér, Zs.; Arany, E.; Alapi, T.; Takacs,; BVojnarovits, L.; Dombi, A.,
Determination of the rate constant of hydroperaxglical reaction with phenpRadiation
Physics and Chemistry, 102, 135-138, 2014.

[103] Sato, K.; Takimoto, K.; Tsuda, egradation of aqueous phenol solution by
gammae-irradiation Environmental Science & Technology, 12 (9), 10486, 1978.

[104] Horspool, W.M.; Lenci, F.CRC Handbookof Organic Photochemistry and
Photobiology, Second Editip@RC Press, USA, 2004.

[105] Zzheng, B.G.; Zheng, Z.; Zhang, J.B.; Luo, X.¥ang, J.Q.; Liu, Q.; Wang,
L.H., Degradation of the emerging contaminant ibuproferagueous solution by gamma
irradiation, Desalination, 276 (1-3), 379-385, 2011.

[106] Madhavan, J.; Grieser, F.; Ashokkumar, Kgmbined advanced oxidation
processes for the synergistic degradation of ibfgmman aqueous environmenfiurnal of
Hazardous Materials, 178 (1-3), 202-208, 2010.

[107] Mendez-Arriaga, F.; Esplugas, S.; GimenezPhlotocatalytic degradation of
non-steroidal anti-inflammatory drugs with TiO2 asmnulated solar irradiation Water
Research, 42 (3), 585-594, 2008.

[108] Mendez-Arriaga, F.; Esplugas, S.; GimenezDé&gradation of the emerging
contaminant ibuprofen in water by photo-Fentivater Research, 44 (2), 589-595, 2010.

[109] Caviglioli, G.; Valeria, P.; Brunella, P.; @, C.; Attilia, A.; Gaetano, B.,
Identification of degradation products of Ibuprofanising from oxidative and thermal
treatmentsJournal of Pharmaceutical and Biomedical Anaj\&s(3), 499-509, 2002.

[110] Marco-Urrea, E.; Perez-Truijillo, M.; Vicenk,; Caminal, G.Ability of white-
rot fungi to remove selected pharmaceuticals amahiification of degradation products of
ibuprofen by Trametes versicoJ&@hemosphere, 74 (6), 765-772, 2009.

[111] Whitten, K.W.; Davis, R.E.; Peck, M.LGeneral ChemistrySaunders College
Pub., 2000.

[112] Gonzalez, M.C.; Le Roux, G.C.; Rosso, J.Arai, A.M.,Mineralization of
CCly by the UVC-photolysis of hydrogen peroxide in tmesence of methanol
Chemosphere, 69 (8), 1238-1244, 2007.

[113] Asmus, K.-D.; Mockel, H.; Henglein, ARulse radiolytic study of the site of
hydroxyl radical attack on aliphatic alcohols in @epus solutionJournal of Physical
Chemistry, 77 (10), 1218-1221, 1972.

80



[114] Castell, J.V.; Gomez-L., M.J.; Miranda, M.ANlorera, |.M., Photolytic
degradation of ibuprofen. Toxicity of the isolat@thotoproducts on fibroblasts and
erythrocytesPhotochemistry and Photobiology, 46 (6), 991-9987.

[115] Vargas, F.; Rivas, C.; Miranda, M.A.; Boséa, Photochemistry of the non-
steroidal anti-inflammatory drugs, propionic aciérived Pharmazie, 46 (11), 767-771,
1991.

[116] Skoumal, M.; Rodriguez, R.M.; Cabot, P.L.;nB#las, F.; Garrido, J.A.; Arias,
C.; Brillas, E.,Electro-Fenton, UVA photoelectro-Fenton and solaofoelectro-Fenton
degradation of the drug ibuprofen in acid aqueousdiam using platinum and boron-
doped diamond anodgeElectrochimica Acta, 54 (7), 2077-2085, 2009.

[117] Michael, I.; Achilleos, A.; Lambropoulou, DTorrens, V.O.; Perez, S,
Petrovic, M.; Barcelo, D.; Fatta-Kassinos, [Proposed transformation pathway and
evolution profile of diclofenac and ibuprofen trémsnation products during
(sono)photocatalysj#Applied Catalysis B-Environmental, 147, 1015-102014.

[118] Bruckner, R.Advanced Organic Chemistry: Reaction Mechanjshisevier,
2002.

[119] lliés, E., Radiolizis és egyéb nagyhatékonysagu oxidaciosrasbhé
alkalmazasa nem-szteroid gyulladascsokierttontdséra vizes oldatokban (Radiolysis
and other advanced oxidation processes for degradatof non-steroidal anti-
inflammatory drugs in dilute aqueous solutign®hD Thesis, University of Szeged,
Szeged, Hungary, 2014.

[120] Martinez, C.; Vilarino, S.; Fernandez, M.Earia, J.; Canle, M.; Santaballa,
J.A., Mechanism of degradation of ketoprofen by heteregasa photocatalysis in aqueous
solution Applied Catalysis B-Environmental, 142, 633-62613.

[121] Bosca, F.; Miranda, M.ARhotosensitizing drugs containing the benzophenone
chromophoreJ. Photochem. Photobiol., B, 43, 1-26, 1998.

[122] Musa, K.A.K.; Matxain, J.M.; Eriksson, L.AMechanism of photoinduced
decomposition of ketoprofedournal of Medicinal Chemistry, 50 (8), 1735-1,/2307.

[123] Kosjek, T.; Perko, S.; Heath, E.; Kralj, Bzigon, D., Application of
complementary mass spectrometric techniques to ittification of ketoprofen
phototransformation productsournal of Mass Spectrometry, 46 (4), 391-401,120

[124] Matamoros, V.; Duhec, A.; Albaiges, J.; Bagpd.M., Photodegradation of
Carbamazepine, Ibuprofen, Ketoprofen and 17 alptiarylestradiol in Fresh and
SeawaterWater Air and Soil Pollution, 196 (1-4), 161-18809.

81



[125] Mas, S.; Tauler, R.; de Juan, Ahromatographic and spectroscopic data
fusion analysis for interpretation of photodegradat processes Journal of
Chromatography A, 1218 (51), 9260-9268, 2011.

[126] lliés, E.; Szabd, E.; Takacs, E.; Wojnarqvlts Dombi, A.; Gajda-Schrantz,
K., Ketoprofen removal by £5and Q/UV processes: Kinetics, transformation products
and ecotoxicityScience of the Total Environment, 472, 178-184.4

[127] Bosca, F.; Miranda, M.A.; Carganico, G.; Meah, D.,Photochemical and
photobiological properties of ketoprofen associatéth the benzophenone chromophore
Photochemistry and Photobiology, 60 (2), 96-108419

[128] Borsarelli, C.D.; Braslavsky, S.E.; Sortin8,.; Marconi, G.; Monti, S.,
Photodecarboxylation of ketoprofen in aqueous smiutA time-resolved laser-induced
optoacoustic studyPhotochemistry and Photobiology, 72 (2), 163-2000.

[129] Monti, S.; Sortino, S.; DeGuidi, G.; Marcorg., Photochemistry of 2-(3-
benzoylphenyl)propionic acid (ketoprofen) .1. Aopecond and nanosecond time resolved
study in aqueous solutipdournal of the Chemical Society-Faraday Traneasti93 (13),
2269-2275, 1997.

[130] Miranda, M.A.; Morera, |.; Vargas, F.; Gomeahon, M.J.; Castell, J.VIn
vitro assessment of the phototoxicity of anti-imitaatory 2-arylpropionic acids
Toxicology in Vitro, 5 (5-6), 451-455, 1991.

[131] Boscd, F.; Miranda, M.A.; Vand, L.; Vargas,, WNew photodegradation
pathways for Naproxen, a phototoxic non-steroidati-enflammatory drug Journal of
Photochemistry and Photobiology, A: Chemistry, B4 131-134, 1990.

[132] Jiménez, M.C.; Miranda, M.A.; Tormos, Rhotochemistry of naproxen in the
presence of beta-cyclodextribournal of Photochemistry and Photobiology, Aefistry,
104, 119-121, 1997.

[133] Calza, P.; Sakkas, V.A.; Medana, C.; Baioc€hi Dimou, A.; Pelizzetti, E.;
Albanis, T., Photocatalytic degradation study of diclofenac ovaqueous TiQ
suspensionsApplied Catalysis B-Environmental, 67 (3-4), 1205, 2006.

[134] Landsdorp, D.; Vree, T.B.; Janssen, T.J.;16&ueP.J.M. Pharmacokinetics of
rectal diclofenac and its hydroxy metabolites innninternational Journal of Clinical
Pharmacology and Therapeutics, 28 (7), 298-302).199

[135] Perez-Estrada, L.A.; Malato, S.; Gernjak, \Wguera, A.; Thurman, E.M.;

Ferrer, I.; Fernandez-Alba, A.RRhoto-Fenton degradation of diclofenac: Identificat of

82



main intermediates and degradation pathywEynvironmental Science & Technology, 39
(21), 8300-8306, 2005.

[136] Sein, M.M.; Zedda, M.; Tuerk, J.; SchmidtCT.. Golloch, A.; von Sonntao, C.,
Oxidation of diclofenac with ozone in aqueous soiyt Environmental Science &
Technology, 42 (17), 6656-6662, 2008.

[137] Vogna, D.; Marotta, R.; Napolitano, A.; And&zi, R.; d'Ischia, M.Advanced
oxidation of the pharmaceutical drug diclofenac hwitV/H,0O, and ozong Water
Research, 38 (2), 414-422, 2004.

[138] Petrovic, M.; Barcelo, DL.C-MS for identifying photodegradation products of
pharmaceuticals in the environmentrac-Trends in Analytical Chemistry, 26 (6), 486-
493, 2007.

[139] Martinez, C.; Canle, M.; Fernandez, M.l.; &dmalla, J.A.; Faria, JAqueous
degradation of diclofenac by heterogeneous phosdgsis using nanostructured
materials Applied Catalysis B-Environmental, 107 (1-2), 1118, 2011.

[140] Arany, E.; Lang, J.; Somogyvari, D.; Lang,; @lapi, T.; llisz, I.; Gajda-
Schrantz, K.; Dombi, A.; Khidai, L.; Hernadi, K.,Vacuum ultraviolet photolysis of
diclofenac and the effect of the treated aqueoustisas on the proliferation and
migratory responses of Tetrahymena pyriforn8sience of the Total Environment, 468—
469, 996-1006, 2014.

[141] Gonzalez-Rey, M.; Bebianno, M.DDoes non-steroidal anti-inflammatory
(NSAID) ibuprofen induce antioxidant stress andcamiohe disruption in mussel Mytilus
galloprovincialis? Environmental Toxicology and Pharmacology, 33 88)1-371, 2012.

[142] Schmitt-Jansen, M.; Bartels, P.; Adler, N.ltelburger, R.,Phytotoxicity
assessment of diclofenac and its phototransformatigroducts Analytical and
Bioanalytical Chemistry, 387 (4), 1389-1396, 2007.

[143] Rizzo, L.; Meric, S.; Kassinos, D.; Guida, ;MRusso, F.; Belgiorno, V.,
Degradation of diclofenac by Tiphotocatalysis: UV absorbance kinetics and process
evaluation through a set of toxicity bioassayater Research, 43, 979-988, 2009.

[144] Reinecke, A.J.; Maboeta, M.S.; Vermeulen, L..Reinecke, S.A.Assessment
of Lead Nitrate and Mancozeb Toxicity in Earthworbdsing the Avoidance Response
Bull Environ Contam Toxicol, 68, 779-786, 2002.

83



Scientific activity
MTMT number: 10030544

Papers
Papers related to the PhD Thesis

1) Arany, E.; Oppenlander, T.; Gajda-Schrantz, K.; Dombi, ikfluence of HO-
Formed in Situ on the Photodegradation of Ibuproéeml KetoprofenCurrent Physical
Chemistry,2 (3), 286-293, 2012,

IF: 1.23; independent citation: 1

2) Arany, E.; Szabd, R.K.; Apati, L.; Alapi, T.; llisz, I.; Madier, P.; Dombi, A.;
Gajda-Schrantz, K.,Degradation of naproxen by UV, VUV photolysis arukirt
combination Journal of Hazardous Materials, 262, 151-1573201

IF: 3.925; independent citations: 2

3) Arany, E.; Lang, J.; Somogyvéri, D.; Lang, O.; Alapi, TisH, |.; Gajda-Schrantz,
K.; Dombi, A.; Kéhidai, L.; Hernadi, K.Vacuum ultraviolet photolysis of diclofenac and
the effects of its treated aqueous solutions orptbéferation and migratory responses of
Tetrahymena pyriformjsScience of the Total Environment 468-469, 996612014,

IF: 3.258; independent citation: —

Papers not related directly to the PhD Thesis

4) Bartalis, I.; Siminiceanu, |Arany, E.: Enhanced ozonation of phenol in water
Revista de Chimie, 62 (11) 1047-1051, 2011.
IF: 0.599; independent citation: 1

5) Siminiceanu, |.; Bartalis, IArany, E.: Enhancement of phenol oxidation by ozone
in wastewater. Il: Kinetic modelingenvironmental Engineering and Management Journal,
11 (2) 449-455, 2012.

IF: 1.004; independent citations: 5

84



6) Soji, D.; Despotovi, V.; Orié, D.; Szabé, E.Arany, E.; Armakovi, S.; lllés,
E.; Gajda-Schrantz, K.; Dombi, A.; Alapi, T.; Sajbdagy, E.; Palagyi, A.; Vagvolgyi,
Cs.; Manczinger, L.; Bjelica, L.; Abramdayi B., Degradation of thiamethoxam and
metoprolol by UV, @and UV/Q hybrid processes: Kinetics, degradation intermézia
and toxicity Journal of Hydrology47-473 314-327., 2012.

IF: 2.656; independent citations: 4

7) Alapi, T.; Berecz, L.;Arany, E.; Dombi, A., Comparison of the UV-Induced
Photolysis, Ozonation and their Combination at ®&me Energy Input Using a Self-
Devised Experimental Apparatu®zone Science & Engineering, 35 (5), 350-3583201

IF: 0.806; independent citation: —

8) Kozmér, Zs.;Arany, E.; Alapi, T.; Takacs, E.; Wojnarovits L.; Dombi, A.,
Determination of the rate constant of hydroperaxglical reaction with phenpRadiation
Physics and Chemistry 102, 135-138, 2014.

IF: 1.189; independent citation: —

Cumulative impact factor: 14.667

Total number of independent citations: 10

Book chapters

Book chapters related to the PhD Thesis

1) Arany, E.; Szabd, R.; Gajda-Schrantz, K.; Mazellier, P.; Dbgm., Degradation
of naproxen by advanced oxidation process$es,A geotermikus energia fenntarthat6
hasznositasa, Eds. Szanyi, J.; Medgyes, T.; K@oiKurunczi, M.; Egyed, E., InnoGeo
Kft., Szeged, 2012., ISBN: 978-963-89689-0-6, [{j2-220.

2) Arany, E.; Oppenlander, T.; Gajda-Schrantz, K.; Dombi, Kfluence of HO,
formed in situ on the photodegradation of ibuproterd ketoprofenin: A geotermikus
energia fenntarthaté hasznositasa, Eds. Szanyledlgyes, T.; Kébor, B.; Kurunczi, M.;
Egyed, E., InnoGeo Kift., Szeged, 2012., ISBN: 988-89689-0-6, pp. 221-241.

85



3) Gajda-Schrantz, K.Arany, E.; lliés, E.; Szabo, E.; Pap, Zs.; Takacs, E.;
Wojnarovits, L., Advanced Oxidation Processes for Ibuprofen ibuprofemoval and
ecotoxicological risk assessment of degradatioermediatesin: Wilton C.C.; Brant R.B.
(Eds.) Ibuprofen: Clinical Pharmacology, Medical edsand Adverse Effects, Nova
Science Publishers, Inc., New York, USA, 159-232.3, ISBN: 978-1-62618-659-0.

Conference participations

PhD Thesis related participations

1) Szabd6, R. Szakacs, E. Gajda-Schrantz, K.; Mazellier, P.; Dombi, A.,
Degradation of naproxen (NSAID) by Advanced OxatatProcessesXXlll. IUPAC
Symposium on Photochemistry, Ferrara, Italy, 200.0.D-16.

2) Dombi, A.; Gajda-Schrantz, K.; Oppenlander, TSzakacs, E. Intrinsic
production of hydrogen peroxide by 172 nm photslysi water and during the
photomineralization of ibu- or ketoprofen by 172 anmu/or by 185/254 nm lighthe 36"
ISEAC International Symposium on Environmental Asiahl Chemistry, Rome, ltaly,
2010.10.05-09.

3) Arany, E.; Oppenlander, T.; Gajdané Schrantz, K.; Dombi,Hidrogén-peroxid
képsdése a viz 172 nm-es fotolizise, valamint az iba Ietoprofen 172 és/vagy 185/254
nm-es fotomineralizacioja sorarXKXXIll. Kémiai Eléadéi Napok, Szeged, Hungary,
2010.10.25-27.

4) Arany, E.; Szabhd, R.; Gajda-Schrantz, K.; Mazellier, P.; DgnA., Degradation
of naproxen by Advanced Oxidation Procesdeb)F Tudoméany Hete, Dunaujvaros,
Hungary, 2010.11.06-12.

5) Arany, E.; Alapi, T.; Gajdané Schrantz, K.; Dombi, ADiclofenac vakuum-
ultraibolya fotoliziseMKE 1. Nemzeti Konferencia, Sopron, Hungary, 20512@-25.

6) Arany, E.; Alapi, T.; Gajda-Schrantz, K.; Dombi, A¥Yacuum-ultraviolet
photolysis of diclofenac,Photoctalytic and Advanced Oxidation Technologies f
Treatment of Water, Air, Soil and Surfaces, @&k Poland, 2011.07.04.08.

86



7) Arany, E.; Cerrone, S.; Szab0, R.K.; Alapi, T.; Gajda-SctraK.; Dombi, A.,
Vacuume-ultraviolet photolysis of non-steroidal amflammatory drugsProceedings of
the 17" Int. Symp. on Analytical and Environmental Problen8zeged, Hungary,
2011.09.19., Ed.: Galbéacs Z., SZAB, Szeged, |SB18-963-306-146-6, pp. 64-67.

8) Arany, E.; Szabd, E.; lliés, E.; Alapi, T.; Gajda-Schrarkz, Dombi, A., The
degradation of ibuprofen by different AOPs in pared natural watersQOptimization of
Cost Effective and Environmentally Friendly Procetufor Treatment of Regional Water
Resources — workshop, Szeged, Hungary, 2011.1201-0

9) Arany, E.; Szab0, E.; Alapi, T.; Dombi, A.; Gajda-Schraritz, VUV photolysis
of pharmaceuticals and pesticide@ptimization of Cost Effective and Environmentally
Friendly Procedures for Treatment of Regional Wdesources — workshop, Szeged,
Hungary, 2011.12.01-02.

10) Arany, E.; Kozmér, Zs.; Apéti, L.; Alapi, T.; Gajdané SchiarK.; Dombi, A.,
Reakciokorilmények hatdsa aromés vegylletek vakilwaibolya fotolizisére,
Kdrnyezettudomanyi Doktori Iskoldk Konferencidjaydapest, Hungary, 2012.08.30.-31.,
Eds. Jurecska, L., Kiss, A., Patria Nyomda Zrt.d&pest, 2012, ISBN: 978-963-284-242-
4, pp. 211-218.

11) Kozmér, Zs. Arany, E.; Alapi, T.; Dombi, A., The effect of the reaction

conditions on the vacuum ultraviolet photolysis ifenol, Proceedings of the 18
International Symposium on Analytical and Enviroma Problems, Szeged, Hungary,
2012.09.24., Ed. Galbécs, Z., SZAB, Szeged, |ISBI8:963-306-165-7, pp. 177-181.

12) Arany, E.; lliés, E.; Farkas, J.; Szabo, E.; Alapi, T.; Gajd Schrantz, K.;
Dombi, A.; Takacs, E.; Wojnarovits, LSzerves mikroszennyg&zbontasa fotolizissel és
radiolizissel,1. Kdrnyezetkémiai Szimp6zium, Matrafired, Hung&12.10.11-12.

13) Kozmér, Zs, Alapi, T.; Arany, E.; Dombi, A.; Takacs, E.; Wojnéarovits, LA

fenol vakuum-ultraibolya fotolizisének és gamma ial@sének ©sszehasonlitasa

87



kilonbos gyodkéatalakité anyagok adagolasavalIll. Nemzetkozi Vegyészkonferencia,
Cluj-Napoca, Romania, 2012.11.22-25.

14) Kozmér, Zs. Arany, E.; Alapi, T.; Dombi, A.; Tak&cs, E.; Wojnérovits, ;L.

Hernadi, K., Similarities and differences between the radicalsreactions produced
during vacuum ultraviolet photolysis and gamma odghis 7" International Conference
on Environmental Engineering and Management (latégn Challenges for
Sustainability), Wien, Austria, 2013.09.18-21., $B78-973-621-418-9, pp. 115-116.

15) Kozmér, Zs. Arany, E.; Alapi, T.; Dombi, A.; Hernédi, K.,Terc-butanol,

sz 7

Kdrnyezetvédelmi Analitikai és Technoldgiai Konfeoga, Hajdlszoboszlé, Hungary,
2013.10.02-04.

16) Kozmér, Zs. Arany, E.; Alapi, T.; Dombi, A.; Takacs, E.; Wojnérovits, L.

Hasonl6sagok és kilonbségek a fenol vakuum-ultigabiotolizise és-radiolizise kozott,
a reakciékorulmények befolygsXXXVI. Kémiai El6addi Napok, Szeged, Hungary,
2013.10.28-30.

17) Kozmér, Zs. Arany, E.; Alapi, T.; Takacs, E.; Wojnarovits, L.; Dombi, ;A.

Hernadi, K.,Hangyasav, mint hidroxilgyokfogd koncentracidjamatisa a fenol vakuum-
ultraibolya fotolizisére ég-radiolizisére lll. Interdiszciplinaris Doktorandusz Konferencia
2014, Pécs, Hungary, 2014.04.15-17.

Conference participations not related to the PhD &dis

18) Alapi, T. ; Szakacs, E. Dombi, A., Fenol vizes oldatanak kezelése 6zon
generalaséara alkalmas kisnyomasu higafglgmpéaval VIll. Kornyezetvédelmi analitikai
és technoldégiai konferencia, Eger, Hungary, 20070-Q2.

19) Szakacs E. Alapi T.; Dombi A., A pH hatasa fenol vizes oldatanak UV

fotolizise, 6zonos valamint UV fotolizissel kombidaonos kezelése soran (Effect of pH

on the transformation of phenol in the aqueous tgmis treated by UV photolysis,

88



ozonation and their combinationXlll. Nemzetktzi Vegyészkonferencia, Cluj-Napoca,
Romania, 2007.11.08-11, Ed.: Majdik K., ISSN: 1&233, pp. 257-261.

20) Alapi, T, Pallagi, A.;Szakacs, E.Dombi, A., Different effect of the molecular
oxygen in the UV-induced transformation of phenolwater and acetonitrileCentral
European Conference on Photochemistry, Bad Hofmagtastria, 2008.02.10-14.

21) Dombi, A.; Alapi, T.; Gajdané Schrantz, K.; lllé%.; Szakacs, E.

Nagyhatékonysagu oxidacios eljarasok: fenol bommakatsszehasonlitdsa kulonoz

eljardsokkal (Advanced oxidation processes; congmariof different methods in case of
phenol decomposition)XIV. Nemzetkdzi vegyészkonferencia, Cluj-Napoca,nfamia
2008.11.13-15, Ed.: Majdik K., ISSN: 1843-6293, pp9-242.

22) Batalis, I; Siminiceanu, I.;Arany, E., Enhancement of phenol oxidation by

ozone in wastewater |. Experimental resulié, International Conference Environmental
Engineering and Management (ICEEM 06), Balatonalntégngary, 2011.09.01-04.

23) Siminiceanu, t. Bartalis, I.; Arany, E., Enhancement of phenol oxidation by

ozone in wastewater II. Kinetic modelling" International Conference Environmental
Engineering and Management (ICEEM 06), Balatonalntddngary, 2011.09.01-04.

24) Abramovi, B.; Alapi, T.; Arany, E.; Beszédes, S.; Bjelica, L.; Dalmacija, M.;
Despotovt, V.; Dombi, A.; Farkas, J.; Gajda-Schrantz, Ksuzsvany, V.; lliés, E.;

Kertész, Sz.; Kler, S.; Kmetyko, A.; Kredics, L.4dzI6, Zs.; Manczinger, L.; Mazellier,
P.; Mogyorési, K.; Qfi¢, D.; Pap, Zs.;: Rajj L.; Szabo, E.; Szabo, R.; SgjiD.;
Vagvolgyi, Cs.; Vajda, K.; Veréb, GQptimization of Cost Effective and Environmentally
Friendly Procedures for Treatmer@ptimization of Cost Effective and Environmentally
Friendly Procedures for Treatment of Regional Wdesources — workshop, Szeged,
Hungary, 2011.12.01.02.

25) Arany, E.; Kovacs, K.; Méreg, A.; Alapi, T.; Farkas, J.; Dbin A.,

Nagyhatékonyséagu oxidacios eljarasok alkalmazasatjpéd tartalmu vizek utokezelésére,

Kornyezettudomanyi Doktori Iskoldk Konferenciajaydapest, Hungary, 2012.08.30.-31.,

89



Eds. Jurecska, L.; Kiss, A., Patria Nyomda Zrt.d&pest, 2012, ISBN: 978-963-284-242-
4, pp. 184-191.

26) Kozmér, Zs, Alapi, T.; Arany, E.; Dombi, A.; Takécs, E.; Wojnérovits, LA

reaktiv intermedierek szerepe fenol vizes oldatarskolizisében,Oszi Radiokémiai
Napok 2012, Siofok, Hungary, 2012.10.08-10.

27) Sojié, D.; Despotou, V.; Ori¢, D.; Szabo, E.Arany, E.; Armakovi, S.; lllés,
E.; Gajda-Schrantz, KDombi, A.; Alapi, T.; Sajben-Nagy, E.; Palagyi,; A/agvolgyi,

Cs.; Manczinger, L.; Bjelica, L.; Abramayi B., Degradation of thiametoxam and
metoprolol by UV, @and UV/Q hybrid processes: Kinetics, degradation intermézia
and toxicity, The18&" International Conference on Advanced OxidationhRhetogies for
Treatment of Water, Air and Soil (AOTs-18), Jacksile, Florida, USA, 2012.11.12-15.

28) Kozmér, Zs. Arany, E.; Takacs, E.; Wojnarovits, L.; Alapi, T.; Dombi, ,A.

Effect of the concentration of tert-butanol on ganma radiolysis of phendhternational
Conference on Photocatalytic and Advanced Oxidafieshnologies for Treatment of
Water, Air, Surfaces, Gdak, Poland, 2013.09.09-12.

90



Acknowledgments

| would like to express my gratitude to Prof. Drldka Hernadi and to Prof. Dr.
Andras Dombi for their scientific conduction, firaal and moral support.

| am greatly thankful for the patience, kindnessl astientific advices of my
supervisiors, Dr. Tunde Alapi and Dr. Krisztina 8uftz.

Many thanks for the generosity of Dr. Agota Téttdddr. Dez$ Horvath, who
helped in the interpretation and the kinetic modgebf the degradation curves.

| am grateful for the financial support and theddalship of the German Academic
Exchange Service (DAAD) at the Hochschule Furtwandéniversity and for the
hospitality and scientific support of Prof. Dr. Thas Oppenléander. | would like to thank
Prof. Oppenlander for his critical comments coniceyithis work.

The technical and scientific help as well as théepae of Dr. Istvan llisz in the
performance and interpretation of the chromatogmaphd MS measurements is highly
appreciated.

| am very thankful for the help of Agnes Juhasanédllecting the scientific articles.

The help of Katalin Kacsala, Zsuzsanna Kozmér, @earRo6zsa, Laszl6 Apati and
David Somogyvéri in the performance and evaluatibrthe photolytic experiments is
greatly acknowledged.

Many thanks to my family for their humor, encounangmt and tolerance as well as to
my friends and colleagues (especially for Dr. Z&dp for the scientific discussions and
for Dr. Erzsébet lllés for her enthusiasm and texdirelp).

The financial support of the Swiss Contribution {@&220) is also greatly honoured.

91



Appendix

relative abundance (%) relative abundance (%

relative abundance (%)

159
100 4 CH,
OH
CH, 205
80 - !
HsC
60 -
40 A
20 A
O T .I |||. II T T T
100 125 150 175 200 225 250
m/'z
Fig. Al. The mass spectrum and chemical structuiiBlo.
221
100 A CHy
€9 OH
CH;
80 - 5
HaC
OH
60 -
40 -
177
20 A
O T T I T I T L1 I. T
100 125 150 175 200 225 250
m/z
Fig. A2. The mass spectrum and a possible structutegs.
237
100 CHy
€.9. OH
CH,
80 A HO.
He © 177
OH
601 207
159 179 221
40 -
20 A
0 -
100 125 150 175 200 225 250
m/z

Fig. A3. The mass spectrum and a possible strucfuBg,.

92



relative abundance (% relative abundance (%

relative abundance (%

1001 CHy
102 CH, (¢}
80 - 177
HaC
60 -
40
N ” ‘ |
NTAL
100 125 150 175 200 225 250
m/z
Fig. A4. The mass spectrum and a possible strucfuGgy.
207
100 CHy
€9 OH
OH
80 4
HsC
60
401 191
20
0 T T T L L T l|| T T
100 125 150 175 200 225 250
m'z
Fig. A5. The mass spectrum and a possible structubg,
253
100 - 0 omy
o
o (U T
60 - 209
40 197
20
O T I T | T = 1 T L T
150 175 200 225 250 275 300

m/z
Fig. A6. The mass spectrum and chemical structukd=ad O.

93



relative abundance (% relative abundance (%

relative abundance (%

211
100 - 9 o,
o (J T
60
201
40 -
20
0 -4
150 175 200 225 250 275 300
m/z
Fig. A7. The mass spectrum and a possible structfub@ero.
239
100 A 0 CHy
O/OH
80
60
225
40 -
241
20
o 1 v i ||| ||. Wi, | Ll
150 175 200 225 250 275 300
m/z
Fig. A8. The mass spectrum and a possible strucfuBRero.
223
100 o oty
OH
80
60
225
401 195
20
O .
150 175 200 225 250 275 300
m'z

Fig. A9. The mass spectrum and a possible strucfutRero.

94



relative abundance (%

relative abundance (%

relative abundance (%

100

80

60

40

20

0

T o

150 175

213

202

200 225 250 275 300

m/'z

Fig. A10. The mass spectrum and a possible streiciubcero.

185
100 on
NN -
80 T Hy I
NN G ° 231

60 -

40 A

20 -

0 T T T | = II

150 175 200 225 250
m/z
Fig. A11. The mass spectrum and chemical structUNAP.
158
100 o
\
(I
HJC\O
60 -
40 -
185
20 -
0 Al I TP ||||... ||| | Lol 1, il 1 I"n.l | Lo uw "
150 175 200 225 250
m/z

Fig. A12. The mass spectrum and a possible strictiubyap.

95



100
Wo/°”
& 801 e 1]
° NN N
S
©
S 60
3
3 217
2 401
©
o
20 -
0 .
150 175 200 225 250
m/z
Fig. A13. The mass spectrum and a possible streictuByap.
201
1001 1s8 JC\H
N Y,
o\o 80 | c ( Y Y
o W
8 O
c
©
T 60
>
Q
[
£ 40-
©
o
20 -
0 |I| I I llII I |I | . 1 1 |_|I | 1 I - lI I.Il II|| II
150 175 200 225 250
m/z
Fig. A1l4. The mass spectrum and a possible steictiuGp.
¢ 294
100+
NH
g 80- cl OH
Q
g o) 296
]
2 60+
3
Q
©
.g 40 250
=
[}
= 252
207 208
0+ T t L T
150 200 250 300 350

m/z

Fig. A15. The mass spectrum and chemical structuBdCL.

96



relative abundance (%) relative abundance (%)

relative abundance (%)

100 1

a 310
100 A e.g.

NH

80 i Cl OH
[e]
60 1 o 312
40 A
296
20 - 298 ||314
0 |I I|| | | 1 ||I 1 I. Illl |I| I 1 1 ||I
150 200 250 300 350
m/z

Fig. A16. The mass spectrum and a possible striciubyc, .

a 258
100 - O
NH

80 1 oH
]
60 -

214
40 - 260

20 1 216

0 | L 1 11 ||I . I : II 1
150 200 250 300 350

m/z

Fig. A17.The mass spectrum and a possible structusg &f

240

80

60 -
40+ 196

20 A

150 200 250 300 350

m/z

Fig. A18.The mass spectrum and a possible structu@ af

97



