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Abbreviations

1,2-DHB: 1,2-dihydroxybenzene

1,4-DHB: 1,4-dihydroxybenzene

ADICL: an aromatic by-product of the VUV photolysis of DICL, presumably its

monohydroxylated derivative

AIBU: an aromatic by-product of the VUV photolysis of IBU, presumably its

monohydroxylated derivative

AKETO: an aromatic by-product of the VUV photolysis of KETO, presumably 3-

ethylbenzophenone

ANAP: an aromatic by-product of the VUV photolysis of NAP, presumably 2-

methoxy-6-vinylnaphthalene

AOP: advanced oxidation process

BDICL: an aromatic by-product of the VUV photolysis of DICL, presumably 1-(8-

chlorocarbazolyl)acetic acid

BIBU: an aromatic by-product of the VUV photolysis of IBU, presumably its

dihydroxylated derivative

BKETO: an aromatic by-product of the VUV photolysis of KETO, presumably 3-(1-

hydroperoxyethyl)benzophenone

BNAP: an aromatic by-product of the VUV photolysis of NAP, presumably 1-(6-

methoxynaphthalene-2-yl)ethylhydroperoxide

CDICL: an aromatic by-product of the VUV photolysis of DICL, presumably 1-(8-

hydroxycarbazolyl)acetic acid

CIBU: an aromatic by-product of the VUV photolysis of IBU, presumably 1-isobutyl-

4-isopropylbenzene

CKETO: an aromatic by-product of the VUV photolysis of KETO, presumably 3-(1-

hydroxyethyl)benzophenone

CNAP: an aromatic by-product of the VUV photolysis of NAP, presumably 1-(2-

methoxynaphthalene-6-yl)ethanone
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DIBU: an aromatic by-product of the VUV photolysis of IBU, presumably 2-[4-(2-

hydroxypropyl)phenyl]propanoic acid or hydroxy(4-isobutylphenyl)acetic acid

DICL: diclofenac

DKETO: an aromatic by-product of the VUV photolysis of KETO, presumably 3-

hydroperoxybenzophenone

: the molar absorption coefficient of the contaminant molecule at the emission

wavelength of the light source

IBU: ibuprofen

k’: apparent reaction rate constant

k0
obs.: the initial VUV-induced degradation rate of methanol

krecomb.: the reaction rate constant of the recombination reaction of HO2
•/O2

•–

KETO: ketoprofen

NAP: naproxen

NSAID: nonsteroidal anti-inflammatory drug

[HO•]SS: the steady-state concentration of hydroxyl radicals

PB: phosphate buffer

pHmax: pH where the solubility of the NSAIDs was the highest

PhOH: phenol

R• or RH-R•: carbon-centered radical

[radicals]SS: the steady-state concentration of reactive radicals

RH: organic compound

RO•: oxyl radical

ROO•, RH-ROO• or (RHOH)-O2
•: peroxyl radical

ROOOOR: tetroxide

ROS: reactive oxygen species

SD: standard deviation
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1. Preface

Since the traditional wastewater treatment techniques are based on biological

methods, and there are several pollutants (e.g. nonsteroidal anti-inflammatory drugs)

which can not be eliminated completely by the used microorganisms, the

decontamination of these waters is of upmost interest nowadays. The application of

advanced oxidation processes (AOPs) as additive methods during the treatment of

wastewaters may solve this problem. 

AOPs are based on the generation of reactive radicals, which can induce the

transformation of the contaminants. Although there is plenty of information about the

reactions of the most reactive radical, the hydroxyl radical (HO•), only a few data are

given concerning the less reactive radicals, which might also contribute to the

degradation of the pollutant molecules if their concentration is increased.  

Vacuum ultraviolet (VUV) photolysis is a suitable method, among the AOPs, to

study the effects of different parameters (e.g. the presence of dissolved O2 or other

radical transfer molecules) on the radical set and on the degradation of organic

contaminants, since the generated radical set is known, using this technique. These

results could contribute to improve the efficiency of AOPs. 
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2. Literature background

2.1. The investigated nonsteroidal anti-inflammatory drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used for multiple

indications in both human and veterinary medicine, e.g. to treat inflammation and

pain, to relieve fever, and sometimes they are also used for long-term treatment of

rheumatic diseases. They act by inhibiting the prostaglandin synthesis by blocking, 

either reversibly or irreversibly, one or both of the two isoforms of the

cyclooxygenase enzyme (COX-1 and COX-2). Most of their side effects (gastric

ulceration, renal and liver damages) can be related to their nonspecific inhibition of

the prostaglandin synthesis [1]. Since prostaglandins are also produced in non-

mammalian vertebrates like fish, amphibians and birds, in invertebrates such as

corals, sponges, coelenterates, molluscs, crustaceans, insects, as well as in marine

algae and higher plants [2, 3], NSAIDs released in the environment can cause adverse

effects also in the ecosystem, especially when they are present as a mixture [2, 4-11]. 

Table I. The IUPAC name, the chemical structure and the acidic dissociation constant of the
investigated compounds. 

comp. IUPAC name structure pKa ref. 

IBU
(RS)-2-(4-(2-

methylpropyl)phenyl)propanoic
acid

4.4 [12-14]

KETO
(RS)-2-(3-

benzoylphenyl)propanoic acid
4.1 [14]

NAP
(RS)-2-(6-methoxynaphthalen-2-

yl)propanoic acid
4.2 [15, 16]

DICL
2-(2-(2,6-

dichlorophenylamino)phenyl) acetic
acid

4.2 [14, 17]
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Four arylcarboxylic acids were selected among NSAIDs: ibuprofen (IBU), 

containing only one phenyl group, ketoprofen (KETO), a benzophenone derivative, 

naproxen (NAP), a naphthalene derivative and the Cl-containing diclofenac (DICL)

(Table I). As it can be seen from Table I and Fig. 1, these pharmaceuticals are week

acids.

HA A–

0

20

40

60

80

100

0 2 4 6 8 10 12 14

pH

fr
ac

ti
on

of
sp

ec
ie

s
(%

)

KETO
NAP
DICL
IBU

Fig.1. pH dependence of the undissociated and dissociated forms of the investigated NSAIDs. 
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Fig. 2. pH-dependence of the solubility of the studied NSAIDs. 
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Since the solubility of the undissociated ([HA]s) and dissociated ([A–]s) forms of

the studied NSAIDs differs with at least three orders of magnitude (Table II), the

solubility of these drugs (cs) is significantly pH-dependent (Fig. 2). (Unfortunately no

information was found in the literature concerning the [A–]s value of KETO.)

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

comp. [HA]s (× 10–4 mol dm–3) [A–]s (mol dm–3) 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

The cs values were calculated according to Chowhan [19], using the parameters

of Tables I and II. At low pH values the solubility of the undissociated species is the

limiting factor (Eq. I) and the cs values may be calculated according to Eq. IV

(derived from Eqs. I–III). Since the [A–]s values are with orders of magnitude higher

than the [HA]s values (Table II), Eq. IV was used also in case of intermediate pH

values, when the pH of the solution was lower than pHmax (the pH where the

solubility of the NSAIDs was the highest), in accordance with the work of Chowhan

[19]. 

][A[HA]  -
s

pHpH max +=<
sc (I)

[ ]+
< +=

OH

[HA]
  [HA]  

3
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s

pHpH max
K

cs (II)

[ ]+×= +
<

OH
  1  [HA]  

3

a
s

pHpH max
K

cs (III)

( ))p-(pH
s

pHpH amax 10  1  [HA]  K
sc +×=<

(IV)

While at higher pH values the solubility of the ionized species is the liming

factor (Eq. V). Therefore, in this case Eq. VI was used. 
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s
-pHpH ][A[HA]  max +=sc (V)

( )pH)-(p
s

-pHpH amax 10  1  ][A  K
sc +×= (VI)

These pharmaceuticals are among the most often prescribed drugs, their annual

consumption varying usually between several hundreds and several thousands mg

person–1 year–1 (Fig. 3). However, in 2005 17890 mg person–1 year–1 IBU was

consumed in Finland. It has to be also mentioned that the annual consumption of

these NSAIDs increases in the course of time [20]. 
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After administration, the investigated compounds are only partly metabolized

and 5–33% of IBU, 80% of KETO, 70% of NAP and 3–30% of DICL is excreted in

form of the parent compound or its conjugates. Additionally, although IBU is usually

eliminated in 86–99% in wastewater treatment plants, in some cases its elimination

efficiency is only 38–64% and the elimination efficiency of the other three NSAIDs

is also lower (45–77% in the case of KETO, 46–93% in the case of NAP and 17–69%

in the case of DICL). These compounds occur therefore in surface waters (Fig. 4). 

Additionally, IBU was detected in ~15 × 10–9 mol dm–3 in a UK river, in 1.0 × 10–9

mol dm–3 in a German groundwater and in 6.5 × 10–9 mol dm–3 in a USA drinking

water sample. KETO and DICL were also detected in 0.1 × 10–9 mol dm–3 and 2.0 ×

10–9 mol dm–3, respectively in a German groundwater sample [20]. 

These results make reasonable the elaboration of new water treatment

technologies, which could enhance the elimination of these pharmaceutically active

compounds from waters. The addition of AOPs to the traditional water treatment

techniques seems to be a promising alternative. For the determination of the

efficiency of these methods as well as for the suggestions of the possible reaction

mechanisms, the comparison of the treatment technologies with a simple-structured, 

well-known organic compound may be useful. In this work phenol (PhOH) was

chosen for these purposes. 

2.2. Advanced oxidation processes

2.2.1. General characterization of the AOPs

AOPs are based on the generation of reactive radicals (HO•, hydrogen

atom/hydrated electron (H•/eaq
–), hydroperoxyl radical/superoxide radical ion

(HO2
•/O2

•–) etc.), reacting with the organic contaminants to induce the degradation of

pollutant molecules. Among the formed radicals, the HO• is the most reactive and

less selective one. The second order rate constants (k) of its reactions with the studied

compounds are listed in Table III. These values were measured by either pulse

radiolysis or competitive techniques. Generally the directly measured values
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(determined by pulse radiolysis: 8.4 × 109 mol–1 dm3 s–1 in the case of PhOH [21], 

(6.0−6.1) × 109 mol–1 dm3 s–1 in the case of IBU [22, 23], (4.6−5.5) × 109 mol–1 dm3

s–1 in the case of KETO [23, 24], (3.5−7.5) × 109 mol–1 dm3 s–1 in the case of NAP

[22, 23] and (8.1−9.6) × 109 mol–1 dm3 s–1 in the case of DICL [22, 23, 25]) are

considered to be the most reliable. 

Table III. The second order rate constants of the reactions of  
HO•, eaq

− and H• with the investigated compounds. 
k (× 109 mol–1 dm3 s–1)

comp. 
HO•• ref. eaq

−− ref. H• ref. 

PhOH 6.6−18.0
[21, 26, 

27]
0.03 [28] 1.2−2.1 [29-31]

IBU 6.0−18.0
[12, 16, 

17, 22, 23, 
32, 33]

8.5−8.9 [23, 34] 4.0 [34]

KETO 4.6–10.0
[23, 24, 

33, 35-37]
20.0–26.1 [23, 24] n.d. –

NAP 3.5–22.0
[15, 16, 

22, 23, 33, 
36, 37]

4.9 [23] n.d. –

DICL 6.0–24.0
[17, 22, 

23, 25, 33, 
36]

1.5–1.7 [23, 25] n.d. –

The major AOPs are the followings [5]:

radiolysis

• electron beam irradiation

• -radiation

photochemical processes

• visible (Vis) light initiated photolysis

• ultraviolet (UV) light initiated photolysis

• VUV light initiated photolysis

• UV/VUV light initiated photolysis

• the combination of UV photolysis with H2O2

• sonolysis

• microwave irradiation

ozone based processes
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• simple ozonation

• the combination of ozonation with UV photolysis

• the combination of ozonation with H2O2

• the combination of ozonation with both UV photolysis and H2O2

homogeneous photocatalytic processes

• Fenton reaction

• photo-Fenton reaction

• electro-photo-Fenton reaction

heterogeneous photocatalytic processes

• Vis/TiO2

• UV/TiO2

• UV/TiO2/O3

electrochemical processes

super critical water oxidation

non-thermal plasma techniques

Radiolysis, photochemical processes, ozone based processes, homogeneous

photocatalytic and heterogeneous photocatalytic processes are the most significant

AOPs. It has to be mentioned that, there are no strict borders between the listed

categories since these processes may be combined in much more different ways [5]. 

2.2.2. UV photolysis of the investigated compounds

UV photolysis is the most widely used photochemical process among AOPs. The

efficiency of direct photolysis is determined by the quantum yield of the process ( )

and the overlap between the absorption spectrum of the target molecule (Fig. 5) and

the emission spectrum of the light source [38]. In case of a monochromatic lamp this

latter factor is expressed by the value of the molar absorption coefficient of the

contaminant at the emission wavelength of the light source ( ). The reported values

(Table IV) are usually < 1, suggesting that only a part of the excited molecules
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degrade. Besides this, it is likely that other deactivation processes without

degradation (like the emission of the incident radiation, the transformation of the

photon energy to thermal energy, or fluorescence) also take place in the systems [39, 

40]. The big difference between the reported values may be attributed to the

differences in the photon flux and emission wavelength of the used light sources or to

the differences in the reaction conditions (like the pH and the concentration of

dissolved O2). 
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Fig. 5. UV absorbance of the investigated compounds. 

Table IV. The quantum yield values of the photolysis of the investigated NSAIDs. 
comp. (nm) ref. 
PhOH 0.02–0.12 254 [41, 42]

0.04–0.19 254 [43, 44]IBU
0.33 300–400 [12]

0.17–0.26 254 [37, 43, 45]
0.38 200–300 [37]KETO
0.75 313 or 333 [46]

0.0093–0.061 254 [15, 37, 39, 47]
0.0556 200–300 [37]NAP

0.001 and
0.012

310–390 [40]

0.27 254 [48-52]
0.41 238–334 [52]
0.22 365 [50]

0.0313
305, 313
and 366

[53]
DICL

0.0375–0.24 sunlight [16, 48, 49, 51, 53]
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Although UV irradiation is often used for water disinfection, the total

mineralization of contaminant molecules is not feasible by performing solely UV

photolysis with the UV doses typically used during water disinfection (50–400 J

m−2). Under the mentioned conditions, IBU may be removed in ~10%, NAP in 29%

and DICL in 21–34% [52, 54, 55]. The only exception is KETO which is reported to

be eliminated in > 90% using a UV dose of 380 J m−2 [56]. The reason of the high

efficiency of KETO elimination might be that usually low-pressure mercury lamps

(emitting photons with an intensity maximum at 254 nm) are used in water

disinfection techniques, and the value of KETO, 254 nm is relatively high (14104–15450

mol−1 dm3 cm−1 [43, 45, 56]). 

Although VUV photolysis is a photochemical process too, its mechanism differs

a lot from that of UV photolysis. The reason is that in the first case the incident

photons are mainly absorbed by the solvent molecules and the transformation of the

contaminant starts with the reaction of the radicals formed from the solvent, while in

the latter case the irradiation excites the solute molecules which results in their

further transformation. The mechanism of VUV photolysis shows similarities with

radiolysis, since similar radicals form during both methods. 

2.2.3. Radiolysis

Radiolysis is one of the AOPs, where the generated radical set is known. 

Furthermore, in this case the distribution of the reactive intermediates may be

considered homogeneous. This method is suitable therefore for performing some

mechanistic investigations concerning the role of different radicals during the

radiolysis of the studied compounds. 

During irradiation of water with ionizing radiation HO•, eaq
– and H• form as

reactive radical intermediates (1). In dilute aqueous solution they may react with

solute molecules with G values (the yields of the radicals) of 0.28, 0.28 and 0.062

mol J–1, respectively [57, 58]. 

H2O + HO•, eaq
–, H• (1)
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Radiolytic experiments have revealed that although in the case of PhOH, IBU

and KETO HO• is more effective than eaq
– in decomposing the NSAIDs [24, 34, 59], 

these reactive intermediates are similarly effective in degrading DICL, and the

contribution of eaq
– is lower only from the point of view of DICL mineralization [25, 

60]. The reactions of HO• with IBU, KETO and DICL lead to

hydroxycyclohexadienyl-type radical intermediates, which in their further reactions

yield hydroxylated derivatives of these compounds [24, 25, 34, 60]. Although in case

of IBU eaq
– attacks the carboxyl group [34], in case of KETO it is scavenged by the

carbonyl oxygen and the electron adduct protonates to ketyl radical [24]. In case of

DICL, the reaction with eaq
– results in the dechlorination of the molecule [25, 60]. 

Unfortunately, no information was found in the literature concerning the radiolysis of

NAP.

2.2.4. Vacuum ultraviolet photolysis

VUV photolysis is the other method among the AOPs where the generated

radical set is known, and suggestions may therefore be put forward concerning the

effects of different parameters on the radical set and on the degradation of organic

contaminants. These results could contribute to the optimization of other AOPs. 

Because of the low concentration of the contaminants (usually < 10–2 mol dm–3)

relative to concentration of water (practically 55.56 mol dm–3) in aqueous solutions, 

the VUV photons (100 nm < < 200 nm) are mainly absorbed by the solvent

molecules. The relatively high energy of the VUV light (6.20 eV < Q < 12.40 eV)

excites H2O molecules and results in the homolysis of H2O (2). By the way, in a

minor extent, also the ionisation of H2O (3) may occur [61]. E.g. the 172 ± 14 nm

radiation emitted by the widely used xenon excimer lamps (Xe excilamps) is

practically absorbed completely within a 0.04-mm-thick H2O layer, due to the high

molar absorption coefficient of H2O at this wavelength ( H2O
172 nm = 10 mol−1 dm3

cm−1) [62]. In this case bond homolysis is realized with a quantum yield of: HO•172 nm
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= 0.42 ± 0.04 [62] and eaq
– (the conjugate base pair of H• (4)) are produced with a

value of lower than 0.05 [63]. 

H2O + h < 190 nm H2O
*       H• + HO• (2)

H2O + h < 190 nm H2O
* H+ + HO• + eaq

– (3)

H• + H2O eaq
– + H3O

+ pKa = 9.6 [58] (4)

The deactivation of electronically excited H2O molecules (H2O
*) is also

promoted by the surrounding water molecules, which can form a solvent cage [64-

66]. The cage hinders the separation of the primary radicals, which therefore

recombine very effectively, with the formation of H2O (k–2 = 7×109 mol–1 dm3 s–1 in

the bulk) [67]. These processes explain why H2O
172 nm is much lower than 1. 

VUV photolysis was found to be an effective method in the decomposition of

PhOH from diluted aqueous solution [64]. The presence of VUV light along the UV

photons increased significantly the transformation rates of PhOH [42], IBU [43] and

NAP [39] as well as the mineralization rates of IBU and KETO [68]. These results

made reasonable the investigation of the simple VUV photolysis of the NSAIDs and

the role of the generated radicals, which were not studied earlier. 

2.3. The effects of radical transfers on the radical set formed

during the VUV photolysis of aqueous solutions

2.3.1. The effects of dissolved O2

Due to their short lifetime, the role of different radicals can be investigated only

with indirect methods. One of these is the addition of radical transfer materials to the

treated solutions. In this case, the target molecules and the radical transfers compete

for the primary radicals of VUV photolysis (HO• and H•/eaq
–). Since the

concentration of the reactive intermediates available for the contaminants is therefore

reduced, it will decrease the transformation rates of the pollutant molecules. The

degree of inhibition will depend on the concentration of the investigated compounds

k–2

k2
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and the radical transfers, on the ratio of their reaction rate constants with the primary

radicals and on the k values of the studied organic compounds and the radicals

formed in the reactions of the transfer molecules and the primary radicals. If the k

values of the pollutants and the radical transfers with the primary radicals are in the

same order of magnitude and the concentration of the transfer molecules is high

enough, almost all of the primary radicals react with the radical transfers. In this case

the transformation of the target compounds may be initiated by the radicals formed in

the reactions of the transfer molecules and the primary radicals. 

A widely used radical transfer is dissolved O2, which hinders the recombination

reactions of H•/eaq
– and HO•, and converts reductive H•/eaq

– to oxidative HO2
•/O2

•–

(5–7). The concentration of reactive oxygen species (ROS: HO•, HO2
•/O2

•–, peroxyl

radicals etc.) is therefore very likely to be increased in the presence of O2. 

H• + O2 HO2
• k5 = 2.1 × 1010 mol–1 dm3 s–1 [29] (5)

eaq
– + O2 O2

•– k6 = 1.9 × 1010 mol–1 dm3 s–1 [29] (6)

HO2
• H+ + O2

•– pKa = 4.8 [69] (7)

If an organic contaminant reacts with HO• either by H-abstraction (8, 9) or

electrophilic addition (10), carbon-centered radicals form (R•, RH-R• or (RHOH)•)

[70]. Although the disproportionation reaction of these carbon-centered radicals (11, 

12) leads on the one hand to a transformation product of the pollutant, on the other

hand the contaminant molecule is regenerated. Similarly, the parent molecules might

be regenerated also during the dismutation of carbon-centered radicals formed in the

reactions of the pollutants with H•. The dissolved O2 might affect the degradation

efficiency also by scavenging the carbon-centered radicals (13 – 15) to furnish in

peroxyl radicals (ROO•, RH-ROO• or (RHOH)-O2
•). Since O2 addition (13 – 15)

competes with the disproportionation of these radicals (11, 12), the regeneration of

the pollutant molecules is hindered in the presence of dissolved O2. 

RH + HO• R• + H2O (8)

RH-RH + HO• RH-R• +H2O (9)
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RH + HO• (RHOH)• (10)

RH-R• + RH-R• R=R +RH-RH (11)

(RHOH)• + (RHOH)• ROH + RH +H2O (12)

R• + O2 ROO• (13)

RH-R• + O2 RH-ROO• (14)

(RHOH)• + O2 (RHOH)-O2
• (15)

2.3.2. The effects of formate ions

Formate ion is also a well known HO• transfer because it reacts with reactive

HO• with high rate constant and forms negligibly reactive carboxyl radical/carbon

dioxide radical anion (•COOH/CO2
•–) (16–18):  

HCOOH + HO• •COOH + H2O k16 = 1.3 × 108 mol–1 dm3 s–1 [71] (16)

HCOO– + HO• CO2
•– + H2O k17= 3.2 × 109 mol–1 dm3 s–1 [71] (17)

•COOH H+ + CO2
•– pKa = 1.4 [72] (18)

In the presence of O2, 
•COOH/CO2

•– transform to HO2
•/O2

•– (19, 20):

•COOH + O2 HO2
• + CO2 k19 = 3 × 109 mol–1 dm3 s–1 [72] (19)

CO2
•– + O2 O2

•– + CO2 k20 = 4.2 × 109 mol–1 dm3 s–1 [73] (20)

Summarizing, in the presence of both O2 and formate ions, all of the primary

reactive species of VUV photolysis (HO• and H•/eaq
–) transform to HO2

•/O2
•–, 

therefore the effect of these species (HO2
•/O2

•–) may be investigated using these

reaction conditions. 
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2.3.3. The effects of radical scavengers

If the reactivity of a radical (formed in the reaction of the transfer molecules and

the primary radicals) is low enough, so that its contribution to the transformation of

the contaminant might be neglected, the radical transfer is called radical scavenger. 

Two widely used radical scavengers are methanol (CH3OH) and tert-butanol

(C(CH3)3OH). They react with HO• with pretty high rate constants (k21 = 9.7 × 108

mol–1 dm3 s–1 and k22 = 6.0 × 108 mol–1 dm3 s–1 [29]):

CH3OH + HO• •CH2OH + H2O (21)

C(CH3)3OH + HO• •CH2C(CH3)2OH + H2O (22)

In the presence of dissolved O2, the carbon centered radicals formed in (21 and

22) are converted to peroxyl radicals (the k23 being 4.2 × 109 mol–1 dm3 s–1 [74], while

the k24 being 1.4 × 109 mol–1 dm3 s–1 [75]):

•CH2OH + O2
•OOCH2OH (23)

•CH2C(CH3)2OH + O2
•OOCH2C(CH3)2OH (24)

H•/eaq
– react also with these radical scavengers (25–28), but there is a difference

of 4–6 orders of magnitude between their reaction rate constants with the scavenger

molecules and with dissolved O2 (k5, k6, k25–k28). Therefore, in the presence of both

O2 and radical scavengers, HO2
•/O2

•–, •OOCH2OH and •OOCH2C(CH3)2OH will be

present in the solution among the reactive intermediates. 

CH3OH + H• •CH2OH + H2 k25 = 2.6 × 106 mol–1 dm3 s–1 [29] (25)

CH3OH + eaq
– H• + CH3O

– k26 < 1 × 104 mol–1 dm3 s–1 [29] (26)

C(CH3)3OH + H• •CH2C(CH3)2OH + H2 k27 = 1.7 × 105 mol–1 dm3 s–1 [31] (27)

C(CH3)3OH + eaq
– products k28 < 4 × 105 mol–1 dm3 s–1 [76] (28)
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2.4. The reaction mechanism of the VUV decomposition of

phenol

The detailed review of the reaction mechanism and possible transformation ways

of the VUV initiated decomposition of PhOH (Fig. 6), a simple structured aromatic

compound might help us to understand the VUV initiated transformation of the

NSAIDs, containing aromatic rings too. 

In the absence of dissolved O2 the transformation of PhOH is initiated by its

reaction with either HO• or H• to yield dihydroxycyclohexadienyl (DHCD•) and

hydroxycyclohexadienyl (HCD•) radicals. The reaction of PhOH with eaq
– is of minor

relevance because of the low quantum yield of eaq
– production during the VUV

photolysis of water and because of the k value of this reaction is with 2–3 orders of

magnitude lower than that of PhOH with HO• (Table III). 

In O2-free solutions the formed DHCD• may dimerize to yield a

bicyclohexadiene or dismutate to result in dihydroxybenzene and regenerate PhOH. 

Another possibility of the transformation of DHCD• is its dehydration reaction, which

yields an instable radical cation [70]. The deprotonation of this radical cation leads to

a resonance-stabilized phenoxyl radical [77, 78]. Phenoxyl radicals either dimerize to

yield a bicyclohexadienone or react with HO• to produce fragmentation products

[70]. However the transformation of DHCD• through phenoxyl radicals is of lower

significance. 

Similar to the transformation of DHCD•, the disproportionation of HCD• might

also regenerate PhOH, along with a cyclohexadiene. On the other hand, the

recombination of HCD•-s yields a bicyclohexadiene [70]. 

In oxygenated solutions, O2 addition competes with the dismutation reaction of

DHCD•. Because of the usually significantly higher concentration of dissolved O2

(cO2
) than that of DHCD•, these radicals mainly transform to the respective peroxyl

radicals. The further transformation of these latter species involves HO2
• elimination

to result in dihydroxybenzene. 
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On the other hand, the intramolecular reactions of these peroxyl radicals mainly

yield ring-opening products. Due to the further reactions of the ring-opening products

with the ROS present in the solution, finally the mineralization of PhOH is reached in

VUV irradiated, O2-saturated solutions. [70]. 

In the absence of dissolved O2 the transformation of PhOH is initiated by its

reaction with either HO• or H• to yield dihydroxycyclohexadienyl (DHCD•) and

hydroxycyclohexadienyl (HCD•) radicals. The reaction of PhOH with eaq
– is of minor

relevance because of the low quantum yield of eaq
– production during the VUV

photolysis of water and because of the k value of this reaction is with 2–3 orders of

magnitude lower than that of PhOH with HO• (Table III). 

In O2-free solutions the formed DHCD• may dimerize to yield a

bicyclohexadiene or dismutate to result in dihydroxybenzene and regenerate PhOH. 

Another possibility of the transformation of DHCD• is its dehydration reaction, which

yields an instable radical cation [70]. The deprotonation of this radical cation leads to

a resonance-stabilized phenoxyl radical [77, 78]. Phenoxyl radicals either dimerize to

yield a bicyclohexadienone or react with HO• to produce fragmentation products

[70]. However the transformation of DHCD• through phenoxyl radicals is of lower

significance. 

Similar to the transformation of DHCD•, the disproportionation of HCD• might

also regenerate PhOH, along with a cyclohexadiene. On the other hand, the

recombination of HCD•-s yields a bicyclohexadiene [70]. 

In oxygenated solutions, O2 addition competes with the dismutation reaction of

DHCD•. Because of the usually significantly higher concentration of dissolved O2

(cO2
) than that of DHCD•, these radicals mainly transform to the respective peroxyl

radicals. The further transformation of these latter species involves HO2
• elimination

to result in dihydroxybenzene. On the other hand, the intramolecular reactions of

these peroxyl radicals mainly yield ring-opening products. Due to the further

reactions of the ring-opening products with the ROS present in the solution, finally
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the mineralization of PhOH is reached in VUV irradiated, O2-saturated solutions. 

[70]. 

Although the transformation of PhOH in VUV irradiated solutions is mainly

initiated by its reaction with HO•, the possible role and importance of the other ROS

formed has to be regarded as well. In O2 saturated solutions, O2 and PhOH molecules

compete for H•/eaq
–. If the concentration of PhOH is lower than that of cO2

, HO2
•/O2

•–

react with the solute molecules instead of H•/eaq
– (because of the similar k values of

the reactions of O2 and PhOH with H•/eaq
–). On the other hand, HO2

• elimination

reactions are typical during the transformation of peroxyl radicals (see the next

Section). Thus, HO2
•/O2

•– are the most important ROS after HO•. 

The k value of the reaction of PhOH with HO2
• (although with 6–7 orders of

magnitude lower than that of with HO•) is with one order of magnitude higher than

that of with O2
•– (2.7 × 103 mol–1 dm3 s–1 [79] and 5.8 × 102 mol–1 dm3 s–1 [80], 

respectively). Addition of HO2
• to the aromatic ring results in a hydroxy-

hydroperoxycyclohexadienyl radical. After O2 addition to this latter species again

fragmentation products, aliphatic aldehydes, carboxylic acids and finally CO2 and

H2O form [81]. However, model calculations of Altarawneh et al. demonstrated that

the reaction rate coefficient of the H-abstraction of HO2
• is with at leas two orders of

magnitude higher than that of HO2
• addition [82]. Thus, H-abstraction of HO2

• to

yield H2O2 and phenoxyl radical dominates over the addition reaction. 

HO2
• may also recombine with phenoxyl radicals. The formed instable product

might stabilize due dehydration, and the further transformation of the formed

quinones results in 1,2-dihydroxybenzene or ring-opening products [83]. 
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2.5. H2O2 formation during the VUV photolysis of aqueous

solutions

The recombination (29, 30) and disproportionation reactions (31–33) of the

radicals generated during the VUV photolysis of aqueous solutions may lead to H2O2

production:

2 HO• H2O2 k29 = 5.5 × 109 mol–1 dm3 s–1 [29] (29)

H• + HO2
• H2O2 k30 = 9.7 × 107 mol–1 dm3 s–1 [84] (30)

2 HO2
• H2O2 + O2 k31 = 8.3 × 105 mol–1 dm3 s–1 [69] (31)

2 O2
•– + 2 H2O O2 + H2O2 + 2 HO– k32 < 0.3 mol–1 dm3 s–1 [69] (32)

O2
•– + HO2

• + H2O O2 + H2O2 + HO– k33 = 9.7 × 107 mol–1 dm3 s–1 [69] (33)
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Fig. 7. The reaction rate constant of the recombination reaction of HO2
•/O2

•– as a function of the
solution pH [69]. 

However, the minor or negligible H2O2 concentration (cH2O2) measured during

the VUV photolysis of pure water under deoxygenated conditions suggests that the

recombination reactions of HO• (29) take place only in a minor extent [68, 85, 86]. 
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Additionally, the significance of reaction (30) is reduced because of the low

concentration of H• in the presence of dissolved O2, while that of reaction (32)

because of the low value of rate constant k32. Thus, it can be stated that in pure water

H2O2 is mainly formed in the recombination reaction of HO2
•/O2

•–. It has to be

noticed, that the reaction rate constant of this reaction (krecomb.) depends strongly on

the pH of the solution (Fig. 7) [69]. 

The possibility of H2O2 formation is reduced by the reaction of HO2
• with HO•:

HO2
• + HO• O2 + H2O k34 = 6.6 × 109 mol–1 dm3 s–1 [87] (34)

H2O2 can be decomposed by reaction with HO• (35) or with H• (36) (this latter

reaction being of lower significance in the presence of O2 because of the low

concentration of H•) and in a minor extent by its VUV photolysis (37) [68]. The

quantum yield of the photolysis has been estimated to be 0.98 ± 0.05 at 254 nm [88], 

while in the presence of organic compounds it was determined to be 0.50 [89]. 

H2O2 + HO• HO2
• + H2O k35 = 2.7 × 107 mol–1 dm3 s–1 [29] (35)

H2O2 + H• HO• + H2O k36 = 3.6 × 107 mol–1 dm3 s–1 [90] (36)

H2O2 + h 2 HO• (37)

The presence of organic contaminants influences the cH2O2 since the reaction of

these molecules with HO• increases the concentration of R• (8), and also reduces the

probability of the reaction of H2O2 and HO• (35). Additionally, the decomposition of

ROO•, generated from R• in the presence of dissolved O2 (13), may lead to HO2
•

production (38) [91], but they may also furnish tetroxides (ROOOOR) by

recombination (39). HO2
•/O2

•– can lead to H2O2 formation not only through reactions

(31 and 33) but also through H-abstraction from an organic compound (40). 

According to the works of von Sonntag and Schuchmann [91] and Quici et al. [92]

the decomposition of the unstable tetroxides with the formation of ketones

(R’R”C=O) (41) results again in H2O2. 

RHOO• R + HO2
• (38)



26

2 ROO• ROOOOR (39)

RH + HO2
• R• + H2O2 (40)

ROOOOR 2 R’R”C=O + H2O2 (41)

The tetroxides formed from secondary peroxyl radicals may also produce oxyl

radicals (42). The rearrangement of the latter species result in their tautomers, the -

hydroxyalkyl radicals (43), while the reaction of these radicals with dissolved O2 may

produce HO2
• again (44) [91]:

R’R”HCOOOOCHR”R’ 2 R’R”HCO• + O2 (42)

R’R”HCO• R’R”C•OH (43)

R’R”C•OH + O2 R’R”C=O + HO2
• (44)
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3. Objectives

Since pharmaceuticals are usually reported to be recalcitrant water contaminants, 

four nonsteroidal anti-inflammatory drugs (IBU, KETO, NAP and DICL) were

chosen as target molecules of VUV photolysis and PhOH as a model compound. 

HO2
•/O2

•– are the most important oxygen containing species (ROS) along with

HO•. The concentration of H2O2 (cH2O2) refers to their concentration (cHO2
•/O2

•–) and

therefore, the cH2O2 was planned to be measured during the VUV photolysis of the

target molecules. 

As it could be seen from Section 2.3.1 and Fig. 8, dissolved O2 affects the

radical set from several routes. Therefore, the aim of this study was to investigate the

effect of the presence of O2 on the initial transformation of the pollutants, on the

formation and transformation of their main aromatic by-products and on their

mineralization. To study the relatively increasing effect of dissolved O2, experiments

were planned in solutions containing the contaminant molecules in two different

initial concentrations. 

O2, CH3OH/

C(CH3)3OH

HO2
• O2

•–

O2

H2O H• + HO•h

H2O

HCOOH, O2

•OOCH2OH/
•OOCH2C(CH3)2OH

pKa = 4.8

Fig. 8. The effect of different radical transfers on the radical set generated during the VUV
photolysis of water. 

In the presence of both dissolved O2 and formate ions, all of primary reactive

species of VUV photolysis (HO• and H•/eaq
–) transform to HO2

•/O2
•– (Fig. 8). 

Additionally, altering the pH of the solution the ratio of HO2
• and O2

•– might also be

influenced. Thus, the experiments aimed at the investigation of the effects of HO2
•

and O2
•– on the initial transformation rates of the target compounds. 
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In the presence of both dissolved O2 and radical scavengers (methanol or tert-

butanol), peroxyl radicals (•OOCH2OH and •OOCH2C(CH3)2OH) are present in the

solution along with HO2
•/O2

•– (Fig. 8). The aim of this study was to compare the

initial transformation of the pollutant molecules in the presence of formate ions and

in the presence of radical scavengers, and the reactivity of these ROS with each other. 

The radical set is affected also by the contaminants themselves, and therefore the

VUV photolysis of the target molecules was planned to be executed in four different

initial concentrations. 

Since no information was found in the literature concerning the VUV

degradation of IBU, KETO, NAP or DICL, the aim of this work was also to give

suggestions for the chemical structures of the formed aromatic by-products and to

give a tentative mechanism of their formation. 

Considering the VUV transformation of DICL, the investigation of the effect of

the contaminant molecule and the treated multicomponent solutions on the cell

proliferation and migratory responses of freshwater ciliate Tetrahymena pyriformis

was also planned. 
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4. Materials and methods

4.1. Chemicals and reagents

Table V. The purity and the producer of the used chemicals. 
chemical purity producer
1,2-DHB 99% Fluka
1,4-DHB 99.5% Riedel-de Häen

2-propanol HPLC gradient grade, 99.8% Scharlau
acetonitrile ultra gradient HPLC grade J.T.Baker
tert-butanol 100% VWR
CH3COOH HPLC grade Scharlau

CH3OH
HiPerSolv CHROMANORM, 

99.8%
VWR

DICL n.r.* Sigma
PhOH 99% Sigma
HCl AnalaR NORMAPUR, 37% VWR

HCOOH AnalaR NORMAPUR, 99–100% VWR
HCOONa n.r. Reanal

HNO3 AnalaR NORMAPUR, 68.5% VWR
H2O2 puriss, ~ 30% Fluka

H2O2-urea
adduct

~ 30% Fluka

H3PO4 85% SAFC
IBU > 99% Fluka

KMnO4 n.r. Reanal
K-oxalate n.r. Reanal

KETO n.r. Sigma-Aldrich
NaH2PO4 99% Spektrum 3D
Na2HPO4 99% Fluka
NaNO3 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 (Table V) and were applied without

further purification. The solutions were prepared in ultrapure Milli-Q water

(MILLIPORE Milli-Q Direct 8/16 or MILLIPORE Synergy185). The parameters of

the water gained from the first system were the followings: permeate conductivity:

13.3 S cm–1, resistivity: 18.2 M cm, total organic carbon (TOC) content: 2 ppb. 
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The resistivity of the water gained from the second system was 18 M cm. Some

photolytic measurements of DICL were preformed in phosphate-buffered solution

(PB). PB of pH = 7.4 contained 1.1 × 10−3 mol dm−3 NaH2PO4 and 1.9 × 10−3 mol

dm−3 Na2HPO4 in Milli-Q water. The initial concentration (c0) of the used radical

transfers were chosen in order to ensure the reaction rates of HO• and these

compounds (r0 = k × c0 × [HO•]SS) to be in nearly the same order of magnitude (see

k16, k17, k21 and k22; [HO•]SS being the steady-state concentration of HO•). The c0

values of HCOOH, HCOONa, CH3OH and C(CH3)3OH were therefore 0.50, 0.05, 0.1

and 0.50 mol dm−3, respectively. Additionally, the radical scavengers (methanol and

tert-butanol) were applied also in concentrations (crad. scav.) of 1 mol dm−3 and 0.05

mol dm−3, respectively. 

4.2. Spectrophotometric determination of the H2O2

concentration

The concentration of H2O2 (cH2O2), formed during the photolysis of H2O in the

presence of PhOH, IBU or KETO was measured with H2O2 test kits from Merck

(valid in the range 4.41 × 10−7 − 1.76 × 10−4 mol dm−3), which is based on the redox

reaction between H2O2 and Cu(II) ions in the presence of phenanthroline (7, 45–47). 

This reaction results in a yellow or orange complex that can be determined

spectrophotometrically at 455 ± 4 nm ( 454 nm = 14300 ± 200 mol−1 dm3 cm−1) [93]. 

Samples were analyzed either in a Perkin Elmer, Lambda 16 or in an Agilent 8453

diode array spectrophotometer. 

H2O2 + H2O H3O
+ + HO2

− pKa = 11.6 [94] (45)

Cu2+ + HO2
− Cu+ + HO2

• (46)

Cu2+ + O2
•− Cu+ + O2 (47)

The five points calibration of the test kit was done with H2O2-urea adduct or

simply H2O2. The exact concentration of the aqueous solution of the adduct and the
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H2O2 solution were determined by titration with KMnO4 (standardized with

potassium or sodium oxalate solution). The calibration curve of this cH2O2 measuring

method was reported not to be affected by coexisting organic compounds and organic

peroxides [93]. Thus, the equation established between the absorbance of the samples

and their cH2O2 in pure H2O could also be used in the case of solutions containing

PhOH, IBU, KETO or their decomposition products. This was confirmed in control

experiments. 

cH2O2 in four samples (for IBU and KETO) was calculated using the calibration

curve or the standard addition method. In the latter case, 4 cm3 of standard 1.34 ×

10−4 mol dm−3 H2O2 solution (made from the urea adduct) was added to 4 cm3 of

irradiated sample solution. In the knowledge of the exact concentration of the

standard solution, cH2O2 for the sample could be calculated. The difference between

the results of calculations using the calibration curve or the standard addition method

was within the error of cH2O2 determination. The standard deviation of the

measurements performed with the H2O2 test kit was less than ± 10% of the stated

values [68]. 

4.3. Reactor configurations

Two types of experimental setups were used for the VUV investigations. Most

of the measurements were performed in the apparatus depicted in Fig. 9, containing a

Radium XeradexTM xenon excimer lamp (of 20 W electrical input power) emitting at

172±14 nm. The lamp was placed at the center of a water-cooled, triple-walled

tubular reactor. The inner wall of the reactor was made of Suprasil® quartz. The

treated solution (250 cm3) was circulated at 375 cm3 min−1 in a 2-mm thick layer

within the two inner walls of the reactor and in the reservoir by a Heidolph

Pumpdrive 5001 peristaltic pump. The reactor and the reservoir were thermostated at

25.0±0.5 °C. N2 (> 99.99% purity; Messer) or O2 (> 99.99% purity; Messer) was

bubbled (855–600 cm3 min−1) through the solution in the reservoir to achieve
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deoxygenated or O2-saturated conditions, respectively. The injection of N2 was

started 30, while the injection of O2 15 min before each experiment, and was

continued until the end of the irradiation. 

The pH of the irradiated solutions was measured with an inoLab pH 730p

instrument, the measuring electrode being introduced directly into the reservoir. 

Fig. 9. Scheme of the 20 W photochemical apparatus 1: power supply; 2: teflon packing ring; 3:
xenon excimer lamp; 4: reactor; 5: peristaltic pump; 6: reservoir; 7: magnetic stirrer; 8: flow meter;

9: O2 or N2 bottle and 10: thermostat.1

Fig. 10. Scheme of the 100 W photochemical apparatus containing a ceramic gassing unit [95]. 

The formation of H2O2 during the VUV photolysis of IBU and KETO was

followed in the other apparatus, containing a 100 W xenon excimer flow-through

                                                
1 Reprinted from Science of the Total Environment, 468–469, Arany, E.; Láng, J.; Somogyvári, D.; Láng, O.;
Alapi, T.; Ilisz, I.; Gajda-Schrantz, K.; Dombi, A.; K hidai, L.; Hernádi, K., Vacuum ultraviolet photolysis of
diclofenac and the effect of the treated aqueous solutions on the proliferation and migratory responses of
Tetrahymena pyriformis, 996–1006, 2014, with permission from Elsevier. 
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photoreactor (Fig. 10). The photon flux of this lamp was reported to be (2,07 ± 0,08)

× 10−5 molphoton s−1 [96]. The inner electric connection of this reactor was a central

metal wire and its outer electric connection was an aluminum reflector (foil). The

electric connections were linked to an ENI plasma generator (model HPG-2). This

lamp emitted also a quasi-monochromatic, incoherent radiation ( max. = 172±14 nm)

with an electrical efficiency of ~ 8–10% [97, 98]. 

Due to the low penetration depth of 172 nm light in H2O the aqueous solution

within the cylindrical xenon excimer flow-through photoreactor consists of a non-

irradiated O2-saturated bulk solution and a thin-walled hollow cylindrical irradiated

volume (Virr) near the quartz/H2O interface. Within Virr, dissolved O2 reacts rapidly

with H•/eaq
– and R• (5, 6 and 13), resulting in a permanent O2 deficit within this tiny

volume [99, 100]. To reduce this effect and facilitate the transfer of O2 directly into

the irradiation zone, a ceramic gassing unit was mounted axially within the xenon

excilamp [95]. 

In this case, 2 dm3 of liquid was transferred into the reservoir and continuously

recirculated through the xenon excimer flow-through lamp at a flow rate of 8 to 9 dm3

min–1. The reservoir was cooled externally with tap water. Additionally, 240 cm3 of

residual water remained within the pump and the teflon tubes, resulting in 2.240 dm3

total treated volume. The flow rate of the injected gases was adjusted to ~ 1 dm3 min–1, 

with a gas pressure of ~ 0.5 bar. To saturate the solution with O2, the liquid was

recirculated for 30 min before ignition of the lamp. During both the saturation and the

irradiation phases the gas was injected continuously. 

All the presented results are the averages of 2–5 experiments; 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 determined by means of methanol

actinometry [96]. The methanol containing samples were analyzed on an Agilent

Technologies 6890N Network GC System with an Agilent Technologies 5973
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Network Mass Selective Detector. Helium was used as carrier gas at a flow rate of 1

cm3 min−1 and at 0.58 bar. Methanol was separated from its VUV degradation

products (e.g. formic acid, ethylene glycol or formaldehyde) on an Agilent 19091N-

133 HP-INNOWax (0.25 mm × 30 m × 0.25 m) column using the following heating

profile: the temperature was kept at 60 °C for 3 min, than raised to 100 °C with a

slope of 40 °C min−1 and kept there for 1 min, further it was raised to 220 °C with a

slope of 40 °C min−1 and kept there for another 1 min. In each case 0.1 l sample was

injected using the split mode with a split ratio of 50. 

4.5. Solid phase extraction

Solid phase extraction (SPE) was used for sample concentration before

performing the MS measurements in the case of IBU and KETO. 20 cm3 sample

solution was extracted in each case on C18 SPE cartridges with the help of a BAKER

spe-12G apparatus (prod. no. 7018-94). The cartridges were conditioned with 2 cm3

of 1% acetic acid and methanol in 1:1 ratio, followed by 1 cm3 Milli-Q water. After

the addition of the sample solution the cartridges were left to dry for ten minutes and

washed with 1 cm3 4% 2-propanol solution. The elution of the target molecules was

performed with 1 cm3 of 1% acetic acid and methanol in 1:1 ratio. 

4.6. High-performance liquid chromatography with mass

spectrometry

Samples containing the pollutant molecules were analyzed on an Agilent 1100

series LCMSD VL system consisting of a binary pump, a micro vacuum degasser, a

diode array detector, a thermostated column compartment, a 1956 MSD and

ChemStation data managing software (Agilent Technologies). In case of the NSAIDs, 

1% aqueous acetic acid and acetonitrile were used in 1:1 ratio as eluent, at a flow rate

of 0.8 cm3 min−1 either on a LiChroCART C18 (4 × 125 mm, 5 µm) or on a Kinetex

Phenomenex C18 (4.6 × 100 mm, 2.6 m) column. In the case of PhOH, methanol and
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Milli-Q water were used in 7:13 ratio, at a flow rate of 0.8 cm3 min−1 on a

LiChroCART C18 (4.6 × 150 mm, 5 m) column. The quantification wavelengths for

the UV detector were 210 and 280 nm in the case of PhOH, 220 and 260 nm in the

case of IBU, 260 nm in the case of KETO, 230 and 242 nm in the case of NAP and

240, 273 and 280 nm in the case of DICL containing solutions. For MS detection, a

1956 MSD with quadrupole analyzer and electrospray ionization was operated in the

negative ion mode when measuring IBU, three of its by-products (AIBU, BIBU and

DIBU), KETO, three of its by-products (BKETO, CKETO and DKETO), one by-product of

NAP (BNAP), DICL and its by-products (ADICL, BDICL and CDICL), and in the positive

ion mode when measuring one by-product of IBU (CIBU), one by-product of KETO

(AKETO), NAP and two of its by-products (ANAP and CNAP). N2 was used as drying gas

(300 °C, 12 dm3 min−1) and the fragmentor voltage was 70 V (except for the

measurement of CDICL, where a fragmentor voltage of 80 V was applied). The

nebulizer pressure was 2.4 bar in the case of measuring IBU and KETO, while it was

3.4 bar in the case of measuring NAP and DICL containing solutions. The capillary

voltage was 3000 V (except in the case of measuring DICL containing solutions, 

where it was 1000 V). 

4.7. Adsorbable organic halogen content measurements

The adsorbable organic halogen (AOX) contents of DICL containing solutions

were determined using an APU2 sample preparation module (Analytik Jena AG) and

a multi X 2500 instrument (Analytik Jena AG). During sample preparation, 30 cm3 of

solution was passed at a flow rate of 3 cm3 min−1 through two quartz tubes containing

2 × 50 mg active carbon in the APU2 module. Inorganic halogens were washed from

the surface of the carbon with a solution containing 0.2 mol dm−3 NaNO3 and 0.14

mol dm−3 HNO3. The carbon-containing columns were then burned in O2 (> 99.99%

purity; Messer,) stream at 950 °C and their halogen content was measured with a

microcoulometric method in the multi X 2500 instrument. 
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4.8. Total organic carbon content measurements

The TOC content of the solutions was measured using a multi N/C 3100

instrument (Analytik Jena AG). The TOC content was determined as the difference

between the total carbon (TC) and total inorganic carbon (TIC) contents. 2 cm3 10 v/v

% H3PO4 was added to 0.500 cm3 solution to release the TIC of the sample in the

form of CO2. A further 0.500-cm3 sample was then burned in O2 (> 99.995% purity;

Messer) stream at 800 °C. The CO2 formed reflected the TC content of the sample. 

In both cases the amount of CO2 was measured with a nondispersive infrared

absorption detector. 

4.9. Kinetic modeling

Performing a nonlinear model fit on the concentrations measured during the

HPLC analyses, with the help of Mathematica 8 (Wolfram) software, the formal k’

values of the degradation of the investigated compounds were determined. It should

be mentioned that our system is very inhomogeneous, in spite of the continuous

stirring. The VUV photons are absorbed in a very thin water layer (< 0.1 mm) and

therefore only a thin-walled hollow cylindrical volume of solution is irradiated, near

the quartz/water interface. Further, the experimental setup consisted of a partly-

irradiated reactor and a reservoir, the determined (apparent) k’ values therefore

referring to the overall transformation rate of the target molecules under the

experimental conditions applied. 

4.10. Proliferation inhibition assays

For measuring the proliferation inhibiting effect of the VUV-treated DICL

containing samples, 103 cells well−1 were placed in the core blocks of 60 wells in 96-

well microtiter plates (Sarstedt AG) and incubated with the samples at 28 °C for 24 h. 

The cells were subsequently fixed with 4% formaldehyde (Reanal) containing PB and
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counted with an impedimetric CASY TT cell counter (Innovatis-Roche). The

inhibitory effects of VUV-treated samples were determined by normalizing the

numbers of cells in the treated sample wells to the cell numbers in the negative

control wells. These wells contained cell culture medium (containing 0.1% (w/w)

yeast extract (Difco) and 1% (w/w) Bactotriptone (Difco) in distilled water) with the

appropriate volume proportion of PB. Measurements were performed in quintuplicate

and repeated three times. 

Samples from the VUV photolysis of DICL solutions prepared in PB were then

diluted to 1%, 5% and 25% (v/v) in the cell culture medium. Cells were incubated

with 1–90 v/v% of PB in culture medium for 24 h, and the number and morphology

of the cells were then evaluated under a microscope (Zeiss Axio Observer). 

4.11. Chemotaxis assay

Directed migratory response of motile cells to the gradient of a dissolved

chemical is called chemotaxis. Chemotactic characterization of a substance includes

the description of the elicited effect, which can be positive, i.e. attractant, or negative, 

i.e. repellent, as well as the time and concentration dependences of the induced

response. The chemotactic responses elicited by the VUV-treated DICL containing

samples were measured in a two-chamber multichannel capillary assay device [101]

for which the optimal incubation time was found to be 15 min [102]. Samples were

placed in the upper chamber of the device, whereas cells (104) were loaded into the

lower chamber. The number of positive responder cells was determined with a CASY

TT cell counter (Innovatis-Roche), following a 15-min incubation at 28 °C and

fixation with 4% formaldehyde containing PB. 

Samples were diluted to 0.1%, 0.01%, 0.001%, 0.0001%, 0.00001% and

0.000001% (v/v) in cell culture medium. Control runs with pure culture medium in

the upper chamber served for the normalization of cell numbers. The ratio obtained

designated the Chemotaxis Index (Chtx. Ind.). Measurements were carried out in

quadruplicate. 
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5. Results and discussion

5.1. Methanol actinometry

At the beginning of the measurements the photon flux of the 20 W light source

was determined by means of methanol actinometry [96]. According to the work of

Oppenländer and Schwarzwälder, the photon flux of the lamp (P) is proportional to

the initial VUV-induced degradation rate of methanol (k0
obs.) in aqueous solution, as it

is presented in Eq. VII. The factor 0.946 refers to the production of methanol by the

disproportionation reaction of hydroxymethyl radicals (•CH2OH) (48), which slows

down the HO•-induced transformation of methanol (21); VR is the total irradiated

volume (250 cm3); H2O is the total quantum yield of water photolysis (0.42 [62]);

H2O is the fraction of photons absorbed by water; CH3OH is the total quantum yield of

methanol photolysis (0.88 [62]) and CH3OH is the fraction of photons absorbed by

methanol. Since the k’ values of Fig. 22 and the r0 (= k’ × c0) values of Tables VI, 

VIII–X (Sections 5.2–5.5) were calculated to refer to the overall transformation rate

of the target molecules, the k0
obs. values calculated here refer also to the overall

transformation of methanol, and VR, although inhomogeneously irradiated, is

considered to be the total volume of the solution. Thus, the k’ and k0
obs. values are

consistent with each other. 

OHCHOHCHOHOH

R0
obs.

3322
946.0
1

ζζ ×+×
××= V

kP (VII)

2 •CH2OH CH3OH + CH2O (48)

The H2O and CH3OH values were calculated from the molar absorption

coefficients of water and methanol at 172 nm ( H2O = 10 mol−1 dm3 cm−1, CH3OH =

162 mol−1 dm3 cm−1, respectively [62]), the initial concentration of methanol

(c0
CH3OH) and the concentration of water (cH2O), which was considered to be 55.6 mol

dm−3 in such diluted solutions (Eqs. VIII and IX). 
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OHOH
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OHCHOHCH

0
OHCHOHCH

OHCH

2233

33

3 cc

c
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×
=

εε
ε

ζ (VIII)

OHCHOH 32
1 ζζ −= (IX)

The P may be determined from the k0
obs. values, which are nearly constant over a

definite c0
CH3OH range. At lower c0

CH3OH the degradation of methanol may be

represented with a pseudo-first-order rate constant, instead of a zero-order rate

constant (k0
obs.), while at higher c0

CH3OH, the VUV photolysis of methanol (49–52)

competes with the VUV photolysis of water (2, 3) and the HO•-initiated degradation

of methanol (21), increasing the k0
obs. values [96] (the = 185 nm values represent the

quantum yield of the processes at 185 nm). The k0
obs. was determined therefore to be

5.1 × 10−6 mol dm−3 s−1 (Fig. 11) and the photon flux of the 20 W xenon excimer

lamp was calculated to be (3.0 ± 0.1) × 10−6 molphoton s−1. 

CH3OH + h CH3O
• + H•

= 185 nm = 0.69 [62] (49)

CH3OH + h •CH2OH + H•
= 185 nm = 0.08 [62] (50)

CH3OH + h CH2O + H2 = 185 nm = 0.06 [62] (51)

CH3OH + h CH3
• + HO•

= 185 nm = 0.05 [62] (52)
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Fig. 11. The initial VUV-induced degradation rates of methanol as a function of the initial methanol
concentration, using the 20 W xenon excimer lamp. 
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Since the energy of the 172 nm photons (E172 nm) is 6.96 × 105 J molphoton
−1, the

electrical power of this lamp may be calculated (Pel. = 2.1 W; Eq. X), which means a

realistic electrical efficiency of ~ 10%. 

W1.2molJ1096.6smol103 1
photon

51
photon

6nm172
el. =×××=×= −−−EPP (X)

5.2. The effects of dissolved O2

5.2.1. H2O2 formation during the VUV photolysis of the contaminant

molecules

Although the formation of H2O2 during the irradiation of PhOH was measured in

the reactor depicted in Fig. 9, and during the irradiation of IBU or KETO in the

reactor shown in Fig. 10, it was experienced in each case that the initial

transformation of the contaminant molecules increases the cH2O2 (Fig. 12) [68]. (The

cH2O2 values measured during the VUV photolysis of the NSAIDs were significantly

higher than the values obtained in the case of PhOH likely because of the difference

between the electric input power of the light sources (100 W vs. 20 W). While the

difference between the cH2O2 values in the case of IBU and KETO are likely due to

the difference between the chemical structures and the number of carbon atoms of

these compounds.)
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Fig. 12. H2O2 formation during the VUV irradiation of PhOH, IBU or KETO containing (c0 = 1.0 ×
10–4 mol dm–3), O2 saturated solutions. 
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The increase of the cH2O2 in the presence of the previously mentioned organic

contaminants is in accordance with the results concerning the VUV-induced

mineralization of oxalic acid or methanol [85, 86] and make reasonable the

assumption that the cH2O2 increases also during the VUV photolysis of NAP and

DICL. The reason of the increased values of cH2O2 may be that these organic

contaminants are able to remove HO• and H•/eaq
– from the solvent cage and transform

to R• (8, 53). 

RH + H• R• + H2 (53)

On the one hand, H2O2 may be generated through the formation and

decomposition of tetroxides, generated from these radicals (13, 39 and 41). The

formation of ketones (41) may occur through formation of six- or five-membered

transition states (Figs. 13 and 14, where Ph represents the aromatic ring) [91, 92]. As

evidence of the above reaction mechanisms, 4-isobutylacetophenone was detected to

form during the VUV transformation of IBU (Section 5.6.1). 

+ HO•

- H2O
+ O2

2

2

H2O2

+
2 CO2

+

Fig. 13. Split off of H2O2 from tetroxides formed by the recombination of tertiary peroxyl
radicals. 

On the other hand, the cHO2
•/O2

•– is also increased in the presence of organic

contaminants (38, 44), which could be the second reason of the increased cH2O2, due

to the reactions (31, 33 and 40). Thus, the former results (Fig. 12) support the
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assumption that during the initial VUV transformation of the studied contaminant

molecules the cHO2
•/O2

•– increases. Although the reactivity of HO2
•/O2

•– is usually

reported to be lower than that of H• [70], in an elevated concentration they may also

contribute to the degradation of organic contaminants [68]. Therefore it is reasonable

to investigate thoroughly the effects of HO2
•/O2

•– on the VUV decomposition of

pollutants. 

+ O2+ HO•

- H2O
- CO2

2

2

H2O2

+
2 H2O

+

+ 2 H 2
O

2

H2O2
+

Fig. 14. Split off of H2O2 from tetroxides formed by the recombination of secondary peroxyl
radicals. 

5.2.2. The effects of dissolved O2 on the initial transformation of the

contaminant molecules

Although the reactivity of HO2
•/O2

•– is usually reported to be lower than that of

H• [70], in an elevated concentration they may also contribute to the degradation of

organic contaminants. Additionally, dissolved O2 could prevent the recombination of

H•/eaq
– and HO• (2, 3, 5 and 6), and at the same time may hinder the regeneration of

the target molecules (8–15). The increase of the initial transformation rates (r0) of the
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studied compounds was expected therefore, in the presence of O2. The results

supported the above assumptions in the case of the model compound (PhOH) (Fig. 

15). The regeneration of PhOH during the disproportionation reactions of either

DHCD• or HCD• was presented in Fig. 6. Along the former explanations, the reaction

of HO2
• (present in O2 saturated solutions instead of H•) with PhOH also leads to the

degradation of the latter (Fig. 6), therefore it seems that the contribution of oxidative

HO2
•/O2

•– to the transformation of PhOH is much more significant than that of H•/eaq
–. 
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Fig. 15. The VUV photolysis of PhOH (c0 = 1.0 × 10–4 mol dm–3) in the presence and absence of
dissolved O2. 

Contrary to the expectations, the r0 values were significantly higher in the

absence of O2, when NAP containing solutions were irradiated (Fig. 16) [39]. 

Moreover, the differences between the r0 values determined in O2-saturated or

deoxygenated solutions didn’t depend on the c0 values of NAP. 

The effect of dissolved O2 was investigated therefore in the case of the three

other NSAIDs as well. As it can be deduced from Table VI, the absence of O2

enhanced the VUV photolysis of IBU in 1.0 × 10–5 mol dm–3 concentrated solutions, 

but it had no significant effect in any other case. 
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Fig. 16. The initial VUV transformation rates of NAP solutions of different initial concentrations, in
the presence and absence of dissolved O2.

2

Table VI. The initial VUV transformation rates of the investigated compounds in the presence and
absence of dissolved O2. 

r0 (× 10–7 mol dm–3 s–1)
comp. gas

c0 = 1.0 × 10–5 mol dm–3 c0 = 1.0 × 10–4 mol dm–3

O2 2.4 ± 0.05 4.4 ± 0.10
PhOH

N2 1.9 ± 0.05 1.2 ± 0.03

O2 1.2 ± 0.07 5.3 ± 0.20
IBU

N2 1.6 ± 0.06 5.2 ± 0.30

O2 2.8 ± 0.10 10.0 ± 0.30
KETO

N2 2.7 ± 0.04 10.3 ± 0.40

O2 1.4 ± 0.04 6.8 ± 0.20
NAP

N2 3.2 ± 0.20 8.6 ± 0.40

O2 1.9 ± 0.05 5.7 ± 0.30
DICL

N2 1.8 ± 0.08 5.5 ± 0.08

Since the reaction of H•/eaq
– with O2 (5, 6) or with an organic compound are

competitive processes, the role of dissolved O2 was investigated in solutions

containing the contaminant molecules both in 1.0 × 10–5 mol dm–3 and 1.0 × 10–4 mol

dm–3. Although the value of the reaction rate constant of the reaction with H• is

reported only in the case of PhOH and IBU (Table III), it might be supposed that also

the other three values are in nearly the same order of magnitude as the k values of
                                                
2 Reprinted from Journal of Hazardous Materials, 262, Arany, E.; Szabó, R.K.; Apáti, L.; Alapi, T.; Ilisz, I.;
Mazellier, P.; Dombi, A.; Gajda-Schrantz, K., Degradation of naproxen by UV, VUV photolysis and their
combination, 151–157, 2013, with permission from Elsevier. 
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their reactions with HO• or the values of k5 and k6. Additionally, the concentration of

dissolved O2 (cO2 = 1.25 × 10–3 mol dm–3) was with one or two orders of magnitude

higher than the applied c0 values. If the c0 was 1.0 × 10–5 mol dm–3, the rate of the

reaction of H•/eaq
– with O2 (5, 6) was therefore ~ 100 times higher and in the other

case ~ 10 times higher than the rate of the reaction of H•/eaq
– with the studied

compounds. Thus, the effects of dissolved O2 were more pronounced in the case of

using a c0 of 1.0 × 10–5 mol dm–3. 

In the case of NAP and 1.0 × 10–5 mol dm–3 IBU solutions it might be supposed

that H•/eaq
– also contribute to the degradation of the target molecules. In the presence

of dissolved O2 the transformation of these reactive intermediates to less reactive

HO2
•/O2

•– might hinder the degradation of the contaminants [39]. 

In the case of KETO, DICL and 1.0 × 10–4 mol dm–3 IBU solutions also the

contribution of H•/eaq
– to the transformation of the organic substrates might be

underlined. However, in this case it is likely that the concentration of H•/eaq
–, which

decreased in the presence of O2, was compensated by the increased concentration of

ROS [103]. 

Additionally, in the case of the NSAIDs the significance of dissolved O2 in

hindering the regeneration of the contaminant molecules seemed not to be relevant, 

maybe because of the rapid further transformation of R•, RH-R• and (RHOH)•. 

5.2.3. The effects of dissolved O2 on the degradation by-products and

the mineralization of the contaminant molecules

Dissolved O2 also affected the formation and transformation of VUV

photoproducts of the contaminant molecules (Section 5.6). During the photolysis of

the target compounds four aromatic by-products of IBU and KETO (AIBU – DIBU and

AKETO – DKETO, respectively – see their tentative structures in Sections 5.6.1 and

5.6.2), three by-products of NAP and DICL (ANAP – CNAP and ADICL – CDICL, 

respectively – see their tentative structures in Sections 5.6.3 and 5.6.4) and two by-
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products of PhOH (1,2- and 1,4-dihydroxybenzene (1,2-DHB and 1,4-DHB, 

respectively) – identified with the help of standards) were detected. Among these

photoproducts, the concentration of AIBU, BIBU, BKETO, CKETO, DKETO, ANAP, CNAP, 

ADICL and 1,2-DHB was higher in the presence of dissolved O2, while the

concentration of CIBU, AKETO, BDICL, CDICL and 1,4-DHB in the absence of O2 (like in

Fig. 17). The concentration of DIBU was nearly the same both under oxygenated or

deoxygenated conditions, while BNAP was detected only in O2 saturated solutions. 
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Fig. 17. The effects of dissolved O2 on the VUV formation and transformation of a) by-product
CNAP and b) by-product CDICL (c0 = 1.0 × 10–4 mol dm–3).

Although the formation of the detected by-products of the NSAIDs is probably

not a one-step process (see Section 5.6), the reactions between the radicals generated

during the VUV photolysis and the target molecules may be the rate determining

steps of their formation. If the reaction rate of a radical and an organic compound is

higher than that of the radical and the by-product (which can be considered as a result

of the reaction between the radical and the contaminant), the radical enhances the

formation of the by-product. Similarly, if the reaction rate of a radical and an organic

compound is lower than that of the radical and the by-product, the radical contributes

mainly to the transformation of the by-product. In other words, the concentration of a

by-product is elevated if a radical contributes to its formation, and it is lower if a

radical enhances its transformation. 

In O2-saturated solutions HO2
•/O2

•– are present along HO•, while in

deoxygenated solutions H•/eaq
–. According to the ratio of the by-products in the

presence and in the absence of O2, mentioned above (e.g. in Fig. 17) it is likely that

HO2
•/O2

•– contributed to the formation of AIBU, BIBU, BKETO, CKETO, DKETO, ANAP, 
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BNAP, CNAP, ADICL and 1,2-DHB and to the transformation of CIBU, AKETO, BDICL, 

CDICL and 1,4-DHB. Similarly, H•/eaq
– could contribute to the formation of CIBU, 

AKETO, BDICL, CDICL and 1,4-DHB and to the transformation of AIBU, BIBU, BKETO, 

CKETO, DKETO, ANAP, BNAP, CNAP, ADICL and 1,2-DHB. 

Chlorine-containing compounds, and therefore also the VUV degradation by-

products of DICL may have toxic effects. Hence, the AOX contents of the irradiated

solutions (c0 = 1.0 × 10–4 mol L−1) were also measured. As it can be seen from Fig. 

18, the rate of dehalogenation did not depend on the presence or absence of O2. The

reason of this might be on the one hand, that the initial degradation rates of DICL

were very similar in oxygenated and deoxygenated solutions (Table VI). On the other

hand, the concentration of by-product ADICL was higher in the presence, while that of

BDICL and CDICL in the absence of dissolved O2 (Fig. 17b) [103]. 
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Fig. 18. The effect of dissolved O2 on the dehalogenation of DICL (c0 = 1.0 × 10–4 mol dm–3).3

Similarly to NAP-containing solutions (Fig. 19), the mineralization of the

NSAIDs was significantly more efficient in the presence of dissolved O2 (Table VII). 

In oxygenated solutions the total mineralization of the contaminants was reached

after 2 h of VUV irradiation (with the exception of IBU, where 25% of the initial

                                                
3 Reprinted from Science of the Total Environment, 468–469, Arany, E.; Láng, J.; Somogyvári, D.; Láng, O.;
Alapi, T.; Ilisz, I.; Gajda-Schrantz, K.; Dombi, A.; K hidai, L.; Hernádi, K., Vacuum ultraviolet photolysis of
diclofenac and the effect of the treated aqueous solutions on the proliferation and migratory responses of
Tetrahymena pyriformis, 996–1006, 2014, with permission from Elsevier. 
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TOC content of the solution was detected even after 2 h of treatment). However, in

solutions purged with N2, only a 10–45% mineralization could be reached within the

applied irradiation time. This would suggest that in deoxygenated solutions, some

undetected recalcitrant by-products were formed. In the absence of O2, the

recombination of the R• formed in the reaction of the NSAIDs and HO• is highly

likely and may result in dimers and oligomers of the target molecules, analogously to

the transformation of other organic contaminants [70, 103, 104]. 
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Fig. 19. The effect of dissolved O2 on the mineralization of NAP (c0 = 1.0 × 10–4 mol dm–3). 

Table VII. The degree of mineralization of the studied NSAIDs after 2 h of VUV irradiation in
oxygenated and deoxygenated solutions. 

mineralization (%)
comp. 

O2 N2

IBU 75 20
KETO 100 10
NAP 100 25
DICL 100 45

As a proof of these assumptions, m/z values much higher than the m/z values of

the target molecules were detected during the VUV photolysis of deoxygenated

solutions. However, their exact structures could not be determined since they were

not the multiples of the m/z values of the original molecules. Presumably, not two
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identical molecules were bounded to each other in these cases, but maybe some

fragments of the contaminants. 

The degradation of such dimers/oligomers is much more difficult than that of the

original molecule, which could explain the low efficiency of TOC loss in

deoxygenated solutions (Fig. 19, Table VII). The essential role of dissolved O2 during

the effective decontamination of NSAID-containing solutions should therefore be

underlined. 

5.3. The effects of HO2
••/O2

•– on the transformation of the target

compounds
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Fig. 20. The decrease of the pH of the O2 saturated, VUV irradiated solutions. The arrows show the
treatment time needed for the complete transformation of the compounds. The broken line depicts

the pH, where the concentration of HO2
• and O2

•– is equal. 

The ratio of HO2
• and O2

•–, formed during the VUV irradiation of O2 saturated

aqueous solutions, is affected by the pH. Above the pKa of HO2
• (4.8 [69]) the

predominance of HO2
• over O2

•– should be taken into consideration. This was the

case during the VUV photolysis of IBU, KETO and NAP (Fig. 20). However, due to

the higher pKa of PhOH (9.88 [105]), compared to the pKa values of the NSAIDs

(Table I) and the usage of the sodium salt of DICL, in the case of irradiating PhOH or
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DICL, HO2
• was mainly present in the form of its conjugate base-pair till the 70–80%

transformation of these contaminant molecules. 

To settle which form of HO2
•/O2

•– plays the greater role in the transformation of

the studied compounds, their VUV photolysis was investigated also in the presence of

formate ions and dissolved O2 both at lower (~ 3.9) and higher pH (~ 10.5). As it was

expounded in Section 2.3.2, if both formate ions and O2 are present in the solution, 

almost all primary radicals of VUV photolysis can be converted to HO2
•/O2

•– (16–

20). If the pH is adjusted to ~3.9, 90% of the radicals appear in form of HO2
•, while

using a pH of ~ 10.5, they are almost completely transformed to O2
•–. The

comparison of Tables VI and VIII reveals that the conversion of highly reactive HO•

to less reactive HO2
•/O2

•– decreased significantly (with nearly one order of magnitude

in most cases) the transformation rates of the contaminants. Additionally, the values

of Table VIII suggest that during the transformation of PhOH and NAP, the

contribution of HO2
•, while in the case of IBU and KETO, the contribution of O2

•–

was higher among HO2
•/O2

•–. According to the expectations, it seems that the

reaction rate of HO2
•/O2

•– and organic compounds depends highly on the structure of

the target molecule. 

Table VIII. The initial VUV transformation rates of the investigated compounds in case of
converting the majority of the radicals to HO2

• or to O2
•–. 

r0 (× 10–8 mol dm–3 s–1)
comp. 

HO2
•• O2

•–

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 = 5.8 (Fig. 2), the effect of

HO2
• could not be investigated by using formate ions as radical transfers and

adjusting the pH around 3.9, as it was studied in the case of the other target

molecules. However, the VUV photolysis of DICL was performed also in the

presence of phosphates, to adjust the pH to be in the range 6.9–7.2. Under such
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conditions HO2
•/O2

•– was present mainly in the form of O2
•– during the whole

treatment. Using longer irradiation times (t > 180 s, Fig. 21a), in the case of DICL

dissolved in Milli-Q water, the majority of O2
•– could be converted to HO2

•. 

Comparing the VUV photolysis of DICL and the formation and transformation of its

by-products in oxygenated solutions, in the presence and absence of PB, may give

therefore an insight into the role of HO2
•/O2

•– also in this case. As it can be seen in

Fig. 21a, the decay of DICL was slightly increased in Milli-Q water after 180 s of

irradiation and the concentrations of the by-products were higher in the presence of

PB [103]. 
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Fig. 21. The effects of PB a) on the degradation of DICL and b) on the formation and
transformation of by-product ADICL (c0 = 1.0 × 10–4 mol dm–3) in oxygenated solutions. 

Both H2PO4
− and HPO4

2− are reported to be HO• scavengers [106]. It is essential

therefore, to calculate their effects on the DICL degradation kinetics. The reaction

rate constants of HPO4
2− and H2PO4

−: kHPO4
2− [106-108] and kH2PO4

− [108, 109] are 2–

6 orders of magnitude lower than that of DICL (kDICL, Table III):

HPO4
2− + HO• HPO4

•− + OH− kHPO4
2− = 1.5 × 105 – 5 × 106 mol−1 dm3 s−1 (54)

H2PO4
− + HO• H2PO4

• + OH− kH2PO4
− = 2 × 104 – 1 × 107 mol−1 dm3 s−1 (55)

The reaction rates of DICL (rDICL), HPO4
2− (rHPO4

2−) and H2PO4
− (rH2PO4

−) may be

calculated from the reaction rate constants and the initial concentrations of DICL, 

HPO4
2− and H2PO4

−, since these concentration values were roughly equal to their

actual concentrations ([DICL], [HPO4
2−] and [H2PO4

−], respectively), at the

beginning of the photolysis:
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As Eqs. (XII and XIV) demonstrates, both rHPO4
2− and rH2PO4

− were significantly

lower than rDICL. Therefore, the majority of HO• is likely to react with DICL rather

than with HPO4
2− or H2PO4

−. These findings could explain the negligible difference

found between the degradation rates of DICL in Milli-Q water and in PB at the

beginning of the photolysis (Fig. 21a) [103]. 

The experiences that the concentrations of aromatic by-products were higher in

the presence of PB (where HO2
•/O2

•– is mainly present in the form of O2
•–) than in the

samples prepared in Milli-Q water (where HO2
•/O2

•– is mainly present in the form of

HO2
• after 180 s of photolysis) (Fig. 21b) and that the degradation rate of DICL was

lower in the presence of phosphates, using longer irradiation times (Fig. 21a), may

suggest that the reaction rates of DICL and its by-products with O2
•– are probably

lower than those of their reactions with HO2
• [103]. 

5.4. The effects of radical scavengers on the transformation of

the target compounds

Methanol and tert-butanol are usually considered as HO• scavengers and

therefore, their effects were investigated during the VUV photolysis of the studied

NSAIDs and PhOH, respectively. According to the expectations, the presence of both

dissolved O2 and radical scavengers decreased significantly the initial VUV
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transformation rates of the studied molecules (c0 = 1.0 × 10−4 mol dm−3) (Table IX)

due to the conversion of highly reactive HO• to less reactive •OOCH2OH or
•OOCH2C(CH3)2OH. 

Table IX. The initial VUV transformation rates of the investigated compounds (c0 = 1.0 × 10−4 mol
dm−3) in the presence of dissolved O2 and both dissolved O2 and radical scavengers (methanol in the

case of the NSAIDs and tert-butanol in the case of PhOH). 
comp. crad. scav. (mol dm–3) r0 (× 10–7 mol dm–3 s–1)

– 4.40 ± 0.10

0.05 0.83 ± 0.01PhOH

0.50 0.55 ± 0.02

– 5.30 ± 0.20
IBU

0.10 2.90 ± 0.10

– 10.00 ± 0.30

0.10 9.10 ± 0.20KETO

1.00 5.40 ± 0.20

– 6.80 ± 0.20

0.10 2.06 ± 0.07NAP

1.00 1.37 ± 0.03

– 5.70 ± 0.30

0.10 3.75 ± 0.05DICL

1.00 2.21 ± 0.05

At the beginning of the reactions the actual concentrations of the solutes can be

considered roughly equal to their initial concentrations. Using these concentrations

and the reaction rate constants reported in Table III, as well as k21 and k22, the

reaction rates of these compounds and HO• may be calculated. The c0 values were

chosen in order to ensure the reaction rates of HO• and the radical scavengers to be ~

2 orders of magnitude higher than that of HO• and the target molecules, i.e. that

almost all HO• react with the radical scavengers instead of with the contaminants. 

Exceptions were the usage of 1.00 mol dm–3 CH3OH (where the reaction rate of HO•

and methanol was ~ 3 orders of magnitude higher than that of HO• and the NSAIDs)

and the usage of 0.05 mol dm–3 tert-butanol (where the ratio of the reaction rate of

HO• and phenol and that of HO• and the radical scavenger was only 36). 
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If the ratio of the initial transformation rates of the studied molecules are

compared in the presence of dissolved O2 and in the presence of both O2 and formate

ions (to convert the radicals to HO2
•/O2

•–) (r0 (O2)/r0 (HO2
•) or r0 (O2)/r0 (O2

•–)) with

the ratio of the transformation rates in the presence of dissolved O2 and in the

presence of both O2 and radical scavengers (CH3OH or tert-butanol) (r0 (O2)/r0

(lower crad. scav.) or r0 (O2)/r0 (higher crad. scav.)), it may be noticed that the former

values are significantly (in almost all cases with one order of magnitude) higher than

the latter ones (Table X). The only exception is the case of irradiating PhOH in the

presence of both O2 and formate ions at acidic pH. The reason of the former

surprising observation might be that the contribution of the peroxyl radicals (formed

in the presence of both O2 and the radical scavengers: •OOCH2OH and
•OOCH2C(CH3)2OH, respectively) to the transformation of the contaminants may be

higher than that of HO2
•/O2

•– (formed in the presence of both O2 and formate ions). 

The contribution of these peroxyl radicals to the degradation of organic pollutants

should therefore not be neglected and methanol and tert-butanol should also be

considered as radical transfers instead of radical scavengers. The relatively low value

of r0 (O2)/r0 (HO2
•) in case of irradiating PhOH suggests that the reaction rate

constants of HO2
• are lower in case of the NSAIDs than that of PhOH (2.7 × 103 dm3

mol–1 s–1 [79]). Therefore, the contribution of HO2
• to the degradation of the

contaminants seems to be negligible in the case of the studied drugs and it seems to

have a minor significance in the case of PhOH. 

Table X. The ratio of the initial VUV transformation rates of the investigated compounds in the
presence of different radical transfers (among the radical scavengers, methanol was used in the case

of the NSAIDs and tert-butanol in the case of PhOH). 

comp. 
r0 (O2)/

r0 (HO2
••)

r0 (O2)/
r0 (O2

••–)
r0 (O2)/

r0 (lower crad. scav.)
r0 (O2)/

r0 (higher 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
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5.5. The effects of the initial concentration of the target

compounds
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Fig. 22. The apparent reaction rate constants of the studied NSAIDs as a function of their initial
concentrations, in the presence of dissolved O2. 

If the c0 is fixed, the pseudo-first-order approach is suitable for the description of

the degradation kinetics of the VUV photolysis of the investigated contaminants. 

However, in oxygenated solutions, the apparent first-order rate constants (k’)

decreased in almost all cases with the increase of the c0 (Fig. 22). The reason of these

observations might be that at higher c0, more reactive species are involved in

reactions with the NSAIDs and the steady-state concentration of the radicals

([radicals]SS) therefore decreases. Thus, our observation that k’ (= k × [radicals]SS, 

where k is the second-order rate constant of the reaction of the NSAIDs with the

radicals) decreases with the increase of c0 can be explained by the decrease in

[radicals]SS along with the constant value of k [39, 103]. Although it was measured

only in the case of two c0, similar tendency was experienced also in the case of PhOH

(see Table VI), the k’ being 4.4 × 10–3 s–1 if the c0 was 1.0 × 10–4 mol dm–3 and 24 ×

10–3 s–1 if the c0 was chosen to be 1.0 × 10–5 mol dm–3. These results correlate well

with the work of Sato et al. [110]. 
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5.6. Possible reaction mechanism of the VUV decomposition of

the treated NSAIDs based on the experiments

5.6.1. Possible reaction mechanism of the VUV decomposition of

ibuprofen

The mechanism of the VUV photolysis of PhOH was presented in Section 2.4

(Fig. 6), this section focuses therefore on the decomposition of the studied NSAIDs. 

The HPLC-MS results permitted suggestions concerning the chemical structures of

the aromatic by-products of the treated drugs. Among the four by-products of IBU

photolysis (AIBU – DIBU, Figs. 24 and 25) one (CIBU) could be detected using the

positive and the others using the negative ion mode. The m/z value of AIBU was found

to be 221 (see Fig. A2 in the Appendix). Therefore, its molecular mass should be 222, 

which differs by 16 from the molecular mass of IBU (206) (Fig. A1). 
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Fig. 23. UV absorbance of IBU and of by-products AIBU, BIBU, CIBU and DIBU. 

The diode array UV detector of the used HPLC automatically measured the UV

absorbance of the chromatographic peaks. Therefore, the UV spectra of IBU and its

aromatic by-products could be compared. The UV absorbance spectrum of AIBU

displayed some similarities with that of IBU, although a bathochromic shift of the

absorbance maxima was observed and a tertiary maximum around 275 nm was
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detected (Fig. 23). Since electron-donating substituents (like OH groups, 

characterized with a positive mesomeric effect) are reported to induce bathochromic

shifts [111] and the atomic mass of O is 16, it was presumed, that this by-product is a

monohydroxylated derivative of IBU (Fig. 24, AIBU). The formation of such

derivatives was reported also during gamma radiolysis [34, 112], photocatalysis [113, 

114], sonolysis, sonophotocatalysis [113], the photo-Fenton treatment [115], using

chemical oxidants (KMnO4, H2O2 or K2Cr2O7) or heating [116], but also during the

biodegradation of IBU in the white-rot fungi Trametes versicolor [117]. 

AIBU,1 AIBU,2 AIBU,3

AIBU,4 AIBU,5 AIBU,6

CIBUAIBU,7 DIBU,1

DIBU,2

Fig. 24. Possible chemical structures of by-products AIBU, CIBU and DIBU. 

The m/z value of by-product BIBU (237) differed by 16 from the m/z value of the

former compound (221) (Fig. A3) and its UV absorbance spectrum displayed

similarities with that of IBU and AIBU (in this case the absorbance maxima of the

tertiary maximum was found around 260 nm) (Fig. 23). It is likely therefore that this

by-product is a dihydroxylated derivative of IBU (Fig. 25). Such products form also

during gamma radiolysis [34], photocatalysis, sonolysis, sonophotocatalysis [113]

and during the biodegradation of IBU in Trametes versicolor [117].  
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BIBU,1 BIBU,2 BIBU,3

BIBU,4 BIBU,5 BIBU,6

BIBU,7 BIBU,8 BIBU,9

BIBU,10 BIBU,11

BIBU,13

BIBU,16

BIBU,19

BIBU,22

BIBU,14

BIBU,17

BIBU,20

BIBU,23

BIBU,12

BIBU,15

BIBU,18

BIBU,21

BIBU,24

Fig. 25. Possible chemical structures of by-product BIBU. 

However, Mendez-Arriaga et al. proposed the formation of a hydroxylated

peroxy acid (m/z = 237) during the photocatalytic and photo-Fenton treatment of IBU
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[114, 115]. The generation of such molecule during the VUV photolysis might be

interpreted by a hydrogen abstraction reaction from the carboxyl group of a

monohydroxylated IBU derivative, followed by a recombination reaction between the

formed radical and HO•. However, HO• usually abstracts H• from the carbon atoms

of the aliphatic chains instead from oxygen atoms (in accordance with the higher

energy of the O-H bond (463 kJ mol–1) compared to that of the C-H bond (413 kJ

mol–1) [118]), like in its reactions with methanol (21, 56). 

CH3OH + HO• CH3O
• + H2O k56 = 7.3 × 107 mol–1 dm3 s–1 [119] (56)

In this case (56) the possibility of the formation of methoxy radicals (CH3O
•) is

only 7% [120]. Therefore, the generation of a dihydroxylated product is more likely

during VUV photolysis than the formation of a hydroxylated peroxy acid. 

The molecular mass of CIBU (176, calculated from its m/z value (177), Fig. A4)

differed by 30 from the molecular mass of IBU (206) (Fig. A1) and its UV spectrum

differed significantly from that of IBU (Fig. 23). It might be supposed that in this

case the decarboxylation of IBU occurred, and from the generated radical (RIBU
•) the

ketone 4-isobutylacetophenone was formed (Fig. 24, CIBU), altering significantly the

chromophore of the parent compound. Although CIBU might also be 1-isobutyl-4-

isopropylbenzene (its m/z value would be 177), the formation of such by-product is

mechanistically unlikely, because neither the elimination of a HO2
• (followed by H2

addition) from IBU, nor the recombination of a methyl radical with RIBU
• is probable. 

It should be mentioned, that the formation of 4-isobutylacetophenone was reported

also during gamma radiolysis of oxygenated IBU solutions [34], sonolysis, 

sonophotocatalysis [113], UV and UV/VUV photolysis [12, 43, 121, 122], electro-

Fenton and photoelectro-Fenton treatment [123], using chemical oxidants (KMnO4, 

H2O2 or K2Cr2O7) or heating [116]. 

The molecular mass of DIBU (208, calculated from its m/z value (207), Fig. A5)

differed by 2 from the molecular mass of IBU (206) (Fig. A1) and it had only a weak

absorption (with an intensity maximum around 260 nm) in the 190–310 nm region

(Fig. 23). It is supposed therefore, that in this case a methyl group was substituted
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with a hydroxyl group, resulting in 2-[4-(2-hydroxypropyl)phenyl]propanoic acid

(Fig. 24, DIBU,1) or hydroxy(4-isobutylphenyl)acetic acid (Fig. 24, DIBU,2). The

formation of such by-product was experienced also during sonolysis, photocatalysis

and sonophotocatalysis [124]. 
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•
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Fig. 26. Possible pathway of formation of by-products AIBU,1, BIBU,1, CIBU and DIBU,1. 

The degradation of IBU during photocatalysis, electro-Fenton and photoelectro-

Fenton treatment is supposed to be initiated by hydroxylation followed by a
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decarboxylation step [114, 123, 124]. Similar transformation pathways might happen

also during VUV photolysis. Hydroxylation might take place in the ring [34], but also

in the side chains [112, 113, 115-117]. The former pathway might be interpreted by

the addition of a HO• to the ring, resulting in a hydroxycyclohexadienyl-type radical

(HORIBU
•, similarly to the hydroxylation mechanism of PhOH, Fig. 6). After the

addition of an O2 molecule to this radical and the elimination of a HO2
•, or the

dismutation of the HORIBU
•, 2-(3-hydroxy-4-isobutylphenyl)propanoic acid (AIBU,1)

and 2-(2-hydroxy-4-isobutylphenyl)propanoic acid (AIBU,2) might be formed (Fig. 

26). The latter pathway might be induced by the H-abstraction reactions of H•, HO•

or HO2
•. The recombination reactions of the generated carbon-centered radicals with

HO• could result in 2-[4-(2-hydroxyisobutyl)phenyl]propanoic acid (AIBU,3), 2-

hydroxy-2-(4-isobutylphenyl)propanoic acid (AIBU,4), 2-[4-(1-hydroxyisobutyl)

phenyl]propanoic acid (AIBU,5), 2-[4-(3-hydroxyisobutyl)phenyl]propanoic acid

(AIBU,6) or 3-hydroxy-2-(4-isobutylphenyl)propanoic acid (AIBU,7) (Fig. 24). Since the

stability of carbon-centered radicals increases in the order: primary < secondary <

tertiary [125], the probability of AIBU,5 formation is lower than that of AIBU,3 and

AIBU,4, but higher than that of AIBU,6 and AIBU,7. However, further investigations are

needed to decide which structure corresponds to by-product AIBU during the VUV

photolysis of IBU. 

It has to be mentioned, that similarly to the hydroxylation of PhOH during its

VUV photolysis, the rate of hydroxylation of IBU is supposed to be higher in the

presence of dissolved O2 since IBU is regenerated during the disproportionation

reaction of HORIBU
• under deoxygenated conditions. 

The formation of dihydroxylated IBU by-products might be interpreted by the

hydroxylation of the monohydroxylated IBU derivatives (Fig. 26). Thus, by-products

hydroxylated both in the side chains and in the aromatic rings, dihydroxylated only in

the aromatic rings or only in the side chains may be generated. 2-[3-hydroxy-4-(2-

hydroxy-isobutyl)phenyl]propanoic acid (BIBU,1), 2-hydroxy-2-(3-hydroxy-4-

isobutylphenyl)propanoic acid (BIBU,2), 2-[3-hydroxy-4-(1-hydroxy-isobutyl)phenyl)
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propanoic acid (BIBU,3), 2-[3-hydroxy-4-(3-hydroxy-isobutyl)phenyl]propanoic acid

(BIBU,4), 3-hydroxy-2-(3-hydroxy-4-isobutylphenyl)propanoic acid (BIBU,5), 2-[2-

hydroxy-4-(2-hydroxy-isobutyl)phenyl]propanoic acid (BIBU,6), 2-hydroxy-2-(2-

hydroxy-4-isobutylphenyl)propanoic acid (BIBU,7), 2-[2-hydroxy-4-(1-hydroxy-

isobutyl)phenyl)propanoic acid (BIBU,8), 2-[2-hydroxy-4-(3-hydroxy-isobutyl)phenyl]

propanoic acid (BIBU,9) and 3-hydroxy-2-(2-hydroxy-4-isobutylphenyl) propanoic

acid (BIBU,10) may form the first group. 2-[2,3-dihydroxy-4-(2-methylpropyl)

phenyl]propanoic acid (BIBU,11), 2-[2,5-dihydroxy-4-(2-melthylpropyl)phenyl]

propanoic acid (BIBU,12), 2-[3,5-dihydroxy-4-(2-melthylpropyl)phenyl]propanoic acid

(BIBU,13) and 2-[2,6-dihydroxy-4-(2-melthylpropyl)phenyl]propanoic acid (BIBU,14)

may be species from the second group. Finally, 2-[4-(2,3-dihydroxy-2-

methylpropyl)phenyl]propanoic acid (BIBU,15), 2-[4-(1,3-dihydroxy-2-methylpropyl)

phenyl]propanoic acid (BIBU,16), 2-hydroxy-2-[4-(3-hydroxy-2-methylpropyl)phenyl]

propanoic acid (BIBU,17), 3-hydroxy-2-[4-(3-hydroxy-2-methylpropyl)phenyl]

propanoic acid (BIBU,18), 2-[4-(1,2-dihydroxy-2-methylpropyl)phenyl]propanoic acid

(BIBU,19), 2-hydroxy-2-[4-(2-hydroxy-2-methylpropyl)phenyl]propanoic acid (BIBU,20), 

3-hydroxy-2-[4-(2-hydroxy-2-methylpropyl)phenyl]propanoic acid (BIBU,21), 2-

hydroxy-2-[4-(1-hydroxy-2-methylpropyl)phenyl]propanoic acid (BIBU,22), 3-

hydroxy-2-[4-(1-hydroxy-2-methylpropyl)phenyl]propanoic acid (BIBU,23) and 2,3-

dihydroxy-2-[4-(2-methylpropyl)phenyl]propanoic acid (BIBU,24) may compose the

third group. Also in this case, further investigations are needed to decide which

structure corresponds to by-product BIBU during the VUV photolysis of IBU. 

If H•, HO• or HO2
• abstracts H atom from the second C atom of the propanoic

acid side chain, CO2 molecule might eliminate from the formed carbon-centered

radical. Thus, another carbon-centered radical (RIBU
•) could be generated. In

oxygenated solutions the addition of an O2 to this species would result in a peroxyl

radical (ROOIBU
•). After the recombination of two ROOIBU

• a H2O2 molecule might

eliminate from the formed tetroxide according to the Bennett mechanisms [91]. This

would result in 4-isobutylacetophenone (CIBU, Fig. 26). Although the recombination

reaction of RIBU
• and HO2

• could result in a hydroperoxide, which might also lead to
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the formation of 4-isobutylacetophenone through its dehydration, the former pathway

seems to be the relevant, since no hydroperoxide was detected among the VUV

transformation products of IBU. 

The fact that the concentration of AIBU, BIBU and CIBU was significantly higher in

the presence of dissolved O2 correlates well with the tentative formation mechanisms

listed above. 

Even the substitution of a methyl group of IBU with a hydroxyl group is likely

to be initiated by H-abstraction from the tertiary C atoms of the side chains of IBU. 

After the addition of a H2O molecule and the elimination of a methyl radical (CH3
•)

2-[4-(2-hydroxypropyl)phenyl]propanoic acid (DIBU,1) or hydroxy[(4-isobutyl)

phenyl]acetic acid (DIBU,2) might be generated (Fig. 26). This mechanism is in

accordance with the finding that the concentration of DIBU was nearly the same both

in the presence and absence of dissolved O2. 

Based on the electronegativity values of C, H and O atoms, Fig. 27 depicts the

distribution of electrons in IBU. Since HO• is an electrophile radical and the electron

density is higher on the tertiary C atom of the isobutyl side chain than on the

propanoic acid side chain, it is likely that hydrogen abstraction occurs more favorably

from the isobutyl chain. Therefore, it is more reasonable that the substitution

reactions take place at this chain, resulting in 2-[4-(2-hydroxyisobutyl)

phenyl]propanoic acid (AIBU,3) rather than in 2-hydroxy-2-(4-isobutylphenyl)

propanoic acid (AIBU,4) and in 2-[4-(2-hydroxypropyl)phenyl]propanoic acid (DIBU,1)

rather than in hydroxy[(4-isobutyl)phenyl] acetic acid (DIBU,2).

Fig. 27. The distribution of electrons in IBU, the arrows indicating the increasing electron density. 
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5.6.2. Possible reaction mechanism of the VUV decomposition of

ketoprofen

Among the four photoproducts of KETO (AKETO – DKETO, Fig. 29) one (AKETO)

could be detected using the positive and the others using the negative ion mode. The

molecular mass of AKETO (210, calculated from its m/z value (211), Fig. A7) differs

by 44 from the molecular mass of KETO (254, Fig. A6). Additionally, the UV

spectrum of AKETO showed similarities with that of KETO (Fig. 28), suggesting that

the change in the structure of the parent compound did not alter significantly the

structure of the chromophore. It is presumed therefore, that AKETO is the

decarboxylated derivative of KETO, the 3-ethylbenzophenone (Fig. 29, AKETO). Such

by-product was reported to form also during radiolysis [126], heterogeneous

photocatalysis [127], photolysis using UV, UV/VUV light [43, 122, 128-132] or

simulated sunlight [131], ozonolysis and the combined O3/UV treatment of KETO

[133]. 
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Fig. 28. UV absorbance of KETO and of by-products AKETO, BKETO, CKETO and DKETO. 

The molecular mass of BKETO (242, calculated from its m/z value (241), Fig. A8)

differed by 32 from the molecular mass of AKETO (210). Obvious differences were

found also between the UV spectra of these two compounds (Fig. 28). Thus, it might

be interpreted that after the decarboxylation of KETO the addition of an O2 molecule
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or the recombination with a HO2
• occurred, resulting in 3-(1-hydroperoxyethyl)

benzophenone (Fig. 29, BKETO). In this case the mesomeric effect of O might result in

a resonance structure (Fig. 30) that could alter the conjugated system and therefore

the UV absorbance of the chromophore. 3-(1-hydroperoxyethyl)benzophenone was

found also between the UV and UV/VUV photoproducts of KETO [43, 122, 128, 

132], during heterogeneous photocatalysis [127], radiolysis [126], ozonolysis and the

combined O3/UV treatment of this contaminant [133]. 

BKETOAKETO

CKETO DKETO

Fig. 29. Possible chemical structures of by-products AKETO, BKETO, CKETO and DKETO. 

Fig. 30. Two resonance structures of BKETO. 

From the m/z value of CKETO in the negative ion mode (225) (Fig. A9) the

molecular mass of this compound was established to be 226, which differs by 16

from molecular mass of AKETO (210). Additionally, the UV spectrum of CKETO was

similar to that of KETO and AKETO (Fig. 28). Therefore, it is likely that CKETO

contains one more O atom than AKETO. Thus, CKETO is likely to be 3-(1-

hydroxyethyl)benzophenone (Fig. 29, CKETO), which was detected also during the

radiolysis [126], UV and UV/VUV photolysis [43, 122, 128-132], ozonolysis and

combined O3/UV treatment [133] and photocatalytic treatment of KETO [127]. 

The molecular mass of DKETO (214, calculated from its m/z value (213), Fig. 

A10) differed by 40 from the molecular mass of KETO (254) and by 4 from the

molecular mass of AKETO (210). Although no published results were found in the
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literature concerning the formation of such by-product, it is proposed that in this case, 

after the decarboxylation of KETO, also the loss of an ethyl group occurred and after

the recombination with a HO2
• or the addition of an O2 molecule, 3-

hydroperoxybenzophenone was generated (Fig. 29, DKETO). Although in this case the

dihydroxylation of benzophenone is also imaginable, it is considered not to be very

likely, since no monohydroxylated derivatives were detected. Additionally, the UV

spectrum of DKETO was similar to that of KETO, AKETO and CKETO (Fig. 28). In this

case a mesomeric rearrangement of a nonbonding electron pair of the O atom would

not result in the stabilization of the conjugated system, in contrast with BKETO, and

therefore it is not likely to happen, resulting in the nearly unchanged UV spectrum of

DKETO, comparing to that of KETO, AKETO or CKETO. 

Decarboxylation is suggested to be among the first steps during the degradation

of KETO [43, 128, 129, 134-136]. Analogously to the formation pathway of RIBU
•, 

during the VUV photolysis of KETO this process might be interpreted by the H-

abstraction reaction of H•, HO• or HO2
• from the second C atom of the propanoic acid

side chain, followed by the elimination of a CO2 molecule, to result in a carbon-

centered radical (RKETO
•). This radical might abstract a H atom from another molecule

(RH) and thus, 3-(1-hydroperoxyethyl)benzophenone (AKETO) might be generated

(Fig. 31). 

In oxygenated solutions the former process might compete with the

recombination of RKETO
• with a HO2

• or with the addition of molecular O2 to RKETO
•

to result in a peroxyl radical (ROOKETO
•). Both reactions could lead to the production

of 3-(1-hydroperoxyethyl)benzophenone (BKETO), the former reaction directly, while

the latter one after a H-abstraction reaction. After the recombination of two

ROOKETO
• and the elimination of an O2 molecule, the disproportionation of two oxyl

radicals (ROKETO
•) might result in 3-(1-hydroxyethyl)benzophenone (CKETO) and 3-

acetylbenzophenone [91] (Fig. 31). Unfortunately, the generation of this latter

compound was not detected during the VUV photolysis of KETO. 
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ROKETO
•

2

- CO2

RKETO
•

ROOKETO
•

+ ROOKETO
•

- O2

BKETO

AKETO

DKETO

+ O2
R•

RH

R•

RH

R•

RCH2CH3

+ O2

R•

RH

-

CKETO

+ H•/HO•/HO2
•

- H2/H2O/H2O2

+ HO2
•

Fig. 31. Possible pathway of formation of by-products AKETO, BKETO, CKETO and DKETO. 

A reaction with another radical might result in the deethylation of RKETO
•. The

recombination of the formed radical with HO2
• or O2 addition to this radical and H-

abstraction from the generated other peroxyl radical could give rise to 3-

hydroperoxybenzophenone (DKETO). These assumptions correlate well with the

experience that the concentration of BKETO, CKETO and DKETO was significantly higher

in the presence of dissolved O2 and that of AKETO in deoxygenated solutions. 
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5.6.3. Possible reaction mechanism of the VUV decomposition of

naproxen

CNAP
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Fig. 32. UV absorbance of NAP and of by-products ANAP, BNAP and CNAP. 

Among the three by-products of NAP (ANAP – CNAP, Fig. 33) one (BNAP) could

be detected using the negative and the others using the positive ion mode. The

molecular mass of ANAP (184, calculated from its m/z value (185), Fig. A12) differed

by 46 from the molecular mass of NAP (230, Fig. A11). Additionally, the UV

spectrum of ANAP was similar to that of NAP (Fig. 32). Thus, this compound might be

formed through the decarboxylation and dehydrogenation of NAP. 2-methoxy-6-

vinylnaphthalene (Fig. 33, ANAP) was found to be produced also during UV

photolysis [39, 137, 138]. 

Fig. 33. Possible chemical structures of by-products ANAP, BNAP and CNAP. 

The molecular mass of BNAP (218, calculated from its m/z value (217), Fig. A13)

differed by 12 from the molecular mass of NAP (230). Therefore, in this case O2

addition or recombination reaction with HO2
• might have followed a decarboxylation
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step, resulting in 1-(6-methoxynaphthalene-2-yl)ethylhydroperoxide (Fig. 33, BNAP). 

Similarly to the case of BKETO, the difference between the UV spectra of BNAP and

NAP might be attributed to the mesomeric rearrangement of a nonbonding electron

pair of the O atom (Fig. 34). This compound was also detected among the UV

photoproducts of NAP [39, 122, 137, 138]. 

Fig. 34. Two resonance structures of BNAP. 

The molecular mass of CNAP (200, calculated from its m/z value (201), Fig. A14)

differed by 30 from the molecular mass of NAP (230) and by 18 from the molecular

mass of BNAP (218). Additionally, the UV spectrum of this compound showed

obvious differences from that of NAP (Fig. 32). It might be suggested therefore that

in this case 1-(2-methoxynaphthalene-6-yl)ethanone was formed (Fig. 33, CNAP), 

which is a well-known by-product of NAP UV photolysis [39, 122, 137-139]. 

The main step of the formation of the by-products is reported to be the

decarboxylation [39, 122, 138, 139], which is in accordance with the above results, 

since all the proposed structures are the decarboxylated derivatives of NAP. This

mechanism might be initiated also in this case by a H-abstraction reaction of H•, HO•

or HO2
• from the second C atom of the propanoic acid side chain. The elimination of

a CO2 molecule from this radical would result in a carbon-centered radical (RNAP
•). If

a radical (a R•, a H•, a HO• or a HO2
•) abstracts H from RNAP

•, 2-methoxy-6-

vinylnaphthalene (ANAP) might form (Fig. 35). 

Recombination reaction of RNAP
• with HO2

• or O2 addition to this radical might

compete with the former process, resulting in 1-(6-methoxynaphthalene-2-

yl)ethylhydroperoxide (BNAP) directly or through the H-abstraction reaction the

peroxyl radical ROONAP
•, respectively – similarly to the formation of BKETO (Fig. 35). 

Either the elimination of a H2O molecule from BNAP [122] or the recombination

of two ROONAP
•, followed by H2O2 elimination could result in 1-(2-
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methoxynaphthalene-6-yl)ethanone (CNAP), similarly to the formation of CIBU (Fig. 

35). The facts that the concentration of CNAP was significantly lower in deoxygenated

solutions and BNAP was detected only in the presence of dissolved O2 support the

former formation pathways. 

- CO2

RNAP
•

ROONAP
•

+ ROONAP
•

- H2O2

BNAP

ANAP

+ O2

R•

RH

CNAP

- H2O

RH

R•

+ H•/HO•/HO2
•

- H2/H2O/H2O2

+ HO2
•

Fig. 35. Possible pathway of formation of by-products ANAP, BNAP and CNAP. 
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5.6.4. Possible reaction mechanism of the VUV decomposition of

diclofenac

In the negative ion mode, DICL was observed with an m/z value of 294, with

two isotope peaks at 296 and 298 in nearly 9:3:1 ratio, which indicated the

replacement of one or two 35Cl by 37Cl (Fig. A15). Among the by-products of DICL

(ADICL – CDICL, Fig. 37) in the case of ADICL (the m/z value being 310) were detected

two isotope peaks (with m/z values of 312 and 314) in 9:3:1 ratio, suggesting that this

compound also contains two Cl atoms (Fig. A16). On the one hand, the difference

between the m/z value of ADICL and that of DICL was 16 and on the other hand, their

UV absorbance spectra were very similar to each other (the maxima and minima in

the absorbance of the two compounds were to be found at very similar wavelengths;

Fig. 36). Therefore, it seems reasonable that ADICL is a hydroxylated derivative of

DICL (Fig. 37, ADICL) [103]. 
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Fig. 36. UV absorbance of DICL and of by-products ADICL, BDICL and CDICL.4

Hydroxylation could occur not only on the aromatic rings, resulting in 5-

hydroxydiclofenac (ADICL,1), 3-hydroxydiclofenac (ADICL,2), 3’-hydroxydiclofenac

(ADICL,3) or 4’-hydroxydiclofenac (ADICL,4) [60, 124, 140, 141], but also on the second

                                                
4 Reprinted from ibid. with permission from Elsevier. 
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carbon atom of the acetic acid side chain to result in 2-[2-(2,6-dichlorophenylamino)

phenyl](hydroxy)acetic acid (ADICL,5) [140] or on the nitrogen atom to furnish in 2-[2-

(2,6-dichlorophenyl)(hydroxyamino)phenyl](hydroxy)acetic acid (ADICL,6) [17] (Fig. 

37). During radiolysis and the photo-Fenton treatment ADICL,1 has been hypothesized

to be the most probable structure [60, 142]. However, during the H2O2/UV treatment

and radiolysis of DICL [25, 143] the formation of ADICL,2 and ADICL,4 has been

reported together with ADICL,1, due to the relative unselectivity of HO• [144]. Further

investigations are therefore needed to decide which structure corresponds to by-

product ADICL during the VUV photolysis of DICL [103]. 

ADICL,1

BDICL

ADICL,2 ADICL,3

ADICL,5 ADICL,6 CDICL

ADICL,4

Fig. 37. Possible chemical structures of by-products ADICL, BDICL and CDICL.5

The difference between the m/z value of by-product BDICL (258) and that of

DICL (294) was 36. Additionally, one isotope peak (m/z = 260) was also detected

with an isotope ratio of 3:1 (Fig. A17), suggesting that this by-product contains only

one Cl atom. Furthermore, the UV absorbance spectrum of BDICL differed

significantly from that of DICL (Fig. 36). These results suggested that HCl was

probably eliminated from DICL to lead to the formation of 1-(8-

chlorocarbazolyl)acetic acid (Fig. 37, BDICL) [103], a well-known UV-photolytic and

photocatalytic degradation product of DICL [50, 145, 146]. 

The difference between the m/z value of by-product CDICL (240) and that of BDICL

was 18 (258) (Fig. A18). The lack of the isotope peaks in this case suggested that

CDICL contains no Cl atoms. Additionally, the UV absorbance spectra of these two
                                                
5 Reprinted from ibid. with permission from Elsevier. 
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compounds were very similar to each other (Fig. 36). It is likely therefore, that CDICL

is the OH-substituted derivative of 1-(8-chlorocarbazolyl)acetic acid (BDICL), the 1-

(8-hydroxycarbazolyl)acetic acid (Fig. 37, CDICL) [103]. The former substitution

appears also in the literature [50, 145, 146]. 

HO• is an electrophilic radical, it usually attacks therefore at the electron-dense

sites of aromatic rings, e.g. on carbon atoms 5, 3, 3’ and 4’ in DICL. Analogously to

the mechanisms postulated for the formation of 5-hydroxydiclofenac in HO•-initiated

reactions [60, 106, 144] or the hydroxylation reactions of PhOH and IBU (Figs. 6 and

26), the hydroxylation of DICL is reasonable to be initiated by the addition of HO• to

the aromatic ring (e.g. to position 3, as interpreted by Fig. 38) to result in a

hydroxycyclohexadienyl-type radical (HORDICL
•). After the addition of an O2

molecule and the elimination of a HO2
•, or the disproportionation of two HORDICL

•, 

3-hydroxydiclofenac (ADICL,2) may be formed [103]. Since the dismutation reaction

regenerates DICL, the rate of hydroxylation should be lower in the absence of O2, 

similarly to the case of PhOH and IBU. This assumption correlates well with the fact

that ADICL was detected in significantly lower concentration in deoxygenated

solutions than in the O2-saturated conditions, both in the presence and absence of PB. 

The mechanism of the hydroxylation of the amino group or the acetic acid side

chain may be interpreted by H-abstraction reaction initiated by H•, HO• or HO2
•, 

followed by recombination with HO•, similarly to the formation of AIBU,3, AIBU,4, 

AIBU,5, AIBU,6 and AIBU,7. 

During the transformation HORDICL
•, O2 addition and HCl elimination seem to

be competitive processes. The latter process could result in ring closure. The formed

radical might stabilize through a reaction with another radical (a R•, a H• or a HO•), 

to result in 1-(8-chlorocarbazolyl)acetic acid (BDICL) [103]. The lower concentration

of BDICL under O2-saturated conditions might be explained by the mentioned

competition kinetics. Similar mechanisms can be proposed for the formation of BDICL

as a result of the reactions of DICL with H•, HO2
• or eaq

–, the latter reaction being of
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lower significance because of the low quantum yield of eaq
– formation during the

VUV photolysis of water (Fig. 38). 

+ H•
+ HO•

+ O2

- HO2
•

- HCl
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R• R•

ROH RH

ADICL,2

BDICL

+ HO•

+ O2

further transformation

- •Cl

CDICL

HORDICL
•

+ HORDICL
•

- H2O
- DICL

- HOCl

+ HO2
•

Fig. 38. Possible pathway of formation of by-products ADICL,2, BDICL and CDICL. 

The generation of CDICL might be interpreted by a HO• addition to BDICL, 

followed by a •Cl elimination reaction. However, in O2-saturated solutions, the
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addition of O2 might compete with the latter process (Fig. 38), which could explain

the higher concentration of the by-product CDICL in deoxygenated Milli-Q water than

that under N2 purged conditions (Fig. 17b) [103]. 

5.7. Cell biological effects of VUV-treated solutions of

diclofenac on the freshwater ciliate Tetrahymena

As it was mentioned in Section 2.1, the investigated pharmaceuticals have toxic

side effects. Therefore, in the case of DICL the VUV irradiated, multicomponent

samples were characterized also via the proliferation and migratory responses of the

bioindicator eukaryotic ciliate Tetrahymena pyriformis, to have an insight in the

environmental risk of the parent compound and its degradation by-products [103]. 

(The details of biological investigation see in the paper.)

The proliferation-inhibiting effect of the untreated sample (2.5 × 10−5 mol dm−3

DICL in PB) was ~ 13%, in accordance with the previous results of Láng and

K hidai [6]. Treated samples taken after definite periods of irradiation exerted slight, 

but significant proliferation-inhibiting effects. Depending on the cO2, the irradiation

time vs. proliferation inhibition curves of 25% (v/v) diluted samples displayed

different shapes. E.g. in samples irradiated for 10–90 s, the inhibitory effect increased

in the presence of dissolved O2 and it decreased in deoxygenated solutions (Fig. 39). 

The significantly higher concentration of by-product ADICL under O2-saturated

conditions might correlate with these results [103]. Previous findings concerning the

toxic effects of the solutions treated by gamma radiolysis towards Vibrio fischeri, 

where the toxicity of the by-products formed under oxidative conditions was higher

than that of the by-products generated under reductive conditions [25], are in

accordance with these results. 

Considering the longer treatments, when samples saturated with O2 were

irradiated for 2400–3600 s, the inhibitory potential of the samples decreased, 

reaching only 8% at 3600 s. In contrast, in the inhibition of deoxygenated samples

was nearly the same within this time interval (Fig. 39). The significantly more
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efficient mineralization achieved under the oxygenated conditions correlate with

these results: after 3000 s of treatment 70% of DICL was mineralized in the presence, 

while only ~ 25% in the absence of dissolved O2. Further, the TOC diminution

reached 75% after 3600 s in oxygenated, while it did not exceed 45% even after 7000s

of irradiation in deoxygenated solution. Moreover, in solutions purged with N2, the

formation of di- and oligomeric by-products were assumed (see Section 5.2.3), which

could not be detected with the applied analytical methods [104, 147], but which could

contribute significantly to the mixture toxicity [103]. 
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The proliferation-inhibiting capacity of AOP treated samples usually increase

before decreasing, during the treatments. E.g. the maximal toxic potential of the

intermediate samples was 5 or 6-fold higher than that of the parent compound during

the direct photolysis or photocatalytic degradation of DICL [148, 149]. However, the

maximal intermediate proliferation-inhibiting capacity measured during the VUV

photolysis of DICL was significantly lower than previously reported results: it was

only about 2 times higher than that of the parent compound (about 30%) under both
                                                
6 Reprinted from ibid. with permission from Elsevier. 
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oxygenated and deoxygenated conditions. This moderate toxicity enhancement may

also underline the adequacy of VUV photolysis [103]. 

The impact of the VUV-treated samples in sublethal concentrations (10−5% (v/v)

– 1% (v/v)) on the migratory response of Tetrahymena was also investigated beside

their proliferation-inhibiting effects. The use of such has the advantage, that

Behavioral changes, e.g. avoidance reactions, are in most cases 10–100 times more

sensitive and less time-consuming indicators of the biological impact of a pollutant

than acute or chronic toxicity assays are, which could point out the importance of

behavioral assays [150]. Untreated samples in 1% (v/v) dilution exhibited a strong

chemorepellent character, in accordance with the previous findings of Láng and

K hidai [6]. Similarly, treated samples acted also predominantly as chemorepellents

[103]. 

In summary, the cell-biological investigations showed that the VUV treatment of

DICL containing solutions are more efficient in the elimination of both the parent

compound and the toxic degradation products if they are performed under O2-

saturated conditions. 
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6. Conclusions

During this work the VUV photolysis of four NSAIDs (IBU, KETO, NAP and

DICL) and PhOH, as model compound, were performed. 

At the beginning of the measurements the photon flux of the 20 W xenon

excimer lamp was determined by means of methanol actinometry [96] and was found

to be (3.0 ± 0.1) × 10−6 molphoton s−1. 

The VUV photolysis of oxygenated PhOH, IBU and KETO solutions showed

that during the initial transformation of the contaminant molecules the cH2O2

increases, which could be a proof for the increase of the concentration of HO2
•/O2

•–

(cHO2
•/O2

•–). Although the reactivity of HO2
•/O2

•– is usually reported to be lower than

that of H• [70], in an elevated concentration they may also contribute to the

degradation of organic contaminants.  

Along the generation of HO2
•/O2

•–, dissolved O2 could also prevent the

recombination of H•/eaq
– and HO• (2, 3, 5 and 6), and at the same time may hinder the

regeneration of the contaminants (8–15). These effects resulted in the increase of the

initial transformation rate of PhOH in the presence of O2. Additionally, the reaction

of HO2
• (present in O2 saturated solutions instead of H•) with PhOH also leads to the

degradation of the latter, therefore it seems that the contribution of oxidative

HO2
•/O2

•– to the transformation of PhOH is much more significant than that of H•/eaq
–. 

In contrast, in the case of NAP and 1.0 × 10–5 mol dm–3 IBU solutions, the r0

values of the contaminants were significantly higher in the absence of O2. These

results suggested that in this case the contribution of reductive H•/eaq
– to the

transformation of the target molecules is much more significant than that of

HO2
•/O2

•–. 

It should be mentioned, that in the case of KETO, DICL and 1.0 × 10–4 mol dm–3

IBU solutions the r0 values didn’t depend on the cO2. Thus, it seems that in this case

the concentration of H•/eaq
–, which decreased in the presence of O2, was compensated

by the increased concentration of ROS. 
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Dissolved O2 also affected the formation and transformation of the VUV

photoproducts of the contaminant molecules. The results suggested that HO2
•/O2

•–

contributed to the formation of by-products AIBU, BIBU, BKETO, CKETO, DKETO, ANAP, 

BNAP, CNAP, ADICL and 1,2-DHB and to the transformation of CIBU, AKETO, BDICL, 

CDICL and 1,4-DHB. Similarly, H•/eaq
– could contribute to the formation of CIBU, 

AKETO, BDICL, CDICL and 1,4-DHB and to the transformation of AIBU, BIBU, BKETO, 

CKETO, DKETO, ANAP, BNAP, CNAP, ADICL and 1,2-DHB. 

The presence of dissolved O2 was found to be essential during the effective

decontamination of NSAID-containing solutions, since it seems that in deoxygenated

solutions some undetected recalcitrant by-products (maybe the dimers and oligomers

of the target molecules) were formed. 

With the addition of both formate ions and O2 under acidic or basic conditions, 

the role of HO2
• or O2

•– could be investigated, respectively. In the case of DICL VUV

photolyses were performed in solutions prepared both in Milli-Q water and phosphate

buffer. The results suggested that in the case of PhOH, NAP and DICL, the

contribution of HO2
•, while in the case of IBU and KETO, the contribution of O2

•–

was higher among HO2
•/O2

•–. From these findings it might be supposed that the

reaction rate of HO2
•/O2

•– and organic compounds depends highly on the structure of

the target molecule. 

The comparison of the ratios of the initial transformation rates of the studied

molecules in the presence of dissolved O2 and in the presence of both O2 and formate

ions (to convert the radicals to HO2
•/O2

•–) with the ratios of the transformation rates

in the presence of dissolved O2 and in the presence of both O2 and radical scavengers

(CH3OH or tert-butanol) suggested that the contribution of peroxyl radicals

(•OOCH2OH and •OOCH2C(CH3)2OH) to the transformation of the contaminants

may be higher than that of HO2
•/O2

•–. Methanol and tert-butanol therefore, should

also be considered as radical transfers instead of radical scavengers. Additionally, the

contribution of HO2
• to the degradation of the contaminants seems to have a minor
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significance only in the case of PhOH and to be negligible in case of the studied

drugs. 

In oxygenated solutions, the apparent first-order rate constants (k’ = k ×

[radicals]SS) decreased in almost all cases with the increase of the c0. The reason of

these observations might be that along the constant value of k, the steady-state

concentration of the reactive radicals decreases with the increase of c0. 

During the VUV photolysis of the investigated NSAIDs four aromatic by-

products of IBU and KETO and three by-products of NAP and DICL were detected. 

With the help of the HPLC-MS analysis, suggestions could be given for the chemical

structures of these compounds. At the same time, a tentative mechanism of the VUV

photolysis of the studied drugs could be given. H-abstraction, HO•/H•-addition and

decarboxylation reactions, as well as the reactions of the peroxyl radicals (formed

from the target molecules) are the key steps during the VUV degradation of the

studied NSAIDs. Some of these reactions take place only in oxygenated solutions, 

while others both in the presence and absence of dissolved O2. The formation of the

by-products of KETO and NAP could be interpreted with the reactions of the

aliphatic chains, the formation of the by-products of DICL with the reactions of the

aromatic rings [103], while the formation of the by-products of IBU with the

reactions of both the aromatic ring and the aliphatic chains. 

DICL and the VUV irradiated, multicomponent samples inhibited the

proliferation of the bioindicator eukaryotic ciliate Tetrahymena pyriformis and

exhibited a strong chemorepellent character. However, O2-saturated conditions

seemed to be more efficient in the decrease of the toxic effect of the parent compound

and its degradation by-products. 
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Fig. A1. The mass spectrum and chemical structure of IBU. 
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Fig. A2. The mass spectrum and a possible structure of AIBU. 
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Fig. A3. The mass spectrum and a possible structure of BIBU. 
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Fig. A4. The mass spectrum and a possible structure of CIBU. 
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Fig. A5. The mass spectrum and a possible structure of DIBU. 
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Fig. A6. The mass spectrum and chemical structure of KETO. 
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Fig. A7. The mass spectrum and a possible structure of AKETO. 
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Fig. A8. The mass spectrum and a possible structure of BKETO. 
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Fig. A9. The mass spectrum and a possible structure of CKETO. 
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Fig. A10. The mass spectrum and a possible structure of DKETO. 
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Fig. A11. The mass spectrum and chemical structure of NAP. 
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Fig. A12. The mass spectrum and a possible structure of ANAP. 
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Fig. A13. The mass spectrum and a possible structure of BNAP. 
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Fig. A14. The mass spectrum and a possible structure of CNAP. 
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Fig. A15. The mass spectrum and chemical structure of DICL.7

                                                
7 Reprinted from ibid. with permission from Elsevier. 
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Fig. A16. The mass spectrum and a possible structure of ADICL.8
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Fig. A17. The mass spectrum and a possible structure of BDICL.9
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Fig. A18. The mass spectrum and a possible structure of CDICL.9

                                                
8 Reprinted from ibid. with permission from Elsevier. 
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