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Abstract: The application of ionizing radiation is especially effective advanced oxidation process (AOP) for the removal of 
organic pollutants from waters and wastes, based on fast reactions with hydroxyl radicals formed as result of 
radiolysis of water. The reported investigations were carried out with the use of g irradiation from the 60Co source, 
while for the effective technological applications the irradiation with accelerated electron beam is usually employed. 
The studies carried out concerned two selected organic pollutants widely detected in environmental samples, namely 
organophosphorus pesticide chlorfenvinphos, and non-steroidal anti-inflammatory drug diclofenac. The 
chromatographic methods were applied for determination of yield of decomposition of target compound as function of 
absorbed irradiation dose. Moreover, toxicity monitoring was carried out in irradiated solutions. In case of diclofenac 
the pulse radiolysis method was employed for evaluation of the rate-constant for reaction with hydroxyl radical, while 
GC/MS and LC/MS methods were used for the identification of products of decomposition. 
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1. INTRODUCTION 

The intensive growth of various branches of industry and use of chemicals in agriculture results 
in increasing flux of anthropogenic toxic pollutants to natural environment. A significant group of 
these pollutants are pesticides, because of a wide use in contemporary agriculture, their toxicity and 
in many cases slow degradation in natural environment (Buchannan et al, 2009; 2011). Pesticide 
residues are detected both in environment (waters, soil), but also in vegetables and fruits, as well as 
in processed food. Hence constant need for improvement and simplification of analytical methods 
for determination of pesticides in various samples is obvious, as well as development of 
technologies for their effective removal from industrial wastes and environmental media. 

A wide use of pharmaceuticals by contemporary community results also in increasing danger for 
natural environment by pharmaceutical residues (Mompelat et al., 2009). The intensive research of 
this problem began in a previous decade (Benotti et al., 2009; Kűmmerer, 2009). This included 
potential ecological and human health risks associated with the presence of pharmaceutical 
compounds in the aquatic environment (Jones et al., 2004), or transformation and removal of 
residual drugs during wastewater treatment (Oulton et al., 2010). 

The Advanced Oxidation Processes (AOP) based on radical reactions have found in recent 
decades increasing applications as supplemental technologies to conventional physico-chemical, 
chemical and biological methods for the remediation of wastes and treatment of waters for 
municipal and industrial use (Getoff, 2002; Meeroff et al., 2004; Kimura et al., 2012; Homlok et al. 
2012). In comparison to photocatalytic, Fenton or ozonation processes, the use of ionizing radiation 
(-rays from 60Co sources or high energy electrons) is an especially effective and fast method, 
which does not require the use of additional reagents, and can be based both on oxidative and 
reductive radical processes. It was shown already that in spite of a large investment needed, these 
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methods can be more cost-effective compared to other commonly employed AOP methods (Bolton 
et al., 1998; Gehringer et al., 1995). 

Due to strong oxidative properties of hydroxyl radicals, generated in a large amount in radiolysis 
of water, the AOP with application of ionizing radiation can be applied in decomposition of 
numerous classes of organic pollutants. Studies carried out in our research group concerned the 
radiolytic decomposition of several groups of important environmental pollutants including 
chlorophenols, different classes of widely used pesticides, selected mycotoxins and perfluorinated 
surfactants (e.g. Trojanowicz et al., 2002; Bojanowska-Czajka et al., 2007). Besides the 
examination of the efficiency of the use  radiation and electron beam for their decomposition, the 
possibility of increase of their efficiency in hyphenated processes with simultaneous ozonation or 
chemical enhancement of production of radicals taking part in the decomposition of target 
pollutants was also widely examined. 

The chromatographic monitoring of the yield of decomposition processes and identification of 
the final products formed, allows the optimization of the radiation and chemical conditions for 
decomposition of examined pollutants in a wide range of their initial concentration. It also gives the 
possibility of the elucidation of the mechanisms of the main radical processes responsible for 
decomposition of pollutants. The monitoring of toxicity changes of solutions treated containing 
target compounds is of special significance for practical environmental application. In order to 
provide a wide scope of toxicity data for different type of organisms, several different methods were 
simultaneously employed, including e.g. bioluminescence bacterial test Microtox, Daphnia magna 
test Daphtoxkit®, application of electrochemical enzymatic biosensors based on inhibition of 
immobilized enzymes, and also tests employing human leukemia cells (Bojanowska-Czajka et al., 
2011).  

The organophosphours pesticides belong to most toxic environmental pollutants, and their 
toxicity is based on inhibiting the activity of enzymes that regulate a functioning of nervous system 
of animals and humans – mostly acetylcholinesterases (AChEs). The examined pesticide chlorfen-
vinphos ((2-chloro-1-(2,4-dichlorophenyl)vinyldimethyl ester of phosphoric acid) (CFV). 

 

is insecticide and acaricide. It is commonly used for protection against insecticides in agriculture, 
and also against ticks and flies on horses, goats as well as fleas on dogs. It is weakly soluble in 
water (120 mg/l), and its typical soil half-lives range has been reported from roughly 14 to 161 days 
(Bennon et al., 1966; Wiliams, 1975). The World Health Organization qualifies chlorfenvinphos to 
toxicity class Ib (Tomlin, 1994). Although numerous papers were published on decomposition of 
CFV with advanced oxidation processes (e.g. Farre et al., 2005; Hincapie et al., 2005), some 
preliminary attempts were already made also on examination of radiolytic decomposition of CFV 
(Bojanowska-Czajka et al., 2010). 

One of most frequently detected pharmaceuticals in waters and urban wastes is diclofenac 
(DCF), which is 2-[(2,6-dichlorophenyl)amino] benzene acetic acid, used mostly in form of sodium 
salt or methyl ester.  
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It is widely used in medical care as an analgestic, antiarthretic and antirheumatic compound 
belonging to the group of the non-steroidal anti-inflammatory drugs. About 15% of DCF is excreted 
unchanged after human uptake. It is used worldwide and has a production volume estimated to be in 
the hundreds of tones annually (Buser et al., 1998). It is estimated that more than 90% of DCF is 
eliminated from waters by photolytic degradation by natural sunlight. In recently proposed ranking 
system for all detected pharmaceuticals, personal care products and endocrine disrupting chemicals 
in USA in surface and finished drinking waters, DCF was in 47th position in terms of overall score, 
and 48th position in terms of ecological effects (Kumar and Xagoraraki, 2010). In the review on 
environmental occurrence of pharmaceuticals one can find that its content in surface waters may 
reach 1.2 g/l, and in effluents 2.1 g/l (Daughton and Ternes, 1999).  

All mentioned information justifies the large attention which is focused in recent decade on the 
development of various methods for the removal of DCF from waters and wastes, including studies 
on the effectiveness of removal of DCF in wastewater treatment plants (Zhang et al., 2008). The 
majority of reported AOP methods for the decomposition of DCF at mg/l concentration level 
requires relatively long period of time, except ozonation methods, although some essential 
differences can be found in the literature.  

The AOP method with the use of ionizing irradiation is increasingly employed recently for 
decomposition of various pharmaceuticals, such as -blockers (Song et al., 2008), nitro-imidazoles 
(Sanchez-Polo et al., 2009), antibiotic tetracycline (Cho, 2010), or antidepressant pharmaceuticals 
(Satoke et al, 2012). Recently, first attempts on radiolytic decomposition of DCF for environmental 
protection have been reported (Kimura et al., 2012; Liu et al., 2011).  

The aim of this work was examination of efficiency of radiolytic decomposition of selected 
pesticide (chlorfenvinphos) and pharmaceutical compound (diclofenac), which are widely detected 
in environment. Several different issues are addressed in these studies, including investigation of 
the absorbed dose required for decomposition, various factors affecting efficiency of radiolytic 
decomposition and investigation of toxicity changes observed during irradiation of aqueous 
solutions of examined target compounds. Some preliminary attempts are reported on elucidation of 
mechanism of radiolytic decomposition. 

2. EXPERIMENTAL 

2.1. Reagents 

All chemicals used were of highest purity grade available commercially. Chlorfenvinphos (CFV) 
was purchased from Institute of Organic Industry (Warsaw, Poland), diclofenac was purchased 
Sigma-Aldrich, 2,2’,4’-trichloroaceton from Fluka, 2,4-dichlorophenol, 2,4-dichloro-benzoic acid, 
2,4-dichoroacetophenon from Sigma-Aldrich and diethyl phosphate from ChemService (West 
Chester, PA, USA). The solutions were prepared using deionized water from MilliQ® system and 
were kept at 4oC in dark.  

For preparation of HPLC eluents, HPLC grade acetonitrile (ACN) was used from J. T. Baker, 
which was filtered using 0.2 m filter.  

2.2. Apparatus 

2.2.1. Irradiation sources  

For -irradiation of CFV and DCF solutions two 60Co-sources, “Issledovatel” from Russia with a 
dose rate of 1.7 kGy/h and Gamma Chamber with a dose-rate 8.0 kGy/h were used, respectively. 
The aqueous solutions of examined compounds were irradiated in 300 ml Winkler bottles 
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(commonly used for dissolved oxygen measurements) usually without deaeration. In a case of 
special examined conditions appropriate details are given in the text. The dosimetry was carried out 
with the Fricke dosimeter. 

2.2.2. Chromatographic analysis 

The HPLC determinations of CFV, DCF and products of their radiolytic decomposition were 
carried out using reversed-phase HPLC with Shimadzu chromatographic setup consisting of 
gradient pump model LC-10AT, eluent mixer model FCV-10AL and diode array UV/Vis detector 
model SPD-10A. Separations were carried out with Luna ODS2 C18 (5 m 250 x 4.6 mm) 
analytical column and a guard column from Phenomenex (Torrance, CA, USA). 

The LC-MS measurements were carried out in Structural Research Laboratory of Department of 
Chemistry, University of Warsaw, using HPLC Shimadzu LC 20 chromatograph with 3200 Q-Trap 
mass spectrometer from Applied Biosystems. Measurements were carried out with atmospheric 
pressure ionization with positive polarity.  

The ion-chromatographic determinations of chloride were performed using chromatograph 
Dionex model 2000i/sp, equipped with an ASRS I electrochemical anion self-regenerating 
suppressor, conductivity detector, AG9HC guard column, and AS9HC analytical anion exchange 
column from Dionex. Mobile phase of the system was sodium carbonate and sodium bicarbonate 
with a flow rate of 1 ml/min. 

GC/MS determinations in analysis of DCF decomposition were carried out using Varian gas 
chromatograph model Saturn 3900 equipped with an Ion Trap detector Varian Saturn 2100. 

2.2.3. Pulse radiolysis 

The spectrophotometric time-resolved measurements were performed using pulse radiolysis set-
up at the Institute of Nuclear Chemistry and Technology in Warsaw (Bobrowski, 2005) coupled 
with the 10-MeV linear electron accelerator (LAE 10) providing 7-10 ns electron pulses. The quartz 
cell with a 1 cm optical path length was used. All experiments were performed with a flow system 
using N2O-saturated aqueous solutions. 

2.3. Procedures 

2.3.1. Irradiation 

For irradiation 50 mg/l aqueous solutions of CFV and DCF were prepared and irradiated without 
deaeration immediately after preparation. 

2.3.2. Chromatographic analysis 

In optimized HPLC determinations of CFV with UV detection a gradient elution has been 
employed by mixing of acetonitrile (ACN) with 5 % of ACN in aqueous 2 g/l solution of citric acid 
(in time up to 7 min, the concentration of ACN increased from 60 to 75%, and then up to 11 min it 
reached 100%). The injected sample volume was 50 l, and detection was carried out at 250 nm. 

The following conditions were employed for determination of DCF: isocratic elution with eluent 
consisted of 50 mM phosphate buffer of pH 7.0, methanol and acetonirile (58:21:21 v/v), flow-rate 
1.0 ml/min, sample injection volume 20 l. 

LC/MS measurements in studies of CFV decomposition were carried out using isocratic 
conditions with 3 mM solution of formic acid in 40% aqueous solution of methanol as eluent and 
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sample volume 10 l. 
GC/MS determinations in analysis of DCF decomposition were carried out with flow-rate of the 

carrier gas (helium) 1.0 ml/min. Factor four capillary column (Varian) 30 m x 0.25mm x 0.25 µm 
film thickness (cross-linked 5% phenylmethylsilicone) was used. The temperature program was as 
follows 65°C (0 min) → 10°C/min→185°C (1 min) → 20°C/min→275°C (5min). In this case 250 
ml sample of irradiated aqueous solutions of DCF was extracted with 150 ml ethyl acetate, the 
obtained extract was vacuum evaporated to dryness, re-dissolved in 1 ml ethyl acetate, and injected 
into chromatograph. 

2.3.4. Toxicity measurements  

Microtox M500 Toxicity Analyser from Azur Environment (Wokingham, England) was used. 
Residual amounts of H2O2 (formed during radiolysis of water) and ozone were removed by a small 
addition of solid sodium thiosulfate. Measurement of toxicity was performed within 24 h after 
irradiation. The toxicity was expressed in toxicity units (TU=100/EC50), where EC50 is a 
concentration which causes 50 % reduction of the bioluminescence) after 15 min incubation.  

3. DECOMPOSITION OF PESTICIDE CHLORFENVINPHOS 

In order to follow radiolytic decomposition the HPLC method with UV detection was developed 
for simultaneous determination of CFV, together with two main products of its decomposition 2,4-
dichlorophenol (2,4-DCP) and 2,4-dichlorobenzoic acid (2,4-DCBA). Some other expected 
products of its decomposition, e.g. acetic aldehyde or diethyl phosphate, however, can not be 
determined with sufficient detection limits using this method because of lack of strongly absorbing 
chromophore groups. In optimized conditions the detection limits (for S/N=3) for employed HPLC 
method without any preconcentration step were 62 μg/l for CFV, 9.3 μg/l for 2,4-DCBA and 15 μg/l 
for 2,4-DCP. 
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Figure 1. Effect of a dose absorbed on the yield of radiolytic decomposition of CFV (c = 50 mg/l)  
in aerated aqueous solution. 

The main aim of this work was to examine the effect of -irradiation on decomposition of 
chlorfenvinphos, which may indicate a possibility of the use of such treatment for purification of 
waters and wastes. Based on our earlier work on radiolytic decomposition of organophosphorus 
pesticides (Aguila et al., 2001; Bojanowska-Czajka et al., 2012), it was assumed that most effective 
decomposition may be expected in the oxidative condition as a result of predominated reactions 
with hydroxyl radicals. In order to examine the efficiency of decomposition, the aerated aqueous 
solution of CFV (50 mg/l) was -irradiated in a 60Co source with absorbed doses ranged from 20 Gy 
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to 1.0 kGy. Decomposition of chlorfenvinphos with the yield of 90% at given initial concentration 
occurs at 100 Gy dose (Figure 1), which means a very effective decomposition. Therefore, 
practically an instantaneous decomposition could occur when radiolytic process would be initiated, 
for technological purposes, by an electron beam (EB) irradiation.  

Some important inorganic ionic products of the radiolytic decomposition of CFV were identified 
using high performance ion-chromatography with conductivity detection. Their concentration in 
irradiated solutions changes significantly with the applied dose of radiation. The concentration of 
chloride about 3 mg/l, observed in the dose range from 0.3 to 0.6 kGy, which corresponds to release 
of ~20% of chlorine present in decomposed CFV, only. This means that at 0.6 kGy, where CFV is 
completely decomposed, still about 80% of chlorine remains in organic products. Based on the 
same measurements it was shown that only trace amounts of orthophosphate can be detected in 
irradiated solutions. This indicates that most phosphorus remains in the organic form after 
decomposition of CFV in this range of radiation doses. The main transient products of CFV 
radiolysis detected by HPLC were 2,4-dichlorophenol and 2,2’,4’- trichloroacetophenon. However, 
further studies on complete identification of all radiolysis products at given absorbed doses are still 
required. They are in progress employing LC-MS method. 

Based on an earlier publication (Atkintova, 1984), one can expect that as result of the radiolytic 
decomposition of CFV, the diethyl phosphate (DEP) can be formed. In order to confirm the 
formation of DEP in irradiated solutions, HPLC measurements were also carried out with tandem 
MS detection. It was found that at doses above 200 Gy, about 80% of CFV is decomposed to DEP, 
and concentration of DEP decreases with further increase of the absorbed dose. 

As far as the environmental impact is concerned, the important supplement to measurements of 
the yield of radiolytic decomposition, there are measurements of toxicity changes vs.radiation dose 
applied. For this purpose a commonly employed bacterial test Microtox was used, with two 
different TU factors evaluated, because of small level of exhibited toxicity. This corresponds to 
determination of EC50 and EC20 values, where 50 or 20% toxicity effect is observed, respectively. 
The CFV does not exhibit toxicity against bacteria Vibrio fisheri used in Microtox, in opposite to 
some expected transient products of its decomposition such as 2,4-dichlorophenol and 2,4-
dichlorobenzoic acid (Kaiser and Palabrica, 1991). Toxicity of DEP and 2,2’,4’- 
trichloroacetophenon was not determined as yet, and not found in available literature.  

 

Figure 2. Changes of toxicity (measured with Microtox test) of irradiated aerated aqueous solution of CFV (50 mg/l) 
with the radiation dose applied. 

The toxicity of 2,4-DCP and 2,4-DCBA formed as a result of radiolytic CFV decomposition 
seems to be a reason of a certain increase of toxicity at small doses, and its decrease with increase 
of doses applied (Figure 2). This leads to the conclusion that in order to decompose CFV at 
examined range of concentrations and also to obtain non-toxic products, the applied radiation dose 
should exceed 1 kGy. 



European Water 39 (2012)   21 

 

4. DECOMPOSITION OF NON-STEROIDAL DRUG DICLOFENAC 

By the use of chromatographic methods several factors affecting efficiency of radiolytic 
decomposition of DCF and formation of products of radiolysis were examined. The measurements 
were carried out without additional preconcentration, and limit of detection was evaluated as 0.13 
mg/l for DCF in an employed HPLC method with UV detection.  

The studies carried out, so far, included experimental determination of the yield of radiolytic 
decomposition of DCF in various conditions of irradiation where different products of water 
radiolysis predominate. In numerous reported investigations of the radiolytic decomposition of 
different organic pollutants it was shown that the yield of decomposition is different in oxidative 
and reductive conditions due to different reactivity of various radicals. This phenomenon has been 
shown recently e.g. for decomposition of pesticide carbendazim (Bojanowska-Czajka et al., 2011). 
As it is shown in Figure 3, while complete decomposition of DCF in aerated aqueous solution (50 
mg/l DCF) requires dose of 4.0 kGy, saturation with N2O decreases the dose required to 1 kGy. 
(Figure 3). 

 

Figure 3. Effect of a dose absorbed on the yield of radiolytic decomposition of diclofenac in 50 mg/l aqueous solutions 
-irradiated in different conditions: 1-aerated solution, 2-solution saturated with N2O, 3-solution of pH 7.0,  

saturated with argon. 

The deaeration of irradiated solution by saturation with argon and irradiation in the presence of 
tert-butanol decreases the yield of DCF decomposition only in the range of doses from 0.5 to 3 
kGy, whereas above 3 kGy has no effect. Such studies were not reported in recently published work 
(Liu et al., 2011) about radiolytic decomposition of DCF, and they evidently show a predominance 
of oxidative decomposition of DCF by -irradiation. The presence of OH radical scavengers like 
nitrate, carbonate or humic acid at 50 mg/l level does not affect decomposition of DCF at initial 
level 50 mg/l.  

The goal of this work was also a preliminary investigation of the radiation-induced degradation 
pathway. The knowledge regarding kinetic parameters of reactions of particular decomposed 
pollutant with particular radical species reacting with target compound will be useful in ascertaining 
the degradation reaction pathways.  

 The radiolysis of aqueous solutions is based on the ionization of water molecules, because in 
dilute solution, when concentration of the solute is ≤ 0.1 M the ionized molecules are essentially 
those of the solvent (water). The values shown in parenthesis represent radiation chemical yields of 
radicals in M per 1J measured in water after completing spur reactions (Spinks and Woods, 1990). 
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At this stage of the project the reaction between diclofenac and hydroxyl radical (•OH) was 
studied by pulse radiolysis method since it is expected that this radical is the main reactive species 
responsible for decomposition of DCF. This reaction (at pH 5.6) was observed in N2O-saturated 
aqueous solutions containing DCF at pH 5.6. In N2O saturated solutions (~0.02 M of N2O), 
hydrated electrons (eaq

) are efficiently transformed into OH radicals via reaction: 

e-
aq + N2O + H2O  OH + OH- + N2 

with the rate constant: k = 9.1 × 109 M1s1. 
 

The spectral changes obtained after pulse irradiation of an N2O-saturaed aqueous solutions of 0.1 
mM DCF at different times are shown in Figure 4. The optical absorption spectrum taken 0.12 μs 
showed three absorption bands with absorption maxima located at = 335, 370 and 420 nm (Figure 
4, curve a). The most intensive absorption band located at λmax = 370 nm builds up within <0.8 μs 
time domain (Figure 4, curve b), with the observed rate constant kobs = (1.30 ± 0.06) × 107 s1, 
measured for 1.0 mM DCF concentration, and decays with the rate constant k = (6.4 ± 0.5) × 104 
M1s1. The absorption band with λmax = 335 nm builds up within microsecond time domain, 
however, location of its absorption maximum changes with time and shifts to λmax = 325 nm at 0.8 
μs after the pulse (Figure 4, curve b). The absorption spectrum recorded 0.8 μs comprises 
additionally shoulder-shape absorption (Figure 4, curve B). These spectral features clearly indicate 
that more than one species is responsible for the absorption bands, and therefore their assignment is 
ambiguous. They can be assigned tentatively to the OH adducts to two aromatic rings of DCF (see 
scheme below). 
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Figure 4. Optical absorption spectra recorded in N2O-saturared aqueous solution at pH 7.0 containing 0.1 mM 
diclofenac at different time delays: () 0.12 µs, () 0.8 µs.  
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The overall rate constant (k) of •OH radicals reaction with DCF deduced from the Stern-Volmer 
plot of absorption build-up at λmax = 370 nm was k = 1.24 ± 0.02 × 1010 M1 s1. The rate constants 
(k) for the same reaction in radiolytic systems were reported earlier: 7.5 ± 1.5  109 M1 s1 (Huber 
et al., 2003), and determined indirectly 9.0  109 M-1 s-1 (Kimura et al., 2012). 

At longer time scale the decay of absorptions band λmax 370 nm is observed, which is associated 
with decay or transformations of primary products. The absorption of transient products of 
diclofenac oxidation recorded 0.5 ms after electron pulse reveals absorption at λmax 430 nm and 
shoulder at shorter wavelengths.  

As result of radiolysis of organic compounds usually much larger number of unstable transient 
products, as well as of final products at given conditions is formed. In practically employed 
absorbed doses, limited in order to maintain the cost-efficiency in potential technological 
applications, the complete mineralization of irradiated sample is not achieved. The number and the 
type of transients and final products depends on chemical conditions of irradiation, applied dose and 
initial concentration of target pollutants, and also to some extent on the type of radiation source 
(60Co or electron accelerator). This last factor can be assigned to a dose rate effect (Kurucz et al., 
2002).  
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Figure 5. Chromatograms of irradiated 50 mg/l DCF solutions: A) GC/MS total ion current of DCF solution irradiated 
0.5 kGy dose. Identified products of DCF decomposition: 1) (2,6-dichlorophenyl)indolinone, 2) 2-(2-chlorophe-

nyloamino) benzaldehyde, 3) 2-(2,6-dichlorophenyloamino) benzaldehyed, 4) 2-(2,6-dichlorphenyloamino) 
benzaldehyde. B) HPLC chromatogram with UV detection at 254 nm recorded for DCF solution irradiated with 3.6 

kGy dose. Non-decomposed DCF was identified at retention time 42.7 min. 

In our studies irradiated DCF samples were analyzed also with GC and HPLC methods. In GC 
analysis of DCF 50 mg/l solution irradiated with 0.5 kGy dose 4 products of decomposition were 
identified (Figure 5A), which were also found as products of solar radiation of DCF in surface 
waters (Bartels and van Tűmpling, 2007). The number of detected products was limited by their 
volatility. In HPLC analysis with UV detection of DCF sample irradiated with 3.6 kGy dose, 
besides some amount of not decomposed DCF about 30 different products were detected (Figure 
5B). Their identification requires analysis of sensitive LC/MS instrumentation, and this is currently 
in progress. The number of products formed depends significantly on condition of the irradiation 
process and well illustrates the complexicity of radical reactions occurring during such process. 
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A very important supplement to analytical investigation of the efficiency of radiolytic 
decomposition of organic pollutants for environmental protection is the monitoring of toxicity 
changes of irradiated solutions. This allows the determination of authentic environmental impact of 
applied processes with the use of different test organisms. It was not reported, so far, for radiolytic 
decomposition of DCF. In this study commonly used Microtx test was employed, which is based on 
the use of the bioluminescent marine bacterium Vibrio fisheri as the test organism. The toxicity 
studies were conducted for 50 mg/l DCF solutions irradiated in aerated solution with doses up to 5 
kGy. A certain increase of toxicity was observed for applied doses in the range 0.5-0.8 kGy, where 
as it was shown above about 50-60% of DCF is decomposed (Figure 6).  
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Figure 6. Toxicity changes observed with bacterial Microtox toxicity tests at different applied doses  
for irradiation 50 mg/l aerated solution of diclofenac. 

This indicates a larger toxicity of formed transient products from decomposed DCF. At 3.5 kGy 
dose, where complete decomposition of DCF was observed (Figure 3), 33% decrease of Microtox 
toxicity was observed in comparison to initial values prior to irradiation. This means a very low 
toxicity of DCF for organisms employed in those two tests, and also a differentiated environmental 
impact of DCF residual in waters and wastes.  

5. CONCLUSIONS 

Rapidly increasing number of published research papers in recent years, and also reports on 
construction of pilot installations, indicates that radiolytic decomposition of examined species 
seems to be an attractive alternative to other developed AOP methods for decomposition of those 
pollutants for environmental protection. In spite of a large investment needed they can be also cost-
effective compared to other AOPs, which was shown for several cases (Bolton et al., 1998; 
Andreozzi et al., 1999).  

Those processes are laboratory investigated using -irradiation, but for technological purposes 
they are carried out using electron beam irradiation, as in such case they are practically 
instantaneous (Kurucz et al., 2002). For comparison, in case of DCF photocatalytic decomposition 
at initial level 15 mg/l requires 1 hr irradiation (Calza et al., 2006), in ozonation at 40 mg/l 90% 
decomposition requires 40 min (Naddeo et al., 2009), and catalytic oxidation with H2O2 complete 
decomposition of 20 mg/l DCF required 30 min (Hofmann et al., 2007). Referring to literature data 
on CFV decomposition using other than radiation AOPs, one can find about 100 min reaction time 
for solar photo-Fenton and TiO2 at initial DFV concentration 50 mg/l (Hincapie at el., 2005). Using 
photocatalytic ozonation at the same initial level of DFV, the 80% decomposition was observed in 
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15 min reaction time (Farre et al., 2005). All those cited data indicate a significant advantage of 
radiolytic decomposition, which can be practically instantaneous when electron beam is applied. 

For both examined environmental pollutants CFV and DCF, their decomposition is the result of 
reactions with radicals formed in water radiolysis. The satisfactory yield of decomposition was 
found in aerated aqueous solutions, which does not require use of additional reagents. The evaluated 
radiation chemical yields G =1.33 M J-1 for CFV, and 0.29 M J-1 for DCF indicate those 
processes also as cost-effective. Such studies are commonly carried out at much larger 
concentrations than present in real environmental samples, mostly because monitoring of 
decomposition yield of identification and determination of formed products is simpler analytically, 
than in real trace/ultra trace level. 

The values of absorbed dose required for complete decomposition of target pollutants in 50 mg/l 
aerated aqueous solutions, which are 0.2 kGy for CFV, and 5.0 kGy for DCF (95% decomposition) 
will be much smaller for mg/l level, at which they occur in real treated wastes or tap waters. As it is 
widely documented in the literature that those compounds are present in treated wastes or tap water, 
and not completely removed by routine treatment technologies, it seems obvious that adding 
radiolytic treatment step in on-line installation may significantly eliminate the problem of 
pharmaceutical residues and organic pollutants of other origin (Meeroff et al., 2004). 

From the point of view of the environmental protection, especially significant is the monitoring 
of toxicity of conducted AOPs, which is still rather random included in studies the efficiency of 
other AOPs. As it is showed for both examined pollutants, in conditions where the complete 
decomposition of target compound occurs, an increase of toxicity of irradiated solutions is 
observed. Elimination or significant reduction of toxicity requires the application of several times 
larger doses of radiation. This results from formation on numerous transient species exhibiting 
larger toxicity, and their identification is a serious analytical challenge. Preliminary results of such 
studies are showed above for both examined compounds, and their complete identification, which is 
in progress, may allow the detailed evaluation of mechanisms of occurring radical processes. 
Widely documented presence of organic residues of different origin in treated wastewaters and tap 
waters, gives a clear impulse for undertaking and continuing such investigations. 
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