
 
 

Eötvös Loránd University 
Faculty of Science 

 

 
 

Hungarian Academy of Sciences 
Centre for Energy Research 

 
 

 
 

 
Doctoral School of Environmental Sciences 

Head of the doctoral school: 
Prof. Dr. Imre Jánosi 

 
Environmental Physics Doctoral Programme 

Head of the doctoral programme: Prof. Dr. Imre Jánosi 
 

Degradation of sulfonamides in aqueous solution 
by ionizing radiation 

 
Doctoral thesis 

 

by Gyuri Sági 
 

Supervisors 
 

Prof. Dr. Erzsébet Takács 
Professor emerita 

Centre for Energy Research 

Prof. Dr. Zoltán Homonnay 
Professor 

Eötvös Loránd University 
 

 
Consultants 

 
Prof. Dr. László Wojnárovits 

Professor emeritus 
Centre for Energy Research 

Dr. Tamás Csay 
Head of research analytics 

Soneas Research Ltd. 
 

Budapest 
2017  

and 

and 



 

 



3 
 

Table of contents 
_________________________________________________________________________ 
 

1  Introduction .................................................................................................................... 7 
2  Review of the literature .................................................................................................. 8 

2.1  Sulfonamide antibiotics ............................................................................................ 8 
2.1.1  Mechanism of action, absorption and excretion................................................ 8 
2.1.2  Application of sulfonamide antibiotics ............................................................. 9 
2.1.3  Resistance development .................................................................................. 11 

2.2  Conventional treatment of municipal wastewater ................................................... 12 
2.3  Advanced Oxidation Processes ............................................................................... 14 

2.3.1  Fenton-type reactions ...................................................................................... 15 
2.3.2  Photocatalysis .................................................................................................. 17 
2.3.3  Ozone reactions ............................................................................................... 19 

2.4  Ionizing radiation treatment .................................................................................... 21 
2.4.1  Energy deposition and product distribution .................................................... 21 
2.4.2  Primary intermediate and final products in water radiolysis ........................... 23 
2.4.3  Pollutant removal by ionizing radiation in general ......................................... 26 
2.4.4  Ionizing radiation treatment of sulfonamide antibiotics ................................. 27 

3  Background summary .................................................................................................. 29 
4  Objectives ...................................................................................................................... 31 

4.1  Degradation efficiency and product analysis; general degradation mechanism ..... 31 
4.2  Evaluation of changes in toxicity, biodegradability and antibacterial activity ....... 31 
4.3  Pollutant load dependence of biological responses and effects of H2O2 ................ 32 

5  Materials and methods ................................................................................................. 33 
5.1  Materials ................................................................................................................. 33 
5.2  Sample preparation and irradiation procedure ........................................................ 34 
5.3  Pulse radiolysis ....................................................................................................... 35 
5.4  Product identification .............................................................................................. 36 

5.4.1  Liquid chromatography – tandem mass spectrometry .................................... 36 
5.4.2  Ion chromatography ........................................................................................ 36 
5.4.3  Cu(II)/phenanthroline test for H2O2 determination ......................................... 37 

5.5  Sum parameters for water quality characterization ................................................ 37 
5.5.1  Total sulfur content ......................................................................................... 37 
5.5.2  Total nitrogen content ..................................................................................... 38 
5.5.3  Total organic carbon content ........................................................................... 38 
5.5.4  Chemical oxygen demand ............................................................................... 38 
5.5.5  Biological oxygen demand .............................................................................. 39 

5.6  Toxicity assessment ................................................................................................ 42 



4 
 

5.6.1  Selection of test organisms .............................................................................. 42 
5.6.2  Sample preparation .......................................................................................... 42 
5.6.3  Vibrio fischeri acute toxicity ........................................................................... 43 
5.6.4  Pseudokirchneriella subcapitata chronic toxicity ............................................ 43 
5.6.5  Daphnia magna acute toxicity ......................................................................... 44 
5.6.6  Activated sludge respiration inhibition ............................................................ 45 
5.6.7  BOD5 as toxicity indicator ............................................................................... 47 

5.7  Antibacterial susceptibility testing .......................................................................... 47 
5.7.1  Selection of test organisms and sample preparation ........................................ 47 
5.7.2  Agar diffusion test ........................................................................................... 48 
5.7.3  Broth microdilution assay ................................................................................ 49 

5.8  Statistical methods ................................................................................................... 49 
6  Results and Discussion .................................................................................................. 50 

6.1  Separation and evaluation of radical reactions involved in degradation ................. 50 
6.2  Intermediate product analysis .................................................................................. 52 
6.3  Separation and identification of stable organic products ........................................ 54 
6.4  Determination of inorganic ions .............................................................................. 60 

6.4.1  Nitrogen content and related inorganic ions .................................................... 60 
6.4.2  Sulfur content and related inorganic ions ........................................................ 63 

6.5  Mineralization rate .................................................................................................. 64 
6.6  Oxidation rate .......................................................................................................... 65 
6.7  Biodegradability ...................................................................................................... 67 

6.7.1  Impact of different pollutant load exposure and H2O2 .................................... 67 
6.7.2  Biodegradation in activated sludge .................................................................. 70 
6.7.3  Biodegradation in river water .......................................................................... 71 
6.7.4  General evaluation of biodegradability ........................................................... 72 

6.8  Toxicity assay .......................................................................................................... 73 
6.8.1  Impact of different pollutant load exposure and H2O2 .................................... 73 
6.8.2  Daphnia magna acute mortality ...................................................................... 76 
6.8.3  Pseudokirchneriella subcapitata chronic growth inhibition ........................... 77 
6.8.4  Vibrio fischeri acute luminescence inhibition ................................................. 78 
6.8.5  Activated sludge respiration inhibition ............................................................ 79 

6.9  Antibacterial activity ............................................................................................... 84 
7  Summary ........................................................................................................................ 88 
8  Theses ............................................................................................................................. 93 
9  List of publications related to PhD theses ................................................................... 95 
10  List of other publication ............................................................................................. 95 
11  Acknowledgement ....................................................................................................... 96 
12  References .................................................................................................................... 97  



5 
 

List of abbreviations, acronyms and symbols 
_________________________________________________________________________ 
 

AOP advanced oxidation processes 

ATCC American type culture collection 
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1  Introduction 
_________________________________________________________________________ 
 

Demand for preserving natural resources has particularly increased in the last few decades due 

to continued growth of human population. Potable water supply and protection of water 

resources are among the most urgent environmental and development issues arising in the topic 

of sustainability. Freshwater is a finite resource that is vital to life, and thus, its safe provision in 

adequate capacity and quality is a global concern. 

 

Recent studies have shown that water bodies all around the world are more or less polluted with 

chemicals, like pesticides, pharmaceuticals, personal care products or their metabolites. 

Occurrence of these substances – even at low concentrations – may have a large impact on 

natural systems. They may cause disorders in living organisms, hence, disrupt the integrity of 

the ecosystem. In addition to toxic effects, development and dissemination of antibacterial 

resistance poses serious threat to public health that makes the treatment of infectious diseases 

more and more challenging. Antibiotic resistance is a natural phenomenon predating the 

modern selective pressure of clinical antibiotic application. For this reason, it is difficult to 

imagine a complete suppression of resistance prevalence, but maintaining the background 

levels and preventing wide spreading seems to be a reasonable objective. In this context, it is 

important to recognize that the persistence of pollutants is not the only cause for concern, since 

the continual release of antibiotics to the environment induces the same effect. 

 

Wastewater effluents contain considerable amounts of pharmaceuticals that largely contribute 

to appearance of resistant pathogenic bacterial strains. In this respect, wastewater treatment 

plants and the close proximity of effluent outlets are hot spot areas. To increase the removal 

rate of refractory substances and to reduce discharge of hazardous substances, new 

decomposition techniques are under development or testing. A group of these methods is the 

Advanced Oxidation Processes (AOP). Advanced oxidation induced by ionizing radiation is in 

the focus of interest because of its highly effective toxicant removal performance. Oxidation of 

organic molecules by this technique takes place mainly due to reactions of hydroxyl radicals 

(•OH), similarly to other AOP. Ionizing radiation treatment represents a promising 

complementary option to the conventional wastewater treatment. Application of this method for 

treatment of sulfonamide antibiotic solutions – a group of emerging pollutants – was detailed in 

this dissertation. In addition to the chemical characterization of the degradation process, special 

attention was paid to the behavior of decomposition products in biological assessments.  
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2  Review of the literature 
_________________________________________________________________________ 
 
2.1  Sulfonamide antibiotics 
 
“Sulfonamides” is a generic term for derivatives of sulfanilamide, which carries the 

smallest structural unit required to induce antibacterial action. Sulfonamide antibiotics were 

the first agents regularly applied for treatment and prophylaxis of bacterial infections in 

humans [1]. Their discovery and subsequent widespread application was followed by a 

sharp reduction in the number of illnesses and deaths. Appearance of penicillin and other 

antibiotics greatly reduced their usage, so as the development of bacterial resistance against 

sulfonamides. Although their significance reduced over the years, sulfonamides are still 

present in diverse application fields. Furthermore, combination of sulfamethoxazole with 

trimethoprim gave a new impetus to their further usage in medication. Sulfonamides also 

play an important role in veterinary practice, animal husbandry and aquacultures. The 

widespread utilization is evidenced by their usage in apiary against Paenibacillus larvae 

ssp. larvae, and in agriculture against Holcus lanatus, Echinochloa crus-galli, Avena fatua, 

Rumex obtusifolius, etc. [2]. 

 
2.1.1  Mechanism of action, absorption and excretion 
 
Sulfonamide antibiotics are synthetic bacteriostatic antibiotics; they inhibit bacteria 

proliferation during therapy. Sulfonamides prevent synthesis of folic acid that is essential in 

cell growth. Folic acid diffuses or is transported into human cells following intake by food 

or drink, but folic acid cannot cross bacterial cell walls by diffusion or active transport. For 

this reason, bacteria must synthesize folic acid from para-aminobenzoic acid. This is the 

point where sulfonamides act, as these agents are competitive antagonists of para-

aminobenzoic acid. Sulfonamides substitute para-aminobenzoic acid and in this way inhibit 

the action of dihydropteroate synthetase enzyme and the production of folic acid. In 

practice, sulfonamides are often combined with synergistically acting diaminopyrimidines 

(trimethoprim or pyrimethamine) that provides a wider possibility of application as 

separately used. 

 

Absorption of sulfonamides takes place mainly in the small intestine, but a small fraction 

may be absorbed from the stomach and from the bowel in case of specially designed drugs. 

From 70% up to 100% of the administered dose is absorbed and distributed in the body. 

The active agent may undergo metabolic alterations and appear in the urine already in 30 

http://en.wikipedia.org/wiki/Paenibacillus
http://en.wikipedia.org/wiki/Paenibacillus
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minutes. The major metabolic product is the acetylated form of the parent compound, but 

oxidation and conjugation with glucuronic acid also takes place. During acetylation, the 

sulfonamides lose their antibacterial activity but retain their toxic potential. Nevertheless, 

retransformation to active substances may also occur [3, 4, 5]. The sulfonamides are usually 

eliminated by kidneys and only small amounts are released via feces, milk or bile [1, 6]. 

 
2.1.2  Application of sulfonamide antibiotics 
 
Sulfonamides are applied against a wide range of both Gram-positive and Gram-negative 

bacteria in human therapy. They are often used in treatment of P. jirovecii, T. gondii and 

other Toxoplasma species, Plasmodia, Coccidians, Chlamydia, Nocardia and Actinomyces 

[6, 7]. In medication of gastrointestinal infections, succinylsulfathiazole and sulfaguanidine 

are mainly applied. Although they do not represent the first choice, sulfisoxazole or 

sulfamethopyrazine are often prescribed in case of urinary tract infections. Meningitis is 

treated by sulfamethazine or sulfadiazine, while respiratory tract infections by the 

combination of sulfamethoxazole and trimethoprim. The combination of pyrimethamine 

and sulfadiazine is an effective therapeutic against toxoplasmosis. Nocardiosis can be cured 

with sulfadiazine or sulfisoxazole, but for advanced cases, a second antibiotic is also 

recommended. The combination of sulfadoxine and pyrimethamine is used for treatment 

– and for prophylaxis – against malaria. Some sulfonamides are applied topically, as well. 

For instance, sulfacetamide is widely used for treatment of ophthalmic infections, while 

silver sulfadiazine for prevention of wound or burn infections. It provides reliable 

protection against all pathogenic bacteria and fungi. Sulfanilamide is effective in vaginitis 

treatment in form of cream or suppository [1, 6, 7]. 

 

According to the Food and Agriculture Organization (FAO) of the United Nations (UN), 

800 million people, from the total 7.2 billion, suffer from chronic malnourishment [8]. 

Feeding this huge crowd is a serious task that heavily depends on the use of pharmaceutical 

compositions. As reported by the USA Animal Health Institute [9], there are 24 billion 

chickens, more than 1 billion cattle and sheep, 750 million pigs and goats in the world. 

Such large number of animals unavoidably couples with application of enormous veterinary 

medicine amounts. In animal applications, antibiotics are used for handling existing 

diseases, for prophylactic purposes and for production enhancement (e.g. growth 

promotion) [10]. Sulfonamides are worldwide commonly used in veterinary therapy for 

treatment of inter alia actinobacillosis, respiratory infections, metritis, colibacillosis and 
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toxoplasmosis [6]. Moreover, sulfonamides are one of the most frequently used chemicals 

in production of medicated feed and authorized medicated pre-mixes. Their share is around 

70 – 80% in countries like Finland, Bulgaria, UK, Germany etc. [11]. Similarly to the 

human medication, sulfonamides are often combined with trimethoprim in preparations 

used in veterinary practice. Application of sulfonamides for growth promotion in the USA, 

China and Brazil highlights the utilization of these antibiotics in huge amounts, as these 

three countries are the largest poultry meat producers in the world [12, 13]. 

 

Considering the impact of veterinary pharmaceuticals on natural waters, aquacultures are 

attracting more and more attention. According to a recent publication of the Food and 

Agriculture Organization on the state of world fisheries and aquaculture [8], the world 

fishery capture was 91.3 million tons in 2012, while 66.6 million tons of fish were provided 

by aquacultures in the same year. The wild capture showed a constant rate in the last two 

decades, while the share of the aquacultures significantly increased during this period. For 

the continuous and stable production, sulfonamides are also utilized for disease treatment, 

prophylaxis and growth promotion [14]. The most important characteristic of the 

aquacultures is that pharmaceutical containing excrement and unconsumed medicated feed 

is in environmental aqueous media. Therefore, leaching into groundwater is relatively 

unhindered and the undercurrents may wash these substances to distant sites [15]. Pollution 

with sulfonamides may take place through agricultural activities, due to fertilization by 

slurry or manure, which may contain unmetabolized active agents in high concentrations. 

Sulfonamides were detected above µg dm–3 concentrations in fishponds and effluents of 

swine farms that are 1 – 2 orders of magnitude higher than those found in wastewater 

effluents [16, 17]. In this way, drug residues may significantly contribute to pollution of 

freshwater via runoff to surface waters [18] or the previously mentioned infiltration to 

groundwater at attenuated levels [19]. Sulfonamide concentrations up to few hundred 

ng dm–3 were usually published in studies investigating pharmaceutical occurrence in 

groundwater [20, 21, 22, 23, 24]. Moreover, ubiquitous occurrence of sulfonamides was 

evidenced in offshore waters at around 10 – 20 ng dm–3 mean concentration [15, 25, 26]. 

The presence of these pollutants was linked with high density of human activities, including 

the large share of aquacultures or maricultures.  
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2.1.3 Resistance development 
 
Development of antibacterial resistance means reduction in the effectiveness of 

antibacterial preparation. The sensitivity to a pharmaceutical is different among individual 

organisms of the bacteria population; therefore, a surviving fraction may occur following 

the medication. If the surviving organisms are capable of reproduction, the offspring will 

inherit this ability and result in a more resistant population. This is an evolutionary response 

of living organisms placed under pressure. A natural selection takes place among the 

differently sensitive microorganisms exposed to a pharmaceutical and the generation with 

high level of resistance survives. However, it was shown that this natural phenomenon is 

predating the modern selective pressure of clinical antibiotic application [27]. Furthermore, 

the extraordinary genetic capacities of microbes allow evolution of multiple resistance 

mechanisms to each antibiotic [28]. There are four general mechanisms of resistance 

emergence: 

- Inactivation or modification of the antibiotic 

- Alteration in the target site of the antibiotic 

- Modification of metabolic pathways of the antibiotic 

- Reduced antibiotic accumulation 

The overproduction of para-aminobenzoic acid or modified dihydropteroate synthetase is 

the most common mechanism in emergence of resistance in case of sulfonamides [6]. 

 

Wastewater effluents contain considerable amounts of pharmaceuticals [29, 30], which 

exert selective pressure on bacteria and strongly accelerate resistance development in the 

recipient water bodies [31]. This process can be further facilitated by microbial strains with 

acquired resistance genes that are released into the lakes or rivers following the wastewater 

treatment [32]. Therefore, it is of special interest to completely remove both antibiotics and 

pathogens from the wastewater effluents.  
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2.2 Conventional treatment of municipal wastewater 
 
To maintain the quality of effluent receiving water bodies, reduction of high organic 

content is the primary purpose during purification of municipal wastewater. However, 

discharge of large nitrogen or phosphorus amounts may also lead to eutrophication and 

finally result in excessive load of organic matter and oxygen depletion [33]. Therefore, 

removal of these nutrients is vital, as well. Due to diverse composition and wide pollutant 

size range in the raw influent, multistage operation system in needed for wastewater 

treatment. Purification process is strongly concentrated in time and space and it is 

performed under strictly controlled conditions. 

 

The incoming raw wastewater passes through bar screens, which remove big objects, like 

plastic bottles, branches etc. In the next step, wastewater is introduced to a grit channel, 

where the flow rate is adjusted for separation of rapidly settling particles, like stones, sand 

or grit. The wastes from the screens and grit channel are usually taken to landfills. These 

operations are often labelled as the preliminary stage of wastewater treatment. Treatment at 

conventional plants consists of two further steps: primary and secondary purification. In the 

primary stage, wastewater enters primary clarifier tanks, where oil and grease are floated to 

the surface and skimmed off. Suspended solids are settled as much as possible and 

subsequently also removed. Organic matter and numerous inorganic compounds are 

eliminated in the secondary treatment by metabolic processes of microorganisms. 

Biological treatment is carried out by using microorganisms suspended in primarily treated 

wastewater or by densely positioned surface layers that are covered with biofilms. Organic 

pollutants are utilized as nutrients and they are transformed to carbon dioxide, water, non-

degradable metabolic products or cellular materials. Ammonifying, nitrifying and 

denitrifying bacteria strains convert ammonia nitrogen to atmospheric nitrogen, while 

polyphosphate-accumulating organisms facilitate phosphorus removal by accumulation of 

polyphosphate within their cells. Phosphorus is often eliminated by addition of metal salts 

(e.g. FeCl3, FeSO4). Sulfur concentration in the wastewater is usually low – similarly to the 

concentration of dissolved salts and heavy metals –, but still high enough to cause issues 

with safety, corrosion and odor complaints [34]. Sulfur is removed by contribution of sulfur 

oxidizing and sulfate reducing bacteria. Following the biological treatment, microorganisms 

and solids are settled in the secondary clarifiers. A certain fraction of the sludge is fed back 

to the aeration basin in order to ensure a constant microorganism concentration.  
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Antibiotics enter the sewage through well-defined routes [35]. Administered drugs are 

usually not completely absorbed in the body; therefore, a substantial fraction of the parent 

medicine, its conjugates or bioactive metabolites are excreted and released to the sewage 

system. Outdated or unused drugs are often simply just flushed down the sink or toilet that 

also contributes to discharge from private households. Wastewater from hospitals are 

usually also released to the sewage. It was shown that higher antibiotic concentrations are 

present in hospital effluents than in the influents of municipal wastewater treatment plants 

[36]. The results indicated notable contribution to the total antibiotic amounts present in the 

municipal wastewater. Numerous studies investigated occurrence of xenobiotics in raw 

wastewater and evidenced presence of sulfonamides in ng – µg concentration range [37, 38, 

39, 40, 41, 42, 43]. 

 

Metabolic processes of microorganisms intended to remove organic pollutants from 

wastewater are adapted to natural chemical compounds (biogenic materials). Chemically 

synthesized compounds that do not occur in nature (xenobiotics) possess structural features 

to which microorganisms have not been exposed to during evolution (e.g. compounds with  

–CF3, –Cl, –N=N–, –NO2 groups). Differences between the structures of xenobiotics and 

biogenic materials result in lack of compatible enzymes, which are responsible for 

activation of metabolic processes [44]. As the attack by microbial catabolic enzymes is 

blocked, degradation efficiency of numerous artificial compounds at conventional 

wastewater treatment plants is insufficient [45, 46, 47, 48]. Beside the “unphysiological” 

substituents, recalcitrant organic compounds have some other typical features. They have 

high molecular mass, low solubility in water, quaternary carbon atoms, three-fold 

substituted nitrogen atoms, condensed benzene and pyridine ring (especially polycyclic 

structures) [49]. Inefficient removal by biological treatment leads to deterioration of 

wastewater effluent quality and considerable discharge of persistent organic pollutants to 

surface waters [50, 51, 52, 53]. Poor removal of sulfonamides in the secondary treatment is 

evidenced by their presence in effluents up to several hundred ng dm–3 [4, 54, 55, 56]. 

Consequently, sulfonamides appear in surface waters in notable amounts. Concentration of 

sulfonamides present in natural water matrices is strongly dependent on the characteristics of 

the recipient and the pharmaceutical amount emitted from the treatment plant [57, 58, 59, 60].  
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The secondary treatment deficiencies can be counteracted in the next step of the 

purification process. Therefore, tertiary treatment is vital in order to achieve an appropriate 

quality level of treated wastewater prior to their release. There are some existing methods 

for removal of non-biodegradable compounds, like adsorption or filtration. However, the 

pollutants are not degraded with these methods, they are only transferred from a medium to 

another and their disposal remains unsolved. For this reason, there is an urgent need for an 

economically feasible solution for removal of these pollutants that is viable on industrial 

scale. Numerous methods, like photocatalysis, ionizing radiation and ferrate techniques 

have shown promising results in the development phase. 

 
2.3  Advanced Oxidation Processes 
 
To improve the removal efficiency of non-biodegradable hazardous substances, numerous 

AOP are under development or testing. Complete mineralization of stable chemicals may 

result in a solution to the final pollutant disposal with no further purification steps required. 

However, degradation to less complex substances with higher biodegradability and/or lower 

toxicity may also be advantageous. 

 

AOP are usually applied at – or near – ambient conditions, and they are considered to be 

clean technologies [61, 62]. The common feature of these methods is the oxidation of 

pollutants by reactions mainly attributed to •OH and other oxygen containing reactive 

species. •OH can be produced by numerous approaches that distinguish the various 

advanced oxidation methods. Important shortcoming of these techniques is that the 

presence of harmless organic matter (e.g. humic or amino acids) and inorganic ions 

(e.g. chloride, carbonate and bicarbonate) act as scavengers of hydroxyl radicals [62]. In 

this way, AOP intended to treat raw wastewater is not sustainable [63]. However, this can 

be overcome by integration of AOP into the conventional wastewater treatment as a post-

treatment process, following the biological purification stage [63, 64]. AOP are regarded as 

a promising complementary option to the conventional wastewater treatment, as elimination 

of persistent organic compounds with these methods proved to be highly effective [65, 66, 

67, 68, 69, 70]. 

 

The most notable techniques are briefly summarized in chapters 2.3.1 – 2.3.3, while AOP 

based on generation of •OH by ionizing radiation is detailed in chapter 2.4.  
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2.3.1  Fenton-type reactions 
 
Fenton reaction is a cyclic process, in which radicals formed during catalytic decomposition 

of H2O2 in acidic medium oxidize the organic matter [71]. In course of reactions, ferrous 

(Fe2+) catalyst is applied in form of iron(II) sulfate (FeSO4). Reaction of Fe2+ with H2O2 

results in complexes, which decompose to, inter alia, •OH (Reaction 1). •OH oxidizes not 

only the organic substances, it also transforms ferric (Fe3+) to Fe2+, in the presence of 

H2O2 (Reaction 2). The acidic medium (pH optimum = 2.5 – 3) is important in order to 

prevent iron precipitation [62]. The iron(III) hydroxide (Fe(OH)3) precipitate may bind 

pollutants; and thus, hinder their decomposition. In addition, Fe(OH)3 consumes H2O2 that 

leads to reduced •OH yield. 

 

Fe2+ + H2O2 → Fe3+ + OH– + •OH    (Reaction 1) 

Fe3+ + H2O2 → Fe2+ + HO2
• + H+    (Reaction 2) 

 

The efficiency of the Fenton reaction can be enhanced by application of UV-Vis 

illumination that results in higher yield of •OH (Reaction 3). This is the so-called photo-

Fenton reaction, and it accelerates Fe3+ reduction to Fe2+ [72]. Another Fenton type 

technique is the electro-Fenton process. This method combines the classical Fenton reaction 

with electrocoagulation [71]. 

 

Fe(OH)++ + hν → Fe2+ + •OH    (Reaction 3) 

 

The advantage of Fenton-type reactions is the application of environmentally safe 

substances and that no special equipment is required [61]. Nevertheless, the amounts of 

acids and alkaline used may be quite high. 

 

Fenton-type reactions – performed with application of different H2O2 doses and various 

catalysts – was found to be able to remove sulfamethazine, sulfadiazine, sulfathiazole and 

sulfamethoxazole from aqueous solution [65, 73, 74, 75, 76, 77]. Degradation of pollutants 

was coupled with high reduction of the total organic carbon content (up to 100%). 

 

Trovó et al. [74] proposed two initial transformation routes of sulfamethoxazole. 

Fragmentation patterns suggested that the initial •OH attack takes place on the isoxazole 
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ring and yields two isobaric monohydroxylated products with m/z = 270 (LC-TOF-MS; 

positive ionization mode). (See general structure of sulfonamide antibiotics in Scheme 1). 

Further oxidation of monohydroxylated products results in substitution of the amino group 

by a hydroxyl group in the aromatic ring, or •OH attack on the double bond on the 

isoxazole ring. Consequently, appearance of double hydroxylated products with m/z = 271 

or 288 takes place, respectively. However, benzene ring was found to be more persistent 

than the other parts of the molecules, since the majority of intermediates contained benzene 

structure (m/z = 288, 270, 244, 216 and 198). Wan et al. [77] proposed •OH attack on the 

C – N bond of the sulfamethazine pyrimidine ring, leading to formation of product with 

m/z = 214 (GC-MS). They also evidenced cleavage of the N – S bond that entails formation 

of products with m/z = 173 and 123. Barhoumi et al. [76] also suggested that oxidation 

process is initiated at these two sites. In their work, similar products were identified with 

GC-MS (m/z = 214, 173, 123), as in the study of Wan et al. [77], but they detected some 

other products, as well (m/z = 189, 109, 153). However, a possible reaction pathway is 

likely to start with the desulfurization of sulfamethazine, according to Pérez-Moya et al. 

[65]. Towards the end of degradation procedure, carboxylic acids, such as acetic, formic, 

pyruvic, oxamic, fumaric, maleic and oxalic acids were detected [74, 76]. Formation of 

inorganic species, like NH4
+, NO3

− and SO4
2– have also been reported [74, 76, 77]. 

 

 
Scheme 1. General structure of sulfonamide antibiotics. 

 

Regarding changes in the biological effects, experiments conducted on Daphnia magna and 

Vibrio fischeri test organisms indicated reduced toxicity of the solutions following the 

treatment [73, 74]. Gonzalez et al. [73] pointed out that biodegradability notably increased 

(from 0 to 0.3 BOD5 COD–1) parallel with the toxicity reduction. However, in the case of 

sulfamethazine toxicity assessment performed on V. fisheri, Escherichia coli and 

Staphylococcus aureus, formation of some toxic intermediates was revealed [65, 76]. 

Nevertheless, there is a questionable issue regarding sample application in biological 

experiments. In the vast majority of experiments targeting quantification of changes in 

biodegradability or toxicity, conclusions are drawn by a simple comparison of solutions 

obtained at different stages of the oxidation. These results do not express properly the toxic 

potential or biodegradability of distinctive product groups, due to performing investigations 
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without taking into account the decrease of organic content caused by mineralization. 

Mineralization reduces the concentration of pollutants; and thus, relieves the pressure on 

test organism. In this way, reduced toxicity can be measured in treated solutions even if 

products with higher toxic potential than the parent compounds are formed, simply due to 

their presence in significantly lower concentration. This issue is well illustrated by the 

results obtained by Barhoumi et al. [76]. Increase of the 40% initial Vibrio fischeri 

luminescence inhibition to about 45% was reported in course of sulfamethazine degradation 

by electro-Fenton process. Such difference seems to be insignificant at first sight. However, 

if we complement this data with the fact that the organic content reduced by 60% at this 

point, the situation becomes quite different. In spite of the high decrease in organic 

pollutant content, the toxicity somewhat increased. This indicates that the products have 

notably higher toxic potential than the initial molecules, despite the negligible difference 

shown by the toxicity test. The authors correctly concluded higher toxicity of the resulting 

solution, but the extent is a more difficult issue. Pérez-Moya et al. [65] prepared reference 

solutions that contained the initial compound (sulfamethazine) in the same TOC amounts as 

the solutions treated by photo-Fenton. In this way, they achieved exposure of test organisms 

(Escherichia coli and Staphylococcus aureus) to equal pollutant loads; and therefore, direct 

and accurate comparison of the toxic potentials. 

 
2.3.2  Photocatalysis 
 
Photocatalysis is based on photo-excitation of valence band electrons of semiconductors, 

most often TiO2. Electron-hole pairs are usually generated with UV photons, which 

subsequently dissociate and migrate to the surface of the photocatalyst (Reaction 4) [62]. 

The holes transform to •OH in reaction with water (Reaction 5), contribute to formation of 

superoxide radical anion (O2
–•) in the presence of oxygen (Reaction 6) or recombine with 

electrons that reduces radical yield [78]. The natural light is badly utilized by catalysts, only 

a narrow wavelength range is useful. 

 

TiO2 + hν → e– + h+      (Reaction 4) 

TiO2 (h+) + H2O → TiO2 + •OH + H+   (Reaction 5) 

TiO2 (e–) + O2 → O2
–•      (Reaction 6) 

 

Baran et al. [79] evidenced degradation of 1 × 10−4 mol dm–3 sulfanilamide, sulfacetamide, 

sulfathiazole, sulfamethoxazole and sulfadiazine in photocatalytic processes involving 
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TiO2, and Fe salts. The degree of TOC removal reached values as high as 70%. Kaniou et 

al. [80] reported similarly high degree of sulfamethazine degradation (100%) and 

mineralization (80%) in experiments performed in presence of TiO2 P-25 and ZnO 

photocatalysts. Experimental results of Hu et al. [81] and Abellán et al. [82] also 

demonstrated that mineralization of SMX can be achieved by UV irradiation of aqueous 

solutions containing TiO2. 80% mineralization was measured by Hu et al. and only 41% 

was detected by Abellán et al. due to different experimental conditions used. 

 

The major photocatalytic degradation processes of sulfonamides involve hydroxylation of 

the aromatic ring, elimination of the amide group, elimination or substitution of the amide 

and the sulfonyl group, opening of the aromatic ring. Degradation mechanism proposed for 

sulfamethoxazole starts by •OH addition on the aromatic ring that generates hydroxy-

cyclohexadienyl radical, from which another •OH can abstract a hydrogen to form 

hydroxyl-substituted product with m/z = 268 or 270 (LC-MS/MS negative or positive 

ionization mode, respectively). In another pathway, •OH addition takes place on the 

isoxazole ring, resulting in tertiary carbon-centered radical that transforms to peroxy radical 

in the presence of dissolved oxygen. This peroxy radical can abstract a hydrogen atom from 

a donor to form the corresponding hydroperoxide, which cleaves homolytically to produce 
•OH and the corresponding alkoxy radical. Stable product forms through abstraction of 

another hydrogen atom by the previously formed radical moiety. This product was 

identified in LC-MS/MS experiments with m/z values of 286 or 288 (negative or positive 

ionization mode, respectively). In course of the third degradation pathway, •OH attack leads 

to cleavage of the S – N bond that results in formation of product with m/z = 97 in negative 

ionization mode. Calza et al. [83] proposed similar degradation mechanism for sulfadiazine, 

sulfamerazine, sulfadimethoxine and sulfathiazole, as the one detailed above for 

sulfamethoxazole [81, 84]. The characteristic products determined by ion trap mass 

spectrometer in that study were hydroxylated derivatives. Hu et al. [81] evidenced similar 

degradation rates of different sulfonamide analogues from which they infer applicability of 

degradation mechanisms proposed for SMX to sulfonamide antibiotics in general. 

However, Huang et al. [85] concluded – in a work involving 10 sulfonamide antibiotics and 

nanophase TiO2 plus UV and nTiO2/activated carbon fiber plus UV – that the substituent 

groups have a substantial impact on the degradation efficiency. 
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Investigation of inorganic ions revealed that nearly complete sulfur content is present in 

form of SO4
2– following the photocatalysis [80, 81, 82, 83]. Formation of notable NH4

+ 

amounts was characteristic from the beginning of the treatment, while only low amounts of 

NO3
− were detected following sufficient reaction times [80, 81]. No evidences were found 

about the presence of NO2
− in treated sulfamethoxazole or sulfamethazine solutions [81, 82]. 

 

Photocatalytic degradation of sulfacetamide, sulfathiazole, sulfamethoxazole and 

sulfadiazine led to significantly reduced toxicity on Chlorella vulgaris and increased 

biodegradability [82, 86]. Cai and Hu [84] reported no acute toxicity of sulfamethoxazole 

on Vibrio fischeri when continuous LED/UVA/TiO2 process was used, but increased 

chronic toxicity was measured (13 – 20%). In the same study, antibacterial activity against 

Escherichia coli (ATCC 25922) was eliminated, as shown by broth microdilution assays. 

 
2.3.3  Ozone reactions 
 
Ozone is a strong oxidizing agent that can degrade organic pollutants directly or indirectly 

by hydroxyl radicals. •OH reacts less selectively and faster than O3. •OH is generated with 

higher yields in alkaline medium during ozonation processes [87]. Formation of radical 

species starts with reaction of hydroxide (OH–) and O3, that leads to formation of 

hydroperoxide ion (HO2
–) and O2

–• (Reaction 7). Both HO2
– and O2

–• decompose O3 in the 

next step, while ozonide ions (O3
–•), hydroperoxyl radical (HO2

•) and dioxygen is generated 

(Reaction 8 and 9). In the further reactions, the ultimate decomposition of O3
–• takes place, 

and it is followed by formation of •OH (Reaction 10 and 11), which induces O3 conversion 

to HO2
• after an intermediate reaction (Reaction 12 and 13) [88]. 

 

O3 + OH– → HO2
– + O2

–•     (Reaction 7) 

O3 + HO2
– → HO2

• + O3
–•     (Reaction 8) 

O3 + O2
–• → O2 + O3

–•      (Reaction 9) 

  O3
–• + H+ → HO3

•      (Reaction 10) 

  HO3
• → •OH + O2      (Reaction 11) 

  O3 + •OH → HO4
      (Reaction 12) 

  HO4
• → HO2

• + O2      (Reaction 13) 
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The rate of ozonation can be enhanced by the presence of H2O2 (Reaction 14), by UV 

irradiation (Reaction 15) or by combined application UV irradiation and H2O2 [89, 90, 91, 

92]. Here, the UV radiation usually has an output maximum at 254 nm, whereby the molar 

absorption coefficients (ε) of O3 and H2O2 are 3300 and 18.6 mol–1 dm3 cm–1, respectively [93]. 

 

  H2O2 + 2 O3 → 2 •OH + 3O2    (Reaction 14) 

  H2O + O3 + hν → 2 •OH + O2    (Reaction 15) 

 

Ozonation proved to be effective for degradation of sulfonamide antibiotics, showing 

removal efficiencies higher than 90% in experiments involving sulfamethoxazole, 

sulfachloropyridazine, sulfadimethoxine, sulfamerazine, sulfamethazine, sulfathiazole, 

sulfadiazine, sulfapyridine, sulfamethizole [67, 94, 95, 96, 97, 98, 99, 100, 101]. In the 

work of Dantas et al. [97] complete degradation of sulfamethoxazole was achieved by 

reaching just 10% mineralization. 

 

The reaction rate constant (k) of O3 with sulfamethoxazole was found to be 

∼ 2.5 × 106 mol−1 dm3 s−1 (at pH 7 and 20°C) [67]. The reactivity reduced to kO3 = 2 – 3 × 

104 mol−1 dm3 s−1 in acidic medium (pH = 2 and 22°C), according to results of Garoma et 

al. [99]. This phenomenon is due to the two acid-base dissociation equilibria (pKa) of 

sulfonamides. At pH lower than the pKa1 value, the nitrogen of the amino group is in a 

protonated form, which is less susceptible to ozone attack, while at pH values above pKa2, 

the dissociation of the hydrogen present in the sulfonamide group promotes a slight 

increment in the reactivity [97]. Therefore, pH plays an important role in the efficiency of 

sulfonamide degradation by ozonation. 

 

del Mar Gómez-Ramos et al. [100] described five pathways of sulfamethoxazole 

degradation by means of ozonation that involved reactions of both molecular ozone and 
•OH. They proposed decomposition of initial molecules going through hydroxylation on the 

benzene ring that was evidenced by product identified with m/z = 270 (LC-TOF-MS in 

positive ionization mode) or oxidation of the amine group at the benzene ring (evidenced 

by two products with m/z = 284). In addition, oxidation of the methyl group at the isoxazole 

ring (evidenced by a third product with m/z = 284); oxidation of the double bond C = C at 

the isoxazole ring (evidenced by product with m/z = 288); and S – N bond cleavage 

(evidenced by product with m/z = 99) was also described. The latter reaction, cleavage of 
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sulfonamide bond was found to be the main degradation pathway that led to formation of 

the most abundant intermediate (m/z = 99). An interesting finding was the identification of 

three isobaric compounds (m/z = 284). It was assumed that O3 attack takes place on the 

aniline moiety of sulfadiazine, sulfamethoxazole, sulfapyridine and sulfathiazole [96, 97, 

101]. 

 

Daphnia magna, Pseudokirchneriella subcapitata and Vibrio fisheri assays revealed 

increasing toxic effects at the early stages of ozonation [97, 100]. del Mar Gómez-Ramos et 

al. [100] detected considerable toxicity even following complete removal of initial 

molecules. In contrast, reduced toxicity was reported by Kim et al. [101]. 

 

In addition to the previously discussed ones, there are many other procedures for hydroxyl 

radical generation, such as application of ultrasound, vacuum UV, photolysis of hydrogen 

peroxide etc. [102]. Utilization of ionizing radiation for radical generation is discussed in 

the following section. 

 

2.4  Ionizing radiation treatment 
 
2.4.1  Energy deposition and product distribution 
 
The most commonly applied irradiation sources for radiolytic treatment of aqueous medium 

are 60Co γ-sources and electron accelerators. During irradiation with 60Co gamma rays 

(E1 = 1.33 MeV and E2 = 1.17 MeV), the main physical interactions with matter are the 

photoelectric effect (mostly at E < 0.1 MeV, in molecules with light atoms), Compton 

effect (E = 0.01 – 100 MeV) and pair production (E > 3 MeV). In case of irradiation of 

aqueous solution, Compton scattering takes place decisively. These randomly occurring 

events involve significant energy losses at each interaction and result in formation of 

secondary electrons. In this way, γ-irradiation can be interpreted as a fast electron 

producing method within the sample [103]. Application of particle accelerators provides a 

possibility of direct introduction of monoenergetic electrons. Both in γ-irradiation and 

accelerated electron irradiations, the fast secondary electrons trigger chemical changes 

predominantly, with energies ranging from few tenths of keV to few keV. Contrary to 

photons, electrons lose kinetic energy in sequence of small energy transfers. The main 

processes are ionization, excitation and emission of X-rays or Cherenkov radiation. The 

energy transfer can be characterized by the linear energy transfer (LET) defined as the 
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deposited energy per unit length (eV nm–1). This value heavily depends on the 

characteristics of the particle (e.g. mass, charge, velocity etc.). Gamma rays and accelerated 

high-energy electrons are both characterized by low LET. The probability of energy 

deposition to the electrons of the medium along a unit path is inversely proportional to the 

square of the particle velocity. Simply expressed, longer time spent in the vicinity of a 

molecule increases the probability of interaction with electron cloud. Therefore, a 

penetrating fast electron induces only very few ionization events at the beginning of its 

path. Nevertheless, as the velocity attenuates – during traversing Coulomb fields and 

collisions with the surrounding molecules – the number of ionization events increases. The 

consequence of variable energy transfer cross section is an inhomogeneous distribution of 

reactive intermediates and final products. As the energy is transferred in different sized 

packets at various points of the path, zones of excited and ionized species are formed in 

variant dimensions. Their spatial arrangement is not always unified. Spherical composition 

is prevailing up to ten ion pairs, while cylindrical composition is dominant above ten ion 

pairs. Based on the transferred energy, they are assigned to four groups: Spurs (6 – 100 eV), 

blobs (100 – 500 eV), short tracks (500 – 5000 eV) and branch tracks (> 5000 eV). Spur 

usually refers to both spurs and blobs. The ratio of spurs, blobs and short track entities in 

case of 1 MeV electron irradiation in liquid water was found to be 0.75 : 0.12 : 0.13, 

respectively [104]. The line connecting spurs shows the route of the electron passing 

through the medium and it is simply called primary particle track. Fig. 1 taken from the 

work of Choppin et al. [105] shows tracks of a 200 keV electron and a 47 keV γ-photon in a 

cloud chamber. 

 

  
Fig. 1. 200 keV electron (left) and 47 keV γ-photon (right) cloud chamber tracks in air and 

methane, respectively, taken from the book of Choppin et al. [105]. 
 

The reactive zones initially contain one or more ion-electron pairs, ground-state and excited 

molecules. Freeman defined the reactive zones as “a grouping of reactive intermediates in 
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which there is a significant probability that some of the intermediates will react with each 

other before they can diffuse into the bulk” [106]. As the reaction rate constants (k) of 

species formed in spurs are of the order of 1010 mol–1 dm3 s–1, their reaction kinetics is 

diffusion controlled [107]. In diffusion controlled kinetics, geminate recombination and/or 

bulk reactions may take place. This means that the initial species may react with each other 

or leave the spur. The fundamentals of spur reactions are provided by the time-dependent 

diffusion equation, with assumption of competitive reactions among: 

• bimolecular reactions of the primary radicals formed 

• pseudo-first order reactions of the primary radicals with scavengers 

• and diffusion of the primary radicals to the bulk [108]. 

The reactions in spurs are complicated by their eventual overlapping, by solutes and by the 

differences between reaction rate constants. Low LET radiation leads to isolated spurs from 

which the majority of primary species can escape in high permittivity medium. Therefore, 

the spur reactions can be neglected in dilute aqueous solutions irradiated with electron or 

gamma radiation. Furthermore, distribution of the particles can be considered homogeneous 

after spur expansion that ends in 10–7 seconds. The average distance between spurs in water 

is in the order of 100 nm and their average radius is ~ 2 nm (Table. 1). 

 

Radiation type Energy 
(MeV) 

Average LET 
value in water 

(eV nm–1) 

Average distance 
between reactive 

zones (nm) 

Maximum 
range in water 

(mm) 

Electron 1 0.24a 400a 4.37b 

Electron 10 0.19a 500a 53.8b 
60Co-γ, average 1.25 0.26c 1000b x0.5 = 110b 

 

Table 1. Average LET values, average distances between reactive zones and maximum 
ranges in course of irradiation of water by electrons or γ-rays emitted by 60Co. The data 

were taken from a[106], b[109] and c[103]. X0.5 is the half value range. 
 
2.4.2  Primary intermediate and final products in water radiolysis 
 
Radiolytic decomposition of water by low LET irradiation leads to formation of dry 

electrons (e–) and water radical cations (H2O+•), according to Reaction 16. In high 

permittivity medium – such as water – most of the electrons have enough energy to 

overcome the attraction of positive ions. In this way, electrons escape geminate 

recombination as they leave the Coulomb field of H2O+•. When these electrons lose a 
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substantial part of their energy (thermalize), they orient the surrounding water molecules 

with the positively charged parts toward themselves, and become solvated/hydrated 

(Reaction 17). As a result, the smallest anion, the hydrated electron (eaq
–) forms. On the 

other hand, H2O+• may protonate the neighboring molecules; and thus, contributes to 

formation of •OH, as shown in Reaction 18. The excess energy of excited water molecules 

(H2O*) is dissipated by bond rupture and subsequent formation of •OH and H• as shown in 

Reaction 19. However, H• may form in the reaction of H3O+ and eaq
–, as well (Reaction 20). 

 

  H2O 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖��������������������⃗  H2O+• + e–     (Reaction 16) 

  e– + nH2O → eaq
–      (Reaction 17) 

  H2O+ + H2O → H3O+ + •O     (Reaction 18) 

  H2O* → H• + •OH      (Reaction 19) 

  H3O+ + eaq
– → H• + H2O  k = 2.3 × 1010 mol–1 dm3 s–1  (Reaction 20) 

 

The reactions of intermediates are strongly influenced by the pH. eaq
– is converted to H• in 

acidic medium, while H• forms eaq
– in alkaline medium. These reactions are practically 

complete at pH < 2 and pH >10, respectively. The pKa of the latter transformation is at 

pH = 9.6. Therefore, eaq
– predominates under alkaline conditions, while H• is in the 

majority at low pH. At pH values higher than 11, •OH and H2O2 dissociate to O•– and HO2
–, 

respectively (Reaction 22 and 23). 

 

  •OH + –OH ↔ H2O + O•–   pKa = 11.9  (Reaction 22) 

  H2O2 + –OH ↔ H2O + HO2
–  pKa = 11.6  (Reaction 23) 

 

 pH G (eaq
–) G (H•) G (•OH) G (HO2

•) 

bulk 0.46 0a 0.38a 0.30a 0.001a 

bulk 3 – 11 0.27a 0.06a 0.28a 0.003a 

spur neutral 0.49b 0.14b 0.63b  
 

Table 2. Radiation chemical yields of reactive species during water radiolysis [µmol J–1] in 
the bulk a[109] and spur b[110]. 

 

The reactive intermediates form with well-known radiation chemical yields (G). The yield 

of •OH and eaq
– is about the same in neutral or alkaline solutions, G = 0.28 µmol J–1 and 
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G = 0.27 µmol J–1, respectively, while H• forms with lower yield G = 0.06 µmol J–1. The 

yields of intermediate and final products at different pH are summarized in Table 2. 

 

Interactions of reactive intermediates generated during the radiolysis of water lead to 

formation of H2, H2O2 and O2 as final products. In open systems, H2 is relatively inert and 

usually leaves the solution without any interaction. Oxygen molecules also escape 

continuously, but they are able to capture H• and eaq
– that may result in formation of HO2

• 

and O2
–•. In air or oxygen saturated solutions, higher concentrations of HO2

• and O2
–• occur 

(Reaction 24 and 25). In such solutions, the contribution of these radicals to degradation of 

solutes should also be considered, in addition to •OH induced degradation. Reaction 26 

determines the balance between HO2
• and O2

–• (pKa = 4.8). 

 

  H• + O2 → HO2
• k = 2.1 × 1010 mol–1 dm3 s–1  (Reaction 24) 

  eaq
– + O2 → O2

–• k = 1.9 × 1010 mol–1 dm3 s–1  (Reaction 25) 

  HO2
• ↔ O2

–• + H+ pKa = 4.8     (Reaction 26) 

 

Formation of H2O2 is of great significance due to its disruptive effects to numerous 

analytical methods and toxic potential measurements. In course of ionizing radiation 

treatment, the main sources of H2O2 are the self-termination reactions (Reaction 27, 28 and 29). 

 

  2 HO2
• → H2O2 + O2    k = 8.3 × 105 mol–1 dm3 s–1 (Reaction 27) 

  HO2
• + O2

–• + H2O → H2O2 + O2 + OH– k = 9.7 × 107 mol–1 dm3 s–1 (Reaction 28) 

  •OH + •OH → H2O2    k = 5.5 × 109 mol–1 dm3 s–1 (Reaction 29) 

 

In addition to notable H2O2 concentrations (~ 3 × 10−4 mol dm−3) detected in ionizing 

radiation treatment [111], application of other advanced oxidation methods also caused 

considerable residual H2O2 content. These concentrations ranged from ~ 10−4 mol dm−3 to 

~ 10−3 mol dm−3 [112, 113, 114, 115, 116]. However, photochemical H2O2 formation rates 

of 10–6 mol dm–3 h–1 [117] allow concentration levels up to a few times 10–9 mol dm–3 in 

natural freshwaters [118]. Therefore, aquatic organisms are evolutionarily adapted to low 

H2O2 concentrations, but they are unable to eliminate high amounts of intracellular H2O2 

[118]. Consequently, presence of significant H2O2 may distort experiments involving living 

organisms by the strong toxic effects. In addition, H2O2 liberates O2 that distorts analytical 
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laboratory tests based on respirometry or manometry [119]. Considerable H2O2 amounts 

interfere in chemical oxygen demand (COD) experiments, as well [120, 121, 122]. 

 
2.4.3  Pollutant removal by ionizing radiation in general 
 
Reactive intermediates generated by high-energy irradiation interact with a wide range of 

pollutants. These interactions include redox reactions, dye decoloration, organic material 

decomposition, biological sterilization, removal of antibacterial activity and so on [123, 

124, 125, 126]. It was evidenced that •OH is the main reactant under a variety of different 

experimental conditions [127, 128, 129]. 

 
•OH is an extremely reactive radical, with low selectivity that is advantageous in terms of 

pollutant removal. The reaction rate coefficients are predominantly diffusion limited up to 

supercritical temperature [130]. Compared to other oxygen radicals involved in the 

degradation processes, •OH reacts faster. Depending on the organic substances, initial •OH 

attack can take place by hydrogen abstraction (saturated organics) or by addition (aromatic 

and olefinic solutes) [131, 132]. •OH readily reacts with C = C and C = N (but not with 

C = O) due to electrophilic character of double bonds. Hydrogen abstraction usually takes 

place on C – H bonds. 

 

Aromatic hydrocarbons have low excitation and ionization energy levels coupled with 

relatively high bond energies that also make them extremely resistant to radiation. The 

excited states have long lifetimes (from ns to s) and may often relax through luminescence. 

Aromatic hydrocarbons have a conjugated π-electron system; therefore, the energy is taken 

up and distributed to the entire molecule. In this way, the energy is rarely confined to a 

single bond, which means that the probability of bond rupture is low. This interesting 

phenomenon is related to the special electron system, which exerts protecting effect. The 

energy absorbed directly by aliphatic fragment of the molecules is transferred to aromatic 

fraction, where it is mostly converted to thermal energy [133]. The effect also occurs in 

case of alkyl side chains. 

 

Chemical phenomena caused by energy absorption during irradiation, like rupture or 

rearrangement of chemical bonds, are examined by radiation chemistry [134]. These 

processes can be considered to begin with formation of small clusters containing reactive 

species [106]. These clusters were discussed previously (section 2.4.1). From the point of 
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view of radiation chemistry, the most of the environmental bodies of water and municipal 

wastewater can be considered as dilute aqueous solution. During ionizing radiation 

treatment, water molecules absorb the transmitted energy predominantly and the vast 

majority of the resulting reactive intermediates interact with dissolved substances [109]. 

Therefore, great effects can be achieved with a relatively low absorbed dose that is 

extremely important in case of radiation processing [135]. Depending on the pollutant 

content and the level of infection, aqueous solutions can be separated into two groups. 

Natural water and polluted drinking water both possess considerably lower concentration of 

contaminants than industrial, municipal or agricultural wastewater. 

 

Substantial degree of purification can be achieved with ∼ 1 kGy absorbed dose, in case of 

natural water and polluted drinking water [136]. Such absorbed dose ensures decoloration, 

deodoration, disinfection and dechlorination of organic chlorocompounds. Irradiation of 

municipal wastewater usually takes place in a dose range suitable for disinfection (2 –

 3 kGy) [136]. Industrial wastewater requires high absorbed doses due to high 

concentrations and variety of contaminants that are often highly toxic, as well. Therefore, 

irradiation of such solutions is reasonable by combining it with other techniques [137]. 

Liquid animal wastes contain high amount of microbial cells and organic materials. The 

latter act as radical scavengers and in this way provide protection to bacteria, viruses and 

parasites. Therefore, absorbed doses above 25 kGy are needed for an appropriate disposal. 

Such high doses can be reduced by additives (e.g. ammonia) or by combined application 

with other methods. 

 

The first studies applying ionizing radiation treatment were focusing on disinfection 

(1950s), but soon the attention turned to purification of wastewater and water. Numerous 

laboratory scale experiments led to realization of pilot scale plants or mobile electron beam 

facilities in Russia, Austria, Germany, USA, Italy, Brazil and Republic of Korea [138]. 

Industrial scale facilities were built in Russia and in the Republic of Korea [139, 140]. 

 
2.4.4  Ionizing radiation treatment of sulfonamide antibiotics 
 
In the literature, elimination of sulfamethoxazole, sulfadimethoxine, sulfanilamide, 

sulfadiazine or sulfamethazine from aqueous solution by application of e-beam or gamma 

irradiation was investigated under different conditions. Results referred to efficient 

degradation of the selected sulfonamides up to 130 mg dm–3 concentration and attainable 
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high degree of mineralization [101, 141, 142, 143]. Nevertheless, complete removal of 

initial molecules was reached even with mineralization lower than 10% [144, 145]. 

Nitrogen content remained in the solutions even if absorbed dose high as 5 kGy was used 

[146]. Irradiation improved the biodegradability and significantly reduced toxicity on 

Pseudokirchneriella subcapitata [101, 147, 148, 149]. However, no considerable changes 

in toxic effects towards Daphnia magna or Vibrio fischeri were evidenced [147]. 

 

Regarding degradation mechanism, several possible pathways were proposed. As main 

processes, hydroxylation, desulfonation and cleavage take place. Liu et al. [141] proposed 
•OH reaction with the nitrogen atom bonded on the aromatic ring of sulfadiazine, as it can 

be easily attacked due to the strong negative charge. Consequently, the N – H bond cleaves. 

However, Guo et al. [142] suggested addition of an OH group to this amino group that was 

supported by the appearance of product with m/z = 264 (LC-MS, negative ionization mode) 

and by the quantum chemical calculations. Cleavage of N – S or C – N bonds followed by 

formation of products with m/z = 92, 97, 106, 119, 172, 213 and 226 were also proposed as 

possible radiation-induced degradation pathways [142, 144]. In addition to   N – S or C – N 

bond rupture, cleavage of N – benzene bond or S – benzene bond was proposed in 

sulfamethazine sulfanilamide, sulfamethoxazole and sulfadimethoxine containing solutions, 

as well [145, 150]. Kim et al. published a detailed study oncerning identification of 

sulfamethoxazole degradation products and analysis of possible degradation mechanisms 

[151]. They proposed hydroxylation, desulfonation, deamination and oxidation routes in 

addition to bond ruptures in the parent molecules. Formation of SO4
2−, acetic and formic 

acids was evidenced following ring decomposition and fragmentation of complex 

structures, while NO2
−, NO3

− and NH4
+ were not detected [141, 144, 145, 146]. 
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3  Background summary 
_________________________________________________________________________ 
 

The presence of sulfonamides in the environment contributes to antibacterial resistance 

prevalence and poses serious environmental risk by toxic effects, as well. Discharge of 

these antibiotic agents in industrialized regions is mainly associated with their inadequate 

removal from wastewater. 

 

Effective removal of sulfonamides by ionizing radiation treatment indicates that this 

method could be adequate for reducing or preventing sulfonamide emission from 

wastewater treatment plants. Although there is sufficient literature on the chemical analysis 

and treatment performance, no paper was published on comparing the degradation of a 

large number of sulfonamides and evaluating both the chemical reaction mechanisms and 

the toxicology of products. 

 

Application of ionizing radiation generates considerable H2O2 content that interferes with 

both chemical and biological analyses, as discussed in section 2.4.2. In addition to these 

interferences, the sample application approach (see the controversial issue in section 2.3.1) 

may significantly affect the outcome of biodegradation and toxicity tests. Mineralization 

taking place during irradiation reduces the concentration of pollutants and thus relieves the 

pressure on test organism [152]. In the literature, screening biodegradability or toxicity 

changes was generally carried out without considering these factors. 

 

The review of the literature revealed serious shortcomings on comprehensive 

biodegradability assessment. Literature data on biodegradability originates from 

experiments performed predominantly on activated sludge. Such investigation is inadequate 

for prediction of biodegradation in the natural water environment: Activated sludge might 

be adapted to compounds tested, since it is exposed to these pollutants continuously [153]. 

For this reason, only analyses performed with natural water provide an adequate picture on 

the status of biological availability of the degradation products in environmental water 

bodies. 

 

An overview of the literature data also pointed out a lack in thorough toxicity screening. 

The available information is provided by tests conducted usually on a single test organism, 

using one or few sulfonamide antibiotics. To get a better image on the potential hazard, test 
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organisms from three different trophic levels has to be involved in a battery of toxicity 

experiments, as recommended in the literature [154, 155]. 

 

Despite the huge amount of studies carried out on account of reducing the risk of 

antibacterial resistance emergence, to date, no paper has been published that aimed at 

investigating the changes in antimicrobial activity in solutions of irradiated sulfonamides 

and the impact of the synergistically acting trimethoprim. 
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4  Objectives 
_________________________________________________________________________ 

 
4.1  Degradation efficiency and product analysis; general degradation mechanism 
 
The identification and evaluation of the general characteristics of radiolytic sulfonamide 

decomposition is missing from the literature. One of the objectives of this work was to fill 

this gap. In order to accomplish the task, the reactions of eight sulfonamides (Table 3) were 

studied in a complex approach by a variety of analytical techniques. 

 

Pulse radiolysis experiments were conducted to investigate the elementary steps of 

oxidation. Stable organic products were separated and identified by LC-MS/MS. 

Mineralization was quantified by TOC, while the degree of oxidation by COD 

measurements. Having regard to concerns mentioned in connection with nitrogen and sulfur 

(section 2.2), total nitrogen and total sulfur contents were also followed up. Additionally, 

nitrogen and sulfur species important in wastewater treatment (NO2
−, NO3

−, NH4
+, SO4

2− 

and SO3
2−) were monitored by ion chromatography. 

 
4.2  Evaluation of changes in toxicity, biodegradability and antibacterial activity 
 
The second part of the study aimed at comprehensive biodegradability assessment, toxicity 

screening and evaluation of antibacterial activity along the purification process. These were 

also missing from the literature published to date. 

 

To measure the biodegradability, BOD experiments were performed by seeding test 

solutions with activated sludge or river water. Screening toxicity along the purification was 

carried out by using test organisms from three different trophic levels (producer 

Pseudokirchneriella subcapitata, consumer Daphnia magna and decomposer Vibrio 

fischeri), incorporated in a battery of experiments. These are the most common test 

organisms used in ecotoxicity testing. Toxicity of sulfonamide antibiotics to activated 

sludge was tested by respiration inhibition tests and by using BOD5 as toxicity indicator. 

 

Reduction of antibacterial activity was tested on the most commonly applied sulfonamide 

substance, sulfamethoxazole. Changes were followed up by agar diffusion and broth 

microdilution assays, using pathogens commonly treated by pharmaceuticals containing 

sulfamethoxazole (Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa). 
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Such medicines usually contain trimethoprim in addition to sulfamethoxazole. Therefore, 

investigations were carried out by involving both substances and a commercially available 

medicine. In the series of these tests, individual and combined effects were examined. 

 
4.3  Pollutant load dependence of biological responses and effects of H2O2 
 
H2O2 is always produced during radiolytic degradation of pollutants in water matrix. 

Despite the well-known toxic effects of H2O2 to living organisms, its impact on test 

organisms in different toxicity assays is usually disregarded. To determine these effects, 

ecotoxicity and antibacterial activity measurements were performed using dilution series of 

H2O2. On the other hand, the organic content decreases during degradation of the 

pollutants. This leads to exposure of test organisms to different loads of pollutants when 

solutions from different stages of the treatment are examined. This effect was also 

investigated by setting the pollutant concentration to equal COD or TOC values. 
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5  Materials and methods 
_________________________________________________________________________ 
 
5.1  Materials 
 
The selected sulfonamides (Table 3), sulfathiazole (STZ, 4-amino-N-(1,3-thiazol-2-

yl)benzenesulfonamide), sulfanilamide (SAA, 4-aminobenzenesulfonamide), sulfisoxazole (SSZ, 

4-amino-N-(3,4-dimethyl-1,2-oxazol-5-yl)benzenesulfonamide), sulfamethoxazole (SMX, 4-

amino-N-(5-methylisoxazol-3-yl)benzenesulfonamide), sulfaguanidine (SGD, 4-amino-N-

[amino(imino)methyl]benzenesulfonamide), sulfadiazine (SDZ, 4-amino-N-(pyrimidin-2-

yl)benzenesulfonamide), sulfacetamide (SCT, N-[(4-aminophenyl) sulfonyl]-acetamide) and 

sulfamethazine (SMZ, 4-amino-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide) were 

provided by Sigma-Aldrich Ltd. (Hungary). 

 

General structure 
 

Sulfonamide 
Abbreviation Formula R substituent 

Sulfanilamide 
SAA 

C6H8N2O2S 
MM:172.20 
pKa1: 2.0, pKa2: 10.5 

––H 

Sulfaguanidine 
SGD 

C7H10N4O2S 
MM: 214.24 
pKa1: 1.6, pKa2: 11.3 NH2

NH2

 
Sulfacetamide 
SCT 

C8H10N2O3S 
MM: 214.24 
pKa1: 1.8, pKa2: 5.3 CH3

O

 
Sulfadiazine 
SDZ 

C10H10N4O2S 
MM: 250.28 
pKa1: 2.1, pKa2: 6.4 

N

N  
Sulfamethazine 
SMZ 

C12H14N4O2S 
MM: 278.33 
pKa1: 2.6, pKa2: 7.4 

N

N CH3

CH3

 
Sulfamethoxazole 
SMX 

C10H11N3O3S 
MM: 253.28 
pKa1: 1.6, pKa2: 5.7 

N
O CH3 

Sulfathiazole 
STZ 

C9H9N3O2S2 
MM: 255.32 
pKa1: 2.2, pKa2: 7.2 

S

N  
Sulfisoxazole 
SSZ 

C11H13N3O3S 
MM: 267.30 
pKa1: 1.5, pKa2: 5.0 

NO

CH3

CH3

 
Table 3. Names, abbreviated names of sulfonamides used in the text, formulae, molecular 

masses (MM), acid-base dissociation equilibria (pKa) and the R substituents on –SO2–NHR.  
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Trimethoprim and the chemicals used for COD measurements were obtained from Molar 

Chemicals Ltd., Hungary, while Sumetrolim was purchased from Egis Pharmaceuticals 

PLC, Hungary. N2O and N2 gases were purchased from Linde Gas Hungary Co. Ltd., and 

Messer Hungarogas Ltd., Hungary, respectively. H2O2 test kit (Catalog Nr. 1.18789.0001) 

was bought from Merck Ltd., Hungary, while all other chemicals were obtained from VWR 

International Ltd., Hungary. The liquid-dried Vibrio fischeri Beijerinck (Vibrionales: 

Vibrionaceae) (ATCC 49387) was supplied by Hach Lange GmbH., Germany, while the 

standard laboratory colony of Daphnia magna Straus (Crustacea: Cladocera) originated 

from LAB Research Ltd., Hungary. Pseudokirchneriella subcapitata (Korshikov) 

(Chlorophyta: Selenastraceae) (ATCC 22662) was obtained from Agro-Environmental 

Research Institute, National Research and Innovation Centre, Budapest, Hungary. The 

National Collection of Agricultural and Industrial Microorganisms (NCAIM, Szent István 

University, Budapest, Hungary) supplied the Gram-positive Staphylococcus aureus (ATCC 

6538), the Gram-negative Escherichia coli (ATCC 8739) and Pseudomonas aeruginosa 

(ATCC 9027) bacterial strains. Trypto-casein soy broth was supplied by Biokar 

Diagnostics, France. Municipal activated sludge was taken from the aeration basin of the 

South Pest Wastewater treatment Plant (Budapest Sewage Works Pte Ltd., Hungary), while 

river water was taken from the Danube River at 47° 25' 2.02" N, 19° 5' 52.79" E. 

 
 

5.2  Sample preparation and irradiation procedure 
 
Irradiation was performed with a 60Co SSL-01 panoramic type facility, operated by the Institute 

of Isotopes Co. Ltd. Budapest, Hungary. The radiation source is located in the irradiation room 

during the treatment of the solutions, while after irradiation it is sank to its shielded storage 

room, a water pool under the irradiation room (Fig. 2). Doses absorbed in course of irradiation 

were determined by ethanol chlorobenzene dosimetry with oscillometric detection [156]. 
 

  
Fig. 2. SLL-01 type pilot scale γ-facility.  
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Irradiation was conducted using freshly prepared, unbuffered aqueous solutions, containing 

different sulfonamides in 1 × 10−4 mol dm–3 concentration. The reason for the choice of such 

initial concentration was to obtain treated solutions containing products in well measurable 

range of the available devices. (The initial concentration selected is higher by a few orders of 

magnitude as compared to sulfonamide concentrations usually detected in the environment or 

wastewaters.) The treatment took place at room temperature with a dose rate of 6.0 –

 7.6 kGy h−1. The solutions in volume of 1 dm3 were saturated with air – in amber glass bottles 

– prior to irradiation, and they were constantly aerated during the procedure. Only the SMX 

solutions used for separation and evaluation of radical reactions were prepared in different way. 

These solutions were made by setting the pH to 4 and 8, in addition to the natural pH, and they 

were subsequently bubbled with appropriate gases for 4 minutes and immediately sealed 

airtight in 5 cm3 ampoules. 
 

5.3  Pulse radiolysis 
 
Fast reaction techniques, such as pulse methods, provide an opportunity to investigate 

transient species. In pulse radiolysis, the kinetics of radical intermediates generated by 

ionizing radiation can be followed up by direct observation of the transient product decay 

or growth [157]. In course of pulse radiolysis, the energy is subjected in a pulse that 

initiates fast chemical reactions on µs timescale. These reactions are followed up by kinetic 

spectrophotometric methods in the UV-Vis wavelength range. 

 

The measurements were performed by using 800 ns pulse width of accelerated electrons 

(4 MeV), generated by a TESLA LINAC LPR-4 type electron accelerator. The dose/pulse was 

0.02 – 0.04 kGy and the solutions continuously flowed through the optical cell. The optical 

detection took place in 1 cm cells with single-beam time-resolved spectrophoto-metry. The 

light passing through the non-irradiated system gave the reference intensity. Prior to 

experiments involving sulfonamides, dosimetry was carried out with potassium thiocyanate 

(KSCN) solutions, using 7580 mol–1 dm3 cm−1 molar absorption coefficient for (SCN)2
•− at 

472 nm [158, 159]. For investigation of reactions attributed to •OH, the solutions were bubbled 

with N2O during the irradiation. The N2O concentration was ~ 2 × 10−2 mol dm–3 in these 

experiments. Under these conditions, eaq
− converts to •OH according to Reaction 30. To 

observe the eaq
− reactions in the absence of •OH, t-BuOH was added to the samples prior to 

irradiation to capture the forming •OH (Reaction 31). The reactivity of radicals formed in this 
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reaction is relatively low. In addition, N2-bubbling was used to remove the oxygen from the 

solutions. 
 

  eaq
– + N2O + H2O → •OH + OH– + N2    (Reaction 30) 

  •OH+ (CH3)3COH→ H2O + •CH2(CH3)2COH   (Reaction 31) 
 

5.4  Product identification 
 
5.4.1  Liquid chromatography – tandem mass spectrometry 
 
Liquid chromatography – tandem mass spectrometry (LC-MS/MS) is a highly specific 

technique that is a primary analytical tool for analysis of pharmaceuticals and their degradation 

products. The degradation products were separated with an Agilent 1200 liquid chromatograph 

(2.1 mm × 100 mm Phenomenex Kinetex XB-C18 column). Measurements were carried out 

with gradient elution with a flow rate of 0.2 cm3 min−1, using 0.1% aqueous formic acid (A) 

and pure acetonitrile (B) eluents. The column temperature was set to 25 °C and the eluents were 

filtered with 0.2 µm regenerated cellulose filters. The eluent composition changed as follows: 

3% B, 3% B, 50% B, 3% B, 3% B at 0 min, 2 min, 10 min, 15 min and 25 min, respectively. 

Product identification was performed by on-line tandem mass spectrometry, in both positive 

and negative ionization modes. An Agilent 6410 triple quadrupole tandem mass spectrometer 

was used for this purpose that was equipped with electrospray ionization system (ESI). 

Distinctive product ions were produced with collision induced dissociation by energies ranging 

from 0 V to 140 V, in order to perform degradation analyses. 

 
5.4.2  Ion chromatography 
 
Ion chromatography is one of the most often used methods for anion and cation determination 

that provides high selectivity and overcomes the drawbacks of the classical methods [160, 161]. 

NO2
−, NO3

−, NH4
+, SO4

2− and SO3
2− ions were identified and quantified with a Metrohm 861 

Advanced Compact IC system. Measurements targeting anions were carried out at 30 °C, using 

a Metrosep A Supp 4-250/4.0 column with Metrosep A Supp 4/5 Guard precolumn. The 

elution with 1.8 × 10−3 mol dm–3 Na2CO3 and 1.7 × 10−3 mol dm–3 NaHCO3 buffer solutions 

took place at a flow rate of 1 cm3 min−1. The loop volume was 20 µL. In NH4
+ measurements, 

Metrosep C3 column and HNO3 buffer solution eluent were applied. Guard column, flow rate 

and loop volumes were the same as in case of anion detection, whilst the column temperature 

was higher (40 °C). Calibrations were implemented with dilution series of analytical standard 

solutions.  
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5.4.3  Cu(II)/phenanthroline test for H2O2 determination 
 
H2O2 concentration was measured with the Merck H2O2 test kit. This Cu(II)/phenanthroline 

test is based on a redox reaction between H2O2 and Cu(II) ions in the presence of 2,9-

dimethyl-1,10-phenanthroline (DMP), as shown in Reaction 32 [162]. 
 

2 Cu2+ + 4 DMP + H2O2 → 2 Cu(DMP)2
+ + O2 + 2 H+  (Reaction 32) 

 

The absorbance of the yellow or orange complex formed in this reaction was determined 

spectrophotometrically at 454.5 nm. In course of the measurements, 250 – 250 μL of both 

reagents (Cu2+ and phenanthroline) were added to the samples (4 cm3) and the absorbance 

was measured following 20 minutes reaction time, using a JASCO 550 spectrophotometer 

(1 cm cell). The method is applicable in the 4 – 10 pH range; therefore, the pH was set by 

HCl or NaOH when it was necessary. The H2O2 concentration [mol dm–3] was determined 

as shown in Equation 1: 
 

c[H2O2] =
𝐴
𝜀

 (1) 

 

Where A is the absorbance and ε is the molar absorption coefficient that was determined 

from the slope of the H2O2 calibration curve (16300 ± 200 mol−1 dm3 cm−1). 

 
5.5  Sum parameters for water quality characterization 
 
5.5.1  Total sulfur content 
 
Inductively coupled plasma mass spectrometry (ICP-MS) enables analysis of elements in 

wide atomic mass range. The method provides low detection limit (pg – fg) and high 

precision analysis. For determination of the sulfur (TS) content, ELEMENT2 type (Thermo 

Electron Corporation) high-resolution inductively coupled plasma sector field mass 

spectrometer (HR ICP-SF-MS) was applied. The experiments were carried out at the 

Nuclear Security Department of the Centre for Energy Research, Hungarian Academy of 

Sciences. The samples were introduced through a conical nebulizer system with an uptake 

rate of 1 cm3 min−1. The flow rates of nebulizer, auxiliary and cooling gases were 0.95, 1.13 

and 15.4 dm3 min−1, respectively. 
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5.5.2  Total nitrogen content 
 
Total nitrogen (TN) analyses were performed on a Shimadzu TOC-L CSH/CSN analyzer 

equipped with a TNM-L unit. The method is based on catalytic thermal decomposition at 

high temperature and chemiluminescent detection. The nitrogen content was decomposed to 

NO at 720 °C that was subsequently excited with O3. The light emitted upon returning to 

ground state, measured by the gas detector, is proportional to the total nitrogen content. A 

minimum of three measurements were made for each sample. Purified water was used as 

blank, while potassium nitrate (KNO3) standard solutions were used for calibration. 

 
5.5.3  Total organic carbon content 
 
Total organic carbon (TOC) content provides information on carbon content; therefore, it 

is a good indicator of the state of mineralization. TOC analyses were performed with a 

Shimadzu TOC-L CSH/CSN analyzer. TOC can be determined by subtraction of separately 

measured total carbon (TC) and total inorganic carbon (TIC) content or directly by 

measuring non-purgeable organic carbon (NPOC). The samples were continuously aerated 

during the irradiation procedure, which likely removes the possible purgeable organic 

compounds. Therefore, the NPOC and TOC was equal in our case. Since the differential 

method is much slower than the direct method – and the results obtained by the two 

methods agreed in preliminary experiments – the measurements were carried out by the 

NPOC technique. In the first step of the measuring procedure, the sample is acidified with 

small amounts of HCl to obtain pH less than 3, whereby all carbonates and bicarbonates 

convert to CO2. The CO2 content is then volatilized by purging with the carrier gas (synthetic 

air). In this way, the resulting solution contains only organic materials and it is introduced to 

a furnace heated to 680 °C. The combustion takes place in a tube filled with platinum 

oxidation catalyst. After the organic carbon content is entirely transformed to CO2, it is 

introduced to the non-dispersive infrared detector (NDIR). At least three measurements were 

made for each sulfonamide sample. Purified water was used as blank and the calibration was 

made by using potassium hydrogen phthalate (C8H5KO4) reference solution. 

 

5.5.4  Chemical oxygen demand 
 
Digestion of 30 cm3 samples was carried out with a Behrotest TRS 200 COD system, by 

using solutions prepared according to ISO 6060:1989 [163]. The 2-hour digestion 

procedure took place in sulfuric acid solution at high temperature (~ 150 °C). Potassium 
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dichromate (K2Cr2O7) was used as oxidizing agent and the reaction was catalyzed with 

silver sulfate (Ag2SO4). Following digestion and the subsequent sample cooling to room 

temperature, the remaining oxidant was determined by titration with ammonium iron-(II)-

sulfate, in the presence of ferroin indicator. Chemical oxygen demand (COD) was 

measured in solutions originating from at least three separate irradiation procedures. Three 

parallels were used for all samples and purified water was used as blank. The measured 

values were checked with data obtained in case of potassium hydrogen phthalate reference 

solution. Calculation of COD was carried out according to Equation 2. 
 

COD =
8000 × 𝑐 × (𝑉b −  𝑉s)

𝑉v
 (2) 

 

Where, c is the concentration of the ammonium iron-(II)-sulfate solution [mol dm–3], Vb and 

Vs are the volumes of ammonium iron-(II)-sulfate consumed by the blank and the samples 

investigated [cm3], respectively, Vv is the sample volume [30 cm3] and 8000 is the molar 

mass of 0.5 mol O2 molecule [mg dm3]. 

 
5.5.5  Biological oxygen demand 

 Selection of microbial communities 
 
In the concept of saprobity, the community structure of the aquatic environment is 

determined by the characteristics of pollution. In polysaprobic and α-mezosaprobic water, 

the amount of dissolved oxygen is very low, high molecular mass organics are common, 

there are no algae present and the abundance of the bacteria is very high [164]. As the 

status of pollution is shifted towards β-mesosaprobic and oligosaprobic range, the bacteria 

abundance decreases, while the amount of dissolved oxygen increases, the molecular mass 

of the organic impurities is lower and the algae species become dominant. Based on these, 

an aeration basin of a municipal wastewater treatment plant can be roughly interpreted as a 

polysaprobic – α-mezosaprobic habitat and the effluent recipient can be roughly classified 

as a β-mesosaprobic – oligosaprobic environment. In this way, biodegradability of 

sulfonamides and products can be traced along a purifying water quality gradient, if the 

wastewater treatment process is monitored and the path of the effluent is followed up in the 

recipient water body, as well. Two stages were selected from this route to examine the 

biodegradability in distinguished water quality media. These are aeration basin of a 
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conventional municipal wastewater treatment plant and river water in the vicinity of the 

plant outlet (Fig. 3). 

 

 
Fig. 3. Changes in bacteria density due to effluent discharge from wastewater treatment 
plant. Typical saprobity categories are indicated along purifying water quality gradient. 

The shaded zone refers to river water type used. The figure was composed based on [165]. 
 
Sample preparation 
 
H2O2 formed in course of ionizing radiation treatment showed strong inhibitory effects to 

inoculum communities (see later, section 6.7.1); therefore, H2O2 was removed prior to 

BOD5 experiments. Elimination of H2O2 was performed by heterogeneous catalysis using 

5 g dm–3 MnO2 (overnight stirred at 20 °C and pH = 10). Following the procedure, the 

catalyst was removed by 0.2 µm regenerated cellulose membrane filter. Although LC-

MS/MS experiments showed that MnO2 contributes to oxidation of some degradation 

products, H2O2 removal by this method still represents a good compromise [166]. 

Preliminary experiments evidenced that this method is more efficient as compared to 

homogenous catalysis by Fe3+ or enzymatic catalysis by catalase enzyme. 

 

Experiments indicated significant pollutant concentration dependence of the BOD5 results 

(see later, section 6.7.1), therefore microbial communities were exposed to equal pollutant 

concentration to obtain comparable results between samples irradiated by different doses. 

To achieve equal pollutant load exposure in case of all sulfonamide solutions, the samples 

were diluted with purified water to reach the lowest COD value (SAA, COD = 10 mg dm–3) 

measured at 2.5 kGy (that was the highest dose applied in these experiments). COD was 

selected as the measure of pollution on the grounds that COD and BOD5 are strongly 
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related. Both express the amount of oxidizable organic matter, with the difference that 

BOD5 shows the fraction of COD oxidizable solely by biological processes. However, 

BOD5 was also evaluated by application of samples without H2O2 removal or without 

pollutant load setting in case of SMX samples. These results were used to compare the 

different sample application approaches. 

 
Measurement procedure 
 
BOD5 experiments were performed by using OxiTop® Control BOD Respirometer System 

according to DIN EN 1899-1 [167]. Dilution water was prepared and conditioned as 

described in the OECD Test No. 301 [168]. 20 cm3 supernatant of sedimented activated 

sludge was added to 1 dm3 of this dilution water. Inoculated dilution water obtained in such 

way was used to seed the samples (pH set to 7 – 8 by NaOH or HCl) by a dilution factor of 

2. Test mixtures contained allylthiourea nitrification inhibitor to ensure that oxygen 

consumption derives solely from the metabolism related to the carbon content. The 

resulting mixture was transferred to 500 cm3 amber glass bottles with a 432 cm3 overflow 

flask. Blank samples were prepared by addition of purified water to inoculated dilution 

water, instead of sulfonamide samples. The bottles were kept in dark during the incubation 

period, at 20 ± 1 °C. At least 3 parallels were used and the abiotic reactions were evaluated 

and separated from the biological processes by subtraction of results obtained with 

unseeded solutions. The results were corrected with those obtained with control solutions 

containing standards (D-glucose and L-glutamic acid) and nitrification inhibitor. Seeding 

with river water took place following the water filtration with 20 – 25 µm filter papers, 

without any other preparation steps. The mixtures seeded with river water were prepared 

and measured in the same way, as the ones seeded with activated sludge. Evaluation of O2 

consumed by the inoculum communities was determined from the pressure drop due to 

absorption of evolving CO2, as shown in Equation 3. 
 

BOD5[mg dm−3] =
𝑀(O2)
𝑅 × 𝑇m

 ×  �
𝑉tot− 𝑉i
𝑉i

+
𝑇m
𝑇0
� × ∆𝑝(O2) (3) 

 

Where M(O2) is the molecular mass of oxygen (32000 mg mol–1), R is the gas constant 

(83.144 dm3 hPa mol–1 K–1), T0 and Tm are the temperatures, 273.15 K and 293.15 K, 

respectively, Vtot is the bottle volume [cm3], Vi is the sample volume [cm3] and Δp(O2) is 

the difference of the partial oxygen pressures [hPa]. 
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5.6  Toxicity assessment 
 
5.6.1  Selection of test organisms 
 
Test organisms from three trophic levels were involved in the toxicity investigation. Green 

algae (Pseudokirchneriella subcapitata) and giant water flea (Daphnia magna) are 

commonly occurring freshwater species from two different trophic levels that adequately 

cover the entire spectrum that is eventually affected during the lifecycle of sulfonamides 

emitted to river water (Fig. 4). Both of them are widely used indicator species sensitive to 

the presence of toxic substances. 

 

 
Fig. 4. Changes in bacteria and algae density caused by effluent discharge from 

wastewater treatment plant and the typical saprobity categories along purifying water 
quality gradient. Test organisms involved in toxicity assessment are indicated below the 
corresponding water quality type. The figure was composed based on [165, 169, 170]. 

 
Notwithstanding that Vibrio fischeri is not representative to the media of interest 

(wastewater or freshwater), it provides useful information on its trophic level. V. fischeri is 

a bioluminescent Gram-negative bacterium broadly used in ecotoxicity testing. 

 
5.6.2  Sample preparation 
 
H2O2 was removed and the pollutant concentrations were set to equal values prior to 

toxicity experiments due to interferences mentioned in case of BOD experiments. The 

samples were prepared in the same way as for the BOD5 measurements (section 5.5.5). 

 

V. fisheri tests were also conducted by exposure of test organisms to pollutant concentration 

set to equal TOC, in addition to load setting to equal COD (as described previously). The 
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pollutant concentration adjustment based on TOC values took place by dilution with 

purified water to TOC = 10.4 mg dm–3. Such experiments were performed by using SMX 

solutions in order to compare the different sample application approaches. For the same 

reason, samples without H2O2 removal or without pollutant load setting were also tested. 

 
5.6.3  Vibrio fischeri acute toxicity 
 
V. fischeri acute toxicity experiments performed according to DIN EN ISO 11348-2 

employed liquid-dried luminescent bacterial strains [171]. The standard method is based on 

evaluation of light emission changes caused by the chemicals tested. Liquid-dried bacteria 

were reactivated by 0.5 cm3 ready-to-use glucose/sodium chloride reactivation solution at 

15 ± 2 °C. Prior to exposure of test organisms to sulfonamide solutions, the pH of the 

samples was set to 7 ± 0.2 by HCl or NaOH. The concentration of NaCl was set to 2% by 

addition of 0.3 g solid NaCl to 15 cm3 test solution. Luminescence intensity of the samples 

(0.5 cm3) was determined by a LANGE LUMIStox 300 equipment, following 30 minutes 

of exposure to sulfonamide solutions at 15 ± 2 °C. Two parallels were used and the 

experiments were repeated three times. The inhibitory effects were calculated according to 

Equation 4. 
 

Luminescence inhibition [%] =
𝐼0 − 𝐼30
𝐼0

 × 100 (4) 

 

Where I0 [relative unit] is the average luminescence intensity before addition of test 

solution, and I30 [relative unit] is the average luminescence intensity after 30 minutes 

contact time with test solution. The measurements satisfied the validity criteria of the 

protocol as the parallel determinations did not deviate from their mean by more than 3% for 

the control sample, and the potassium dichromate reference solution caused an inhibition in 

the acceptable range of 20 – 80%. 

 

5.6.4  Pseudokirchneriella subcapitata chronic toxicity 
 
Pseudokirchneriella subcapitata growth inhibition was determined according to OECD Test 

No. 201 [172] at the Agro-Environmental Research Institute, National Research and 

Innovation Centre. These measurements provide information on effects taking place over 

several generations, thus indicate chronic toxicity. The laboratory colony of P. subcapitata 

was cultured in Z8 growth medium, under continuous illumination at 20 ± 2 °C. The cell 
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growth was monitored by the changes in optical density (OD) measured at 750 nm. Test 

mixtures were prepared by addition of both Z8 growth medium and inoculum culture to 

sulfonamide solutions. The ratio of the samples and growth media in the test mixtures was 

1 : 10. Nutrient providing growth media was prepared according to recommendations 

described in the Scandinavian Culture Collection for Algae & Protozoa [173]. The OD of the 

inoculum was set to 0.03 at the start of the measurement that corresponds to an initial 

biomass of 104 cells cm–3, while the pH of the sulfonamide solutions was set to pH 7 – 8 by 

HCl or NaOH prior to analyses. 50 cm3 of test mixtures were poured into 250 cm3 conical 

flasks, which were subsequently capped with permeable gauze. The mixtures were constantly 

shaken by 100 rpm and illuminated with continuous, uniform “cool white” (8600 – 8800 lux) 

over the 72 h incubation period. Control samples did not contain sulfonamide solutions. 

Three replicates were used for each sample and the experiments were repeated three times. 

Following 72 hours, the OD was measured by a JASCO 550 UV/Vis spectrophotometer 

using 1 cm cell. Occasionally, dilution of samples with purified water was performed in order 

to avoid OD values higher than 1. The percentage inhibition of the cell growth was calculated 

according to Equation 5. 
 

Cell growth inhibition [%] =
𝐺c − 𝐺s
𝐺c

× 100 (5) 

 

Where Gc and Gs [%] are the average growths for control and test solutions, respectively. 

Validity criteria were satisfied as the biomass of the controls increased by a factor of at 

least 16, and the coefficient of variation of the replicates was below 7%. P. subcapitata 

sensitivity was tested using potassium dichromate. 

 
5.6.5  Daphnia magna acute toxicity 
 
To assess the effects of sulfonamides and radiolytic products towards Daphnia magna, acute 

mortality tests were executed on the basis of OECD Test No. 202 [174] at the Agro-

Environmental Research Institute, National Research and Innovation Centre. The laboratory 

colony of D. magna was cultured in reconstituted water and fed with P. subcapitata algal 

suspension, while maintained under 16/8 hours light/dark periods at 20 ± 2°C temperature. 

Reconstituted water was prepared by addition of 25 – 25 cm3 volumes of calcium chloride 

(11.76 g dm–3), magnesium sulfate (4.93 g dm–3), sodium bicarbonate (2.46 g dm–3) and 

potassium chloride (0.23 g dm–3) solutions to 1 dm3 distilled water [174]. Test organisms 

were originating from the same stock, and they were aged less than 24 hours. D magna was 
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exposed to sulfonamide solutions (pH set to 7 – 8 by HCl or NaOH) for 48 hours. To ensure 

the appropriate conditions, test solutions were thoroughly aerated and nutrients were added in 

the form of stock solutions used for preparation of reconstituted water. The test organisms 

were not fed during the test. 20 test organisms were used for each experiment, by dividing 

them into four 15 cm3 beakers (5 – 5 test organisms) with a solution volume of 10 cm3 each. 

Temperature was kept between 18 – 22 °C and the light/dark periods were 16/8 hours. 

Mortality was recorded at 24 and 48 hours. The measurements were repeated three times. 

Correction was applied taking into account the mortality not associated with the chemicals 

tested according to Equation 6. 
 

corrected mortality [%] = �1 −
𝑛s
𝑛c
� × 100 (6) 

 

Where ns and nc are the D. magna populations in the sample and in the control, 

respectively. The criteria of the test were verified. The acceptable 10% mortality in the 

control groups was not exceeded and the pH of the solutions remained between 6 and 9 

during the analysis. The sensitivity of D. magna – determined by measuring the half 

maximal effective concentration (EC50) of potassium dichromate following 24 hours – was 

within the acceptable range of 0.6 – 2.1 mg dm–3. 

 

5.6.6  Activated sludge respiration inhibition 
 
Toxicity tests typically measure the impact of chemical substances on individual members 

of the ecosystem. However, examination of individual species carries uncertainty, as the 

selected test organisms do not necessarily represent the entire community properly. 

Contrary to the previously described ecotoxicity experiments, for activated sludge 

respiration inhibition test a complex mixture of bacteria species is used. Effects of 

chemicals on this large number of different organisms present in activated sludge can be 

characterized by a single parameter, by the amount of oxygen consumed during their 

metabolism. Reducing oxygen uptake rate (OUR) in the presence of test substances refers 

to inhibited metabolic activity. Nevertheless, increased oxygen consumption indicates not 

only the harmfulness of chemicals tested, but also evidences rapid biodegradability. 

 

In the respiration inhibition experiments, municipal activated sludge was used according to 

the ISO 8192:1986 standard method [175]. Test mixtures consisted of 3.3 – 9.3 cm3 

activated sludge (total suspended solids: 15 – 30 mg cm–3), 1.6 – 2.7 cm3 sodium acetate 
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substrate (that corresponds to COD of 90 – 180 mg in 300 cm3 Karlsruher flasks), 150 cm3 

sulfonamide solutions (1 × 10−4 mol dm–3, pH = 7 – 8) and purified water in amounts to fill 

up to 300 cm3. The blank sample was prepared by using activated sludge, substrate and 

purified water. The control samples contained sulfonamide solutions, substrate and purified 

water. Test mixtures were stirred at 20 ± 2 °C during the measurements. The changes in 

dissolved oxygen concentration were recorded in every 30 minutes – over 180 minutes – by 

a WTW inoLab® Multi 9310 IDS device, equipped with FDO 925 dissolved oxygen probe. 

The abiotic reactions were evaluated and subtracted from the results, just like the 

endogenous oxygen uptake rate. At least three parallel measurements were made. The 

respiration inhibition was calculated as shown in Equation 7. 
 

Respiration inhibition [%] =
𝑂𝑂𝑂b − (𝑂𝑂𝑂t − 𝑂𝑂𝑂c)

𝑂𝑂𝑅b
 × 100 (7) 

 

Where, OURb, OURt and OURc are the oxygen uptake rates [mg dm–3 h–1] of the blank, test 

mixures and the control, respectively. The OURs were obtained by applying Equation 8. 
 

𝑂𝑂𝑂 [mg dm−3 h−1]  =
𝑐1 − 𝑐2
∆𝑡

 × 60 (8) 

 

Where c1 and c2 are the first and the last dissolved oxygen concentration values [mg dm–3] 

on the linear part of the time-concentration dependence curves. Δt is the time elapsed [min] 

between detecting c1 and c2. The susceptibility of different activated sludge batches was 

checked by determining the EC50 of 3,5-dichlorophenol (Cl2C6H3OH). These values were in 

the 3 – 7 mg dm–3 range that satisfies the validity criteria (3 – 30 mg dm–3). 

 

Formation of oxygen bubbles in solutions containing H2O2 in ~ 10–4 mol dm–3 

concentration called attention to clarification of H2O2 interference in respiration inhibition 

experiments. Toxic effects and the interference of oxygen were not separated, they were 

quantified together by using H2O2 dilution series (up to 10 × 10–4 mol dm–3). However, O2 

formation due to H2O2 decomposition was also investigated by application of 5 × 10–4 

mol dm–3 aqueous solution of H2O2 and 5 cm3 catalase enzyme solution in airtight sealed 

Karlsruher flasks. In these solutions, catalase decomposes H2O2 and generates oxygen. The 

dissolved oxygen concentration was measured with a WTW inoLab® Multi 9310 IDS 

device, equipped with FDO 925 dissolved oxygen probe. 
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5.6.7  BOD5 as toxicity indicator 
 
As respiration inhibition analyses were performed in relatively short time (180 min) and 

with large amounts of activated sludge, the inhibitory effects on activated sludge were also 

evaluated by using BOD5 data as a toxicity indicator. This approach provides data on long-

term inhibitory effects (5 days). The BOD5 value measured in case of the blank sample is 

regarded as a value where the organisms are not affected. Consequently, values higher than 

the blank imply that the contribution to metabolic activity is considerably higher than any 

eventual inhibitory effect, while lower values refer to notable inhibition. In this way, the 

dilution series of the sulfonamide solutions may provide information on toxic effects at the 

concentration range investigated. The measurements were performed as described 

previously (section 5.5.5), with the difference, that the test mixtures contained 50% 

inoculated dilution water or river water and 50% of H2O2 solutions (+ nitrification 

inhibitor). The I inhibition was calculated according to Equation 9. 
 

𝐼 [%] =
(𝐵𝐵𝐵5b − 𝐵𝐵𝐵5s)

𝐵𝐵𝐵5s
× 100 (9) 

 

Where BOD5b and BOD5s are the blank and the samples containing H2O2, respectively 

[mg dm–3]. These results show the effects of H2O2 on the inoculum communities in the 

absence of a growth substrate. However, the measurements were also performed by 

addition of glucose and glutamic acid as growth substrates, in BOD5 = 210 ± 20 mg dm–3 

amounts. 

 
5.7  Antibacterial susceptibility testing 
 
5.7.1  Selection of test organisms and sample preparation 
 
Testing antibacterial activity following the ionizing radiation treatment is important since 

this attribute is responsible for one of the major environmental risks. The changes in 

biological activity were followed up by agar diffusion and broth microdilution assays, by 

using both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli 

and Pseudomonas aeruginosa) bacterial strains. These pathogens have the ability to rapidly 

develop resistance to multiple classes of antibiotics that makes them excellent test subjects 

for susceptibility investigations [176, 177, 178, 179]. Nevertheless, sulfonamides are 

regularly applied for treatment of diseases caused by previously mentioned bacteria [1]. 
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Antibacterial susceptibility was tested at the Department of Microbiology and 

Biotechnology, Szent István University of Budapest. 

 

SMX is the most frequent sulfonamide antibiotic used in practice, therefore, bacterial 

growth inhibition assay was performed on the example of this substance. The investigation 

was carried out by involving trimethoprim (TMP), since the pharmaceuticals are usually 

prepared by combining SMX and TMP (in 5 : 1 molar ratio), as detailed in section 2.1. 

Therefore, experiments were carried out by mixing 5 × 10−4 mol dm–3 SMX and 

1 × 10−4 mol dm–3 TMP solutions (SMX+TMP). Combined effects were also studied on a 

commercially available medicine (Sumetrolim, SUM) that contains SMX and TMP in 

previously mentioned ratio. The concentrations of the active ingredients in SUM 

measurements were also set to 1 × 10−4 mol dm–3 TMP and 5 × 10−4 mol dm–3 SMX. These 

samples may contain some stearin, glycerol, sodium carboxymethyl amylopectin, 

manganese stearate, gelatin, talc or potato starch residues in addition to SMX and TMP, 

despite the removal of insoluble fraction by 0.2 µm regenerated cellulose membrane filter. 

In addition to the combined effects, impacts of SMX (5 × 10−4 mol dm–3) and TMP 

(1 × 10−4 mol dm–3) solutions were determined separately, as well. 

 
5.7.2  Agar diffusion test 
 
Agar diffusion test is a routinely applied method for evaluation of antibacterial 

susceptibility. The method is based on diffusion of antibacterial agents into the inoculated 

agar medium that inhibits germination and growth of microbial strains; and thus, a visible 

inhibition zone appears. Tryptocasein soy broth (TSB) agar plates containing suspended 

bacterial cells were used in these experiments. The concentration of the bacterial 

suspension prepared from an overnight culture was set to 106 cells mL–1 with a Grant bio 

DEN-1 suspension turbidity detector and 1 mL of this suspension was measured into each 

Petri dish. Thereafter, 20 mL molten agar was poured on the plates and the bacteria was 

distributed evenly. Following solidification, 100 – 100 µL of antibiotic solution was added 

to wells punched aseptically with a sterile cork borer (diameter = 8 mm). The diameters of 

the inhibition zones were measured after 24 hours of incubation at 37 °C in case of 

S. aureus and E. coli, while the temperature was set to 30 °C in case of P. aeruginosa 

measurements. 4 parallels were measured for each sample in separate plates. Although the 

inhibition zones were not delimited by ideal circles in some cases, the measurement error 

did not exceed 1 mm. The results are presented by subtracted well diameters. Changes in 
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the antibacterial activity were determined based on tendencies of the average inhibition 

zone diameter changes. 

 
5.7.3  Broth microdilution assay 
 
Broth microdilution assay is a type of susceptibility test based on monitoring the bacterial 

growth during a certain incubation time in liquid medium. The bacterial growth was 

followed photometrically. In these experiments carried out on a Multiskan Ascent device 

(Thermo Electron Corporation), 135 µL antibiotic solution, 135 µL TSB and 30 µL of cell 

suspension was pipetted into microplates (96 wells). To achieve the same TSB : cell 

suspension ratio – as the one used in agar diffusion test – concentrated TSB and microbe 

suspensions were prepared (2× and 10×, respectively, as compared to the ones used in the 

agar diffusion tests). Positive controls were prepared by addition of sterile water instead of 

antibiotic solution. Sterile water was used in place of bacterial suspension in negative 

controls to confirm the absence of contaminants in plates used. The measuring device was 

set to continuous kinetic reading mode at 37 °C in case of S. aureus and E. coli or at 30 °C 

in case of P. aeruginosa. The optical density was measured over 24 hours at 595 nm. Test 

mixtures were shaken in every 30 minutes (over 20 seconds) with 600 revolutions per 

minute. In this way, the sample mixtures were kept in solution over the whole experiment. 

The average of the OD was calculated from 3 parallel measurements, following the removal 

of significant outliers. 

 
5.8  Statistical methods 
 
Statistical analyses were performed on data from at least 3 independently repeated 

experiments (3 – 5 replicates for each) to obtain representative results. Iglewicz and 

Hoaglin's robust test for multiple outliers (two sided test) [180] was performed to determine 

significant outliers from the data sets at Z ≥ 2 criterion. In the study, mean values are 

presented and the data spread is expressed in form of standard deviation. To assess whether 

the mean values of two investigated groups are statistically different from each other, 

statistical significance tests (t-tests) were carried out by using GraphPad scientific statistics 

software. 
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6  Results and Discussion 
_________________________________________________________________________ 
 
6.1  Separation and evaluation of radical reactions involved in degradation 
 
Ionizing radiation can induce oxidizing and reducing reactions. To evaluate degradation 

efficiencies related to different reactive species, experiments were performed under 

conditions allowing separate study of the radicals. The investigations were conducted on 

SMX solutions (pH = 5.8, called here natural pH) irradiated up to 5 kGy absorbed doses. 

One of the methods used to follow up the decomposition of initial molecules was UV-Vis 

spectrophotometry. 

 

In air-saturated solutions, the dissolved O2 reacts with both eaq
− and H• that entails 

formation of O2
−• and HO2

• as shown in Reactions 25 and 26. Consequently, degradation of 

pollutants in such solutions is due to •OH and O2
−•/HO2

• reactions. Under these conditions, 

the intensity of the 266.5 nm absorption band – belonging to the aromatic π – π* transition – 

decreased as a function of the absorbed dose (Fig. 5/A). Spectral changes evidenced practically 

complete destruction of aromatic structure at 5 kGy absorbed dose. 

 

  
Fig. 5. Absorption spectra of air- (A) and N2O- (B) saturated SMX solutions irradiated with 
doses indicated in the legend. The initial concentration and pH was 1 × 10−4 mol dm–3 and 

5.8 (natural pH), respectively. 
 

Saturation of SMX solutions with N2O induces conversion of eaq
− to •OH and thus doubles 

the yield of •OH (as shown in Reaction 30). Spectra obtained in course of •OH reactions 

with SMX (Fig. 5/B) were very similar to those observed in joint reactions of •OH and 

O2
−•/HO2

• (Fig. 5/A).  
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Substantial spectral differences, compared to the previous ones, were seen in N2-saturated 

solutions. Simultaneous reactions of •OH and eaq
− with target molecules led to a less intense 

decrease of the aromatic absorption band (Fig. 6/A). This refers to lower degradation 

efficiency of the eaq
−. 

 

Degradation related solely to eaq
− was examined in N2-saturated solutions containing          

t-BuOH (Reaction 31). The outcome of these experiments showed continuously decreasing 

absorbance, but the aromatic absorption band was seen even at 2.5 kGy and 5 kGy absorbed 

doses (Fig. 6/B). These results confirm that oxidizing species (mainly •OH) are primarily 

responsible for degradation of SMX. The same conclusion was drawn by Liu and Wang in 

case of radiolytic decomposition of SMZ [146]. 

 

  
Fig. 6. Absorption spectra of N2-saturated SMX solutions irradiated with absorbed doses 
indicated in the legend (A). The initial concentration and pH was 1 × 10−4 mol dm–3 and 
5.8, respectively. Part B of the figure shows the experiments performed under the same 

conditions but in the presence of 5% t-BuOH. 
 

Changing the pH from 5.8 to 4.0 or 8.0 did not lead to notable changes in the absorbance 

decrease. Only a slight shift of the 266.5 nm absorption band was seen. This phenomenon is 

related to the protonation of SMX products, and it occurred under all experimental 

conditions. Sulfonamides generally have two acid-base dissociation equilibria. The NH2 

group protonates/deprotonates at pH ~ 2 (pKa1), while around pH 5 – 7, a second protolytic 

dissociation (pKa2) takes place at the SO2 – NH – R group (Fig. 7) [181, 182, 183].  
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Fig. 7. General acid-base dissociation equilibria of sulfonamides. 

 

Irradiation of sulfonamides for the further experiments was performed by constant aeration 

to avoid the O2 depletion and without setting the pH. Such experimental conditions stand 

close to the practical implementation. 

 
6.2  Intermediate product analysis 
 
The initial steps of the degradation – related to the main reactant (•OH) – were investigated 

by transient intermediate kinetics, using pulse radiolysis technique on the example of SAA, 

SCT, SDZ, SSZ and SGD. 

 

Absorption spectra of transient intermediates detected at 10 µs following the pulse in N2O-

saturated SAA, SCT and SDZ solutions are shown in Fig. 8. The SAA spectrum peaked at 

365 nm, while the maxima of SCT and SDZ spectra were slightly shifted to longer 

wavelengths (~ 410 nm). This value was 400 nm in experiments involving SSZ and SGD. 

The measured values are consistent with the ones published for SMZ (400 nm) and SMX 

(415 nm) [184]. In the experiment where •OH was scavenged by t-BuOH, this absorbance 

disappeared from the spectra, as shown on the example of SAA in Fig 8. The similarities in 

the absorption spectra and their intensities suggest that the preferred target of the •OH for 

all molecules is the benzene ring. The result of •OH addition to the aromatic ring is 

formation of hydroxy-cyclohexadienyl radicals. When the irradiation is carried out under 

aerated conditions, hydroxy-cyclohexadienyl radicals transform to peroxy radicals in 

reactions with dissolved O2. Peroxy radicals may transform to hydroxylated molecules by 

HO2
• elimination or they undergo ring opening to aliphatic compounds [185, 186]. The first 

products are expected to be mainly hydroxylated aromatic molecules. 
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Fig. 8. Pulse radiolysis absorption spectra taken at 10 µs following the pulse in N2O-

saturated 1 × 10−4 mol dm–3 solutions of SDZ, SCT and SAA (without and with t-BuOH). 
 

The reaction rate constants of •OH reactions with sulfonamides (kOH) were determined by 

the time dependence of the absorbance build-up, measuring the pseudo-first-order rate 

constants. The pseudo-first-order rate constants were determined in the 2 × 10−5 –

 1 × 10−4 mol dm–3 concentration range. The slope of the pseudo-first-order rate constants 

plotted as a function of sulfonamide concentration provides the second-order rate constant. 

 

 
Fig. 9. Concentration dependence of the pseudo-first-order rate constant in SCT solutions, 

monitored by the absorbance build-up at 420 nm. 
 

The second-order rate constant was 5.3 × 109 mol−1 dm3 s−1 in SCT experiments (Fig. 9), 

while 4.5 × 109, 9.5 × 109 and 5.7 × 109 mol−1 dm3 s−1 was obtained in SAA, SGD and SDZ 
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solutions, respectively. These values are similar to the 6.6 – 8.5 × 109 mol−1 dm3 s−1 range 

found in the literature [181, 182, 187]. 

 

The kOH observed in sulfonamide solutions are close to the theoretical maximum, the 

diffusion controlled rate constant (1.1 × 1010 mol−1 dm3 s−1). Such high kOH values are 

typical for benzene derivatives [187, 188]. The rate constants with the free pyrimidine 

(1.6 × 108 mol−1 dm3 s−1) and the isoxazole rings (3.5 × 109 mol−1 dm3 s−1) are lower [189, 

190]. The reaction rate constants determined – and the ones found in the literature – support 

the mechanism suggested by the absorption spectra, in which the •OH attack mainly occurs 

on the benzene ring. 

 

However, the transient absorption spectrum seen in SGD solution was different from all the 

others (not shown). In addition to the peak at 400 nm, two more absorption bands appeared 

in the 300 – 400 nm wavelength range. Moreover, the highest kOH was also measured in 

SGD samples (9.5 × 109 mol−1 dm3 s−1). This may indicate that the •OH reaction with the 

guanidine part also considerably contributes to the degradation, beside the reaction with the 

benzene ring. 

 
6.3  Separation and identification of stable organic products 
 
Stable organic products formed in course of irradiation were identified by LC-MS/MS. As 

the highest product concentrations were found in the 0.2 – 0.8 kGy range, these samples 

were mainly used for the investigations. Although measurements were performed by both 

positive and negative ionization in the MS, more informative results were obtained by 

application of the positive mode. For this reason, results obtained by using positive 

ionization mode are presented below. 

 

At the early stages of the decomposition, all products detected in high concentrations were 

hydroxylated derivatives, as foreshadowed by the results of pulse radiolysis experiments 

(section 6.2). In addition to formation of monohydroxylated products, double hydroxylation 

also took place in most cases, albeit with low yields. Products other than hydroxylated ones 

appeared in remarkably lower relative abundance, in approximately 5 – 10 times lower 

amounts. Concentration of hydroxylated products peaked at around 0.6 kGy, but these 

products quickly disappeared by increasing the absorbed dose to 1 kGy. 
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The presence of the aromatic ring of sulfonamide molecules in positive ionization mode is 

indicated by the simultaneous appearance of 156 and 108 m/z fragments [191]. If both of 

these ions are present among the monohydroxylated molecules, the hydroxylation takes 

place on the R side chain (Table 3), and not on the ring. Similar is the case with the doubly 

hydroxylated products. In mono and double hydroxylated precursor and fragment ions, the 

m/z values are higher by 16 and 32 mass numbers, respectively, as compared to the not 

hydroxylated analogues. This is demonstrated on the example of STZ degradation in 

Fig. 10. The 256 m/z value of the [STZ+H]+ precursor ion changes to 272 and 288 in course 

of mono and double hydroxylation, respectively. These changes were also observed in the 

two main fragments (156 → 172 → 188, and 108 → 124 → 140). These shifts indicate that 

hydroxylation occurs on the benzene ring. 

 

 
Fig. 10. Precursor and main fragment ions in hydroxylation of STZ. 

 

The molecular ion of SSZ (m/z = 268) shifts to 284 and then to 300. The 156 m/z fragment 

ion transforms to an ion with m/z of 172, in both single and double hydroxylated molecules. 

It can be assumed that in the latter case, one of the OH-groups is attached to the benzene, 

the other to the oxazole ring. Nevertheless, only single hydroxylation was detected in case 

of SAA. The hydroxylated products probably decay very quickly in reactions other than 

second hydroxylation. In double hydroxylation of SMX, both hydroxyl groups were added 

to the benzene ring, similarly to STZ. This was shown by an ion with 99 m/z, identified as 

[NH2-methoxazole + H]+ that appeared in fragmentation of [SMX + H]+, [SMX(OH) + H]+ 
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and [SMX(OH)2 + H]+, as well. The precursor ions of both SGD and SCT have m/z of 215. 

Due to their mono and double hydroxylation, the m/z increased to 231, and then to 247 m/z. 

The same trends were observed in cases of their 156 and 108 m/z ions, as well. However, 

the second most intense SGD fragment was not the 108 m/z, but the one with 60 m/z, due to 

the guanidine fragment [(NH2C(NH2)NH) + H]+. 

 

 
Fig. 11. Precursor and main fragment ions in hydroxylation of SDZ. 

 

In SDZ solutions, the single and one of the double hydroxylation were found on the 

benzene ring. However, reactions on the benzene and on the pyrimidine rings were also 

observed (Fig. 11). This is supported by the appearance of fragment ion 176 m/z. The main 

fragment ion had an m/z of 265 [SDZ(OH)2-H2O + H]+). Appearance of product with 

m/z = 187 refers to desulfonation. Formation of mono and double hydroxylated molecules 

was also reported in photo-Fenton, photocatalytic, ozonation and radiolytic degradation of 

SMX [74, 81, 100, 151]. 

 

The degradation pattern of the precursor ion and the reactions of the SMZ molecule with 

hydroxyl radical both represent a complicated case in SMZ samples. The precursor ion with 

279 m/z results in main ions with 186 and 124 m/z in the collision chamber. These 

fragments contain the heterocyclic ring (Fig. 12). When the benzene ring is hydroxylated, 
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the [SMZ(OH) + H]+ ion gives ions with 186 and 124 m/z as main fragments. When the 

heterocyclic ring is hydroxylated, the 124 m/z increases to 140 m/z. However, instead of the 

186 + 16 ion, an ion with m/z of 229 was observed as the main fragment ion. Formation of 

this ion involves degradation of the heterocyclic ring in the MS. Rong et al. observed the 

same ion in the degradation of SDZ [192]. In the double hydroxylation, both rings are 

substituted with one OH-group. 
 

 
Fig. 12. Precursor and main fragment ions in hydroxylation of SMZ. 

 
Results of multiple reaction monitoring performed on initial sulfonamide antibiotics and 

their degradation products are summarized in Table 4. 

 

Compound 
Fragmentor 

voltage [V] 

Collision 

energy [V] 

Parent ion 

[m/z] 

Fragment 

No. 1 

Fragment 

No. 2 

SAA 110 10 173 156 108 

P1 110 20 189 172 108 

SCT 60 10 215 156 108 

P1 60 10 231 172 108 

P2 80 5 247 188 124 

Table 4. Molecules detected in multiple reaction monitoring. 
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Compound 
Fragmentor 

voltage [V] 

Collision 

energy [V] 

Parent ion 

[m/z] 

Fragment 

No. 1 

Fragment 

No. 2 

STZ  100  10  256  156  108  

P1  100  10  272  172  108  

P2  100  10  288  124  101  

P3  60  10  101  74  59  

P4  60  0  156  108  92  

P5  60  20  168  124  93  

P6  100  5  184  167  142  

P7  100  10  246  204  140  

P8  100  5  246  204  140  

P9  60  5  264  156  92  

P10  60  10  280  172  93  

SSZ  80  10  268  156  113  

P1  80  10  284  172  113  

P2  80  10  300  129  108  

P3  60  10  113  68  44  

SDZ 100 10 251 156 108 

P1 100 20 267 124 108 

P2 100 20 283 124 96 

P3 100 10 283 265 176 

P4 100 30 187 145 65 

P5 100 20 203 161 133 

P6 100 20 203 161 133 

P7 100 10 273 156 118 

SMZ 120 10 279 186 156 

P1 120 10 295 186 124 

P2 120 10 295 202 156 

P3  120  10  311  202  140  

P4  120  20  124  107  67  

P5  120  10  257  215  156  

P6  120  10  273  172  102  

Table 4. Continued. Molecules detected in multiple reaction monitoring. 
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Compound 
Fragmentor 

voltage [V] 

Collision 

energy [V] 

Parent ion 

[m/z] 

Fragment 

No. 1 

Fragment 

No. 2 

SGD 100 10 215 156 108 

P1 100 10 231 172 60 

P2 100 10 247 188 140 

P3 100 10 190 172 80 

P4 100 20 230 170 124 

SP5 100 10 232 172 108 

SMX  60  30  254  108  92  

P1  60  20  270  124  108  

P2  60  10  286  124  99  

P3  60  10  272  254  147  

P4  60  10  99  72  44  

Table 4. Continued. Molecules detected in multiple reaction monitoring. 
 

Formation of low molecular mass compounds is usually the last step prior to complete 

mineralization [73]. These final products are substances like aldehydes, alcohols, ketones 

and carboxylic acids [97, 193]. Their identification was not possible by LC-MS/MS. 

However, the strong decrease of the initial 4.9 – 5.9 pH seen in all sulfonamide solutions 

refers to appearance of acids in high concentration. 

 

 
Fig. 13. Changes of SMX concentration and pH in function of absorbed dose. 

 

The slope of the pH – dose dependence was very steep up to 1.5 kGy, in the phase where 

the ring disintegration was the most intense. Following the disappearance of the initial 
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molecules at around 2.5 kGy, the pH levelled off at constant values in the range of 

pH = 3.6 – 3.8. The reduction of the initial molecules and the parallel decrease in pH are 

shown in Fig. 13, on the example of SMX. Formation of oxamic-, maleic-, acetic-, formic-, 

pyruvic- and oxalic acids toward the end of mineralization was reported in the literature 

[74, 145, 146, 194]. 

 
6.4  Determination of inorganic ions 
 
6.4.1  Nitrogen content and related inorganic ions 
 
Formation of NH4

+, NO3
− and NO2

− ions was monitored with ion chromatography, while 

the changes in the total nitrogen content were determined by TN measurements. In this 

way, evaluation of the nitrogen mass balance during degradation of sulfonamides was 

enabled. Since very similar trends were seen in the investigated parameters for all 

sulfonamides, only the most informative (general, highest or lowest values, exceptions) 

dose dependences have been depicted. 

 

The molecules investigated, SGD, SDZ and SMZ contain 4, SMX, STZ and SSZ 3, while 

SAA and SCT contain 2 nitrogen atoms in their structure. Irradiation of these sulfonamides 

yielded very low NO3
− concentrations below 1 kGy absorbed dose. Up to this dose, NO3

− 

concentrations higher than 0.1 mg dm–3 were observed only in SAA solutions (up to 

0.6 mg dm–3) (Fig. 14). 

 

 
Fig. 14. Dose dependences of NO3

− formation during irradiation of air saturated 
sulfonamide solutions. 
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NO3
− amount considerably increased with prolonged irradiation, and showed values high as 

3.0 mg dm–3 (in SMX solutions at 10 kGy, Fig. 14). However, in cases of SMZ, SDZ, STZ, 

SCT and SGD, the NO3
− concentration remained in the 0.5 – 1.0 mg dm–3 range. Results 

evidenced that generally 5 – 20% of the initial nitrogen content transforms to NO3
−. Steeper 

slopes of NO3
− formation curves above 1 kGy suggest that NO3

− formation mainly occurs 

after the aromatic rings have been destructed to smaller fragments. 

 

The kinetics of NH4
+ formation was completely different from that of the NO3

− production. The 

NH4
+ concentration increased as a function of absorbed dose and leveled off at 2.5 kGy. NH4

+ 

concentrations were mostly higher than the concentrations of NO3
− over the whole range 

investigated. Although even 2.5 mg dm–3 NH4
+ was measured in SAA at 10 kGy absorbed 

dose, the NH4
+ amount was usually in the 1.5 – 1.8 mg dm–3 range (Fig. 15). These 

concentrations are notably higher than the NO3
− amounts regularly detected at this stage (0.5 –

 1.0 mg dm–3). However, the increase of the NH4
+ formation curve was slower than the 

degradation curve of the starting sulfonamide molecules. This implies a complex NH4
+ 

formation process that takes place through several steps. Only 1 nitrogen atom of the molecules 

transforms to NH4
+ in solutions irradiated with 2.5 kGy and higher absorbed doses, as the NH4

+ 

concentrations were mostly in the 1.5 – 1.8 mg dm–3 range. It is obvious to assume that this 

nitrogen atom is in the NH2 group attached to the ring. NH4
+ concentration as high as 

2.5 mg dm–3 in SAA solution (Fig. 15) suggests that NH2 group attached to SO2 also has a 

tendency to transform to NH4
+ during radiolytic degradation of this molecule. 

 

 
Fig. 15. Dose dependence of NH4

+ formation during irradiation of air saturated 
sulfonamide solutions.  
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Formation of NO2
− was not observed in course of ionizing radiation treatment of the 

selected antibiotics that is consistent with the literature [151, 194]. 

 

TN measurements conducted on untreated samples showed a generally 15 – 20% lower 

nitrogen content than the expected theoretical values. The theoretical values were 

calculated on the basis of molar concentration and the molecular formula. Due to different 

number of nitrogen atoms in the structures, 3 different groups were distinguished. In the 

group of SGD, SDZ and SMZ, TN values were around 4.6 mg dm–3; in the group of SMX, 

STZ and SSZ, TN values were around 3.6 mg dm–3 and in the group of SAA and SCT, TN 

values were around 2.2 mg dm–3. These results are shown in Fig. 16 on the example of 

SMZ, SSZ and SCT solutions. The decrease in nitrogen content following irradiation was 

significant up to 2.5 kGy, and no notable changes were detected thereafter. 30 – 40% 

reduction in nitrogen content was detected at 10 kGy, as compared to the initial nitrogen 

amount (Fig. 16).  

 

 
Fig. 16. Dose dependence of total nitrogen content during irradiation of air saturated 

sulfonamide solutions. 
 

Taking into account NH4
+, NO3

−, NO2
− concentrations and TN content, a perfect mass-

balance was obtained only for SAA, while all other compounds showed 10 – 30% deficit. 

These results refer to incomplete mineralization of inter-chain nitrogen. The residue is 

probably in form of simple nitrogen containing organic acids. For instance, formation of 

oxamic acid was shown in catalytic ozonation of SMX [194]. The deficit seen in nitrogen 
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mass balances are probably due to volatile, nitrogen-containing products that are likely 

purged by aeration during the irradiation. 

 
6.4.2  Sulfur content and related inorganic ions 
 
Formation of SO4

2– and SO3
2− were monitored with IC and only the most informative dose 

dependences have been depicted. All sulfonamide molecules selected contain only one 

sulfur atom in their structure, except STZ that contains two. Linear dose dependence of 

SO4
2– formation was measured up to 2.5 kGy absorbed dose (Fig. 17). In most solutions, 

SO4
2– concentration ranged from 6.2 to 8.8 mg dm–3 at this dose. Higher amount 

(11.8 mg dm–3) was detected only in STZ samples that is due to the double amount of sulfur 

in its chemical structure. By prolonged irradiation, notable SO4
2– formation did not take 

place, the curves generally levelled off to constant values in the range of 8.9 – 9.8 mg dm–3. 

Nevertheless, STZ yielded 19.8 mg dm–3 SO4
2– at this point. These values are in good 

agreement with the theoretical sulfur content in the solutions (based on the amounts 

calculated in untreated samples). Correspondingly, SO3
2− was not present in measurable 

quantities. 

 

 
Fig. 17. Dose dependence of SO4

2– formation during irradiation of air-saturated 
sulfonamide solutions. 

 

The total sulfur content followed up by ICP-MS measurements, on the example of SMX 

solutions, also demonstrated that the amount of sulfur is practically not changing during 

irradiation. This shows that irradiation does not generate volatile sulfur containing 
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compounds. Similar results were reported in case of SMZ and SDZ solutions [145, 146, 

192]. 

 
6.5  Mineralization rate 
 
Total organic carbon (TOC) measurements conducted on initial samples showed results 

very close to the theoretical values, which were calculated on the basis of molar 

concentration and the molecular formula. Only a slight reduction of the starting values was 

observed up to 1 kGy absorbed dose (Fig. 18). 5% of the initial carbon content was 

mineralized up to this dose, except in SAA solutions (10%). Low mineralization at early 

stages of oxidation is related to hydroxylated derivatives. These are the major products 

forming up to 1 kGy, as it was anticipated by pulse radiolysis experiments and evidenced 

by LC-MS/MS product identification (section 6.2 and 6.3). Hydroxylated products contain 

the same number of carbon atoms as the initial molecules, and this is why TOC values 

similar to those of the starting solutions were measured at this stage of oxidative 

decomposition. 

 

 
Fig. 18. Changes in total organic carbon content during irradiation of air-saturated 

sulfonamide solutions. 
 

Prolonged irradiation led to accelerated organic carbon content reduction. Considerable 

drop in TOC occurred parallel with the ring opening reactions from around 1 kGy that were 

accompanied by CO2 formation. Although the concentration of organically bound carbon 

was further reduced by increasing the absorbed dose, the intensity of the reduction was 

notably lower. The initial molecules disintegrated to smaller fragments (e.g. low molecular 
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mass acids) at this stage, which are known to degrade very slowly in oxidative 

decomposition [195]. The reaction of such compounds with •OH is characterized by low 

reaction rate constants at around 108 mol−1 dm3 s−1 [196]. Correspondingly, the lowest 

mineralization rate occurred toward the end of irradiation. The average degree of 

mineralization reached 40 – 60% at 10 kGy. 

 
6.6  Oxidation rate 
 
Chemical oxygen demand (COD) values measured in untreated solutions were in good 

agreement with the theoretical ones. The majority of the test substances showed an almost 

linear dependence on the dose, up to 1 kGy absorbed dose. However, in case of SAA and 

SGD, the compact chemical structure hinders high degree of oxidation of the starting 

molecules that leads to lower values, compared to the other samples treated with absorbed 

doses in the 0.2 – 0.6 kGy range (Fig. 19). 

 

 
Fig. 19. Dose dependence of the chemical oxygen demand. The slopes of the straights fitted 

on the initial part of the data sets are shown in Table 5. 
 

The initial slopes (0 – 1 kGy) of the COD – dose relations were in the range of 4.5 –

 7.6 × 10−3 mg dm−3 Gy−1 (1.4 – 2.4 × 10−7 mol dm−3 Gy−1) (Table 5). These data show that 

at the beginning of the process, the number of oxygen atoms in the products is on average 

higher by 1.5 than in the starting molecules. The value higher than 1 indicates that even at 

low doses, in addition to phenols (1 oxygen atom building in), some products with higher 

oxidized state also form. The high incorporation is attributed to organic radical reactions 

with dissolved O2 and subsequent oxidation reactions [196]. These results are in accordance 
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with LC-MS/MS results, that evidenced incorporation of 1 or 2 OH groups into the 

structure of initial molecules in the 0.2 – 0.8 kGy absorbed dose range (section 6.3). The 

almost linear trend of COD decrease up to 1 kGy implies that the reaction rate constant of 

the •OH reaction is about the same in case of the products and the parent molecules. COD 

results also evidence that the initial products are easily oxidizable in course of ionizing 

radiation treatment, similarly to the majority of initial molecules, except SGD and SAA. 

The decrease of COD in SGD solutions was similar to that of SAA shown in Fig. 19 or 

Fig. 20. 

 

Test substance SAA SMX SSZ SGD SDZ SMZ STZ SCT 

COD/absorbed dose slope 
[× 10–3 mg dm–3 Gy–1] 4.5 5.3 5.6 5.6 6.4 6.7 7.4 7.6 

Table 5. The slopes of the COD – dose relation in the 0 – 1 kGy range. 
 

The slope of the COD decrease considerably reduced by prolonged irradiation (above 

1 kGy). This means that products formed at – and above – 1 kGy are not so easily 

oxidizable, as it was seen in case of products appearing up to 1 kGy. Such behavior is 

consistent with the idea of aromatic ring disintegration under oxidative conditions. Products 

formed before complete mineralization are known for being refractory to oxidation, as it 

was mentioned in section 6.5, and this causes the changes in COD decrease tendency. This 

fact may also provide explanation to similar results for the COD and TOC removals at high 

doses (Fig. 20) [73]. 

 

 
Fig. 20. Changes in COD and TOC as a function of absorbed dose in SAA solutions.  
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6.7  Biodegradability 
 
To investigate the biodegradability of sulfonamides and their transformation products in 

natural water bodies and at the biological step of wastewater purification, BOD5 was 

determined by inoculation with river water or activated sludge. The biodegradability was 

expressed in form of BOD5 COD–1 ratio. Nevertheless, factors strongly influencing the 

BOD5 experiments were evaluated before measuring and discussing the biodegradation of 

target molecules. These factors are the pollutant concentration dilution – taking place along 

the treatment process due to mineralization – and the presence of H2O2 formed in radical 

reactions. 

 
6.7.1  Impact of different pollutant load exposure and H2O2 
 
H2O2 formation up to 3 × 10–4 mol dm–3 was detected in course of ionizing radiation 

treatment up to 2.5 kGy, as shown in Fig. 21/A. To evaluate the impact of such 

concentrations on activated sludge, toxicity was tested by BOD5 experiments in solutions 

containing H2O2 up to 5 × 10–4 mol dm–3 concentrations. 

 

BOD5 measurements carried out by using H2O2 dilution series can be interpreted as a 

toxicity indicator. In such consideration, the blank sample reflects the maximal achievable 

BOD5 and thus, the 0% inhibition. Increased inhibitory effects are indicated by BOD5 

values lower than the ones measured in the blank. Shifted adaptation periods and low 

inhibitory effects seen in BOD5 results evidenced minor impact of H2O2 present in trace 

amounts (0.1 × 10–4 mol dm–3). However, results displayed serious inhibition at 

concentrations higher than 0.5 × 10–4 mol dm–3 (Fig. 21/B). Inhibitory effects higher than 

50% were detected in solutions containing at least 1 × 10–4 mol dm–3 of H2O2 and complete 

inhibition was observed above 2.5 × 10–4 mol dm–3. Similar results were obtained in river 

water experiments. 

 

Simultaneous effects of toxicity and O2 formation (both stemming from H2O2) were 

investigated by measurements carried out on standard solutions (BOD5 = 210 ± 20 mg dm–3) 

in the presence of known H2O2 concentrations. According to these results, negligible 

impact of H2O2 (ΔBOD5 < 6%) was seen up to ~ 0.3 × 10–4 mol dm–3 H2O2, while 

significant effects were observed above ~ 4 × 10–4 mol dm–3. The biological oxygen 

demand in solutions containing H2O2 concentrations above 4 × 10–4 mol dm–3 remained at 

around 50% lower than the expected value (225 ± 20 mg dm–3) even when the measurement 
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was prolonged to 7 days. Shift in lag periods from ~ 1 day to more than 5 days was also 

noticed in these solutions (not shown). The lengthened lag period also means that the 

biodegradation of sulfonamide test solutions would be suppressed at the beginning of the 

measurement, if H2O2 remained in the solutions. 

 

  
Fig. 21. Dose dependence of H2O2 formation (A), and the inhibitory effects of H2O2 on 

activated sludge in BOD5 experiments (B). 
 

To highlight the difference between different sample application approaches in 

biodegradation experiments, analyses were performed on the example of SMX. The 

evaluation was carried out by exposure of activated sludge microbial communities to equal 

pollutant concentration, by using untreated samples, and samples irradiated by 1 and 

2.5 kGy. The H2O2 content was removed prior to these experiments, as described in 

section 5.5.5. To achieve the same load exposure, the samples were adjusted to equal COD 

values, by dilution with purified water. 2.5 kGy was the highest dose applied in these 

experiments; therefore, the load was set to COD measured at this dose (10 mg dm–3). This 

sample application approach, referred to as biological, was compared to the one neglecting 

the pollutant concentrations and the presence of H2O2 (technological approach). 

 

Statistically significant differences were seen between the two sample application 

approaches (Fig. 22). The two-tailed P value equaled 0.0363, when the untreated samples 

were compared, while P was 0.0012 in comparison of oxidized solutions at both doses. 

The difference observed in solutions treated by 2.5 kGy is assigned solely to H2O2, as the 

pollutant load was equal at this dose between the two approaches. However, there was no 

H2O2 in untreated solutions and still significant differences were seen. 
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Fig. 22. BOD5 measured in SMX solutions inoculated by activated sludge. The samples 
were applied based on technological or biological approaches. BOD5 COD–1 ratios are 

indicated above the columns. 
 

Fundamental conclusions drawn from the biological and technological approaches 

regarding biodegradation trend changes are actually the same, since the biodegradation 

increased in both cases. The relevance of different approaches manifested in the extent of 

changes. Biological approach referred to readily biodegradable solutions (0.82), while only 

moderate (0.33) transformation to bioavailable substances was demonstrated by the 

technological approach (Fig. 22). 

 

Generally, H2O2 in concentrations detected following the irradiation of sulfonamides 

showed major impact on microorganism communities of activated sludge and river water. 

For this reason, H2O2 concentration should be reduced to 0.3 – 0.5 × 10–4 mol dm–3 to avoid 

notable toxic effects and interferences in manometric BOD evaluation. Similarly high 

impact was observed when the pollutant load was altered in the experiments. All these 

emphasize how decisive H2O2 and different pollutant load exposure are in biodegradation 

experiments. Neglecting any of them may strongly distort the investigation and cause 

underestimated biodegradability. However, in experiments carried out by the biological 

approach, all these effects have been avoided by H2O2 removal and by exposure of test 

communities to equal pollutant concentrations. The results presented in the following 

sections were obtained by such approach.  
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6.7.2  Biodegradation in activated sludge 
 
Biodegradation experiments performed by application of activated sludge reflect the fate 

sulfonamides during biological wastewater treatment. Untreated sulfonamide solutions 

showed a BOD5 COD–1 ratio in the range of 0.14 – 0.21 (Fig. 23). These results evidence 

limited biological availability of compounds tested. At the same time, oxidation of the 

initial molecules indicates presence of microorganisms with compatible set of enzymes; and 

thus, a certain extent of adaptation to sulfonamides investigated. Yang et al. reported 

sulfonamide utilization by Acinetobacter and Pseudomonas species that may contribute to 

the biodegradation observed, as they commonly occur in the sludge used [197]. 

 

 
Fig. 23. Changes of the BOD5 COD–1 ratio in function of absorbed dose in STZ, SAA, SGD 

and SMX solutions (with activated sludge inoculum). 
 

Radiolytic degradation improved the biodegradability in all experiments (Fig. 23). The 

BOD5 COD–1 ratio increased up to 0.31 – 0.51 at 1 kGy. The vast majority of molecules 

present in the solutions were hydroxylated derivatives, but intact initial molecules were also 

present in low amounts at this stage of treatment (section 6.3). Further oxidation 

demolished both initial and hydroxylated substances and entailed appearance of low 

molecular mass acids (section 6.3), which are known to degrade readily in biological 

processes [198]. Correspondingly, BOD5 COD–1 ratios reached values as high as 0.64 –

 0.80 at 2.5 kGy (Fig. 23). Generally, ionizing radiation treatment of sulfonamides by few 

tenths of kGy already enhanced the biodegradation in activated sludge and ready 

biodegradability was achieved by application of 1.5 – 2.5 kGy.  
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6.7.3  Biodegradation in river water 
 
Biodegradation experiments with river water inoculum evaluate the fate of substances 

discharged to natural water bodies. Complete resistance to biodegradation of initial 

molecules was observed in these tests (Fig. 24). To investigate eventual changes taking 

place on longer time scale, the incubation period was prolonged to 10 days in experiments 

with SAA. However, the BOD COD–1 ratio remained 0 even after 7 days and it remained 

low even at 10 days (0.18). This value is similar to those obtained using activated sludge 

inoculum following 5 days (0.14 – 0.21). 

 

 
Fig. 24. Changes of the BOD5 COD–1 ratio in function of absorbed dose in case of STZ, 

SAA, SGD and SMX solution (with river water inoculum). 
 

Ionizing radiation treatment led to conversion of non-biodegradable sulfonamides to 

substances accessible for metabolic processes of microorganisms in river water. Fig. 24 

shows the dose dependence of these biodegradability changes. The BOD5 COD–1 ratios in 

SAA and STZ solutions reached 0.17 and 0.33 at 1 kGy, respectively. However, persistence 

up to 1 kGy absorbed dose was seen in cases of SMX and SGD that evidences resistance to 

biological degradation in solutions containing mainly hydroxylated derivatives of SMX or 

SGD. High level of biodegradation took place only when both initial and hydroxylated 

molecules were decomposed. Above 1 kGy, the increase in BOD5 COD–1 ratio was higher 

by a factor of 2 in these solutions. This ultimately led to similar biodegradability as the ones 

seen in SAA and STZ solutions. 0.59 – 0.70 BOD5 COD–1 ratios were seen at 2.5 kGy in all 

solutions, these values are similar to those observed in activated sludge experiments.  
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6.7.4  General evaluation of biodegradability 
 
Practically identical slope parameters were observed in most of the cases, when the 

BOD5 COD–1 ratio was plotted as a function of absorbed dose (Fig. 23 and 24). This refers 

to similar characteristics of sulfonamide conversion to biodegradable substances in both 

river water and activated sludge. The BOD5 COD–1 ratios of initial solutions in activated 

sludge experiments displayed a shift to higher values as compared to results obtained in 

river water. This shift was also seen in analyses evaluating oxidized samples. 

 

  
Fig. 25. Dose dependence of BOD in SAA solutions inoculated with river water (A) or 

activated sludge (B). 
 

Considerably lower biodegradability in river water is due to significantly lower amount of 

bacteria species present and lower abundance of them, as compared to activated sludge. In 

this way, low incidence of compatible enzyme producers prolongs the adaptation/acclimatization 

of the microbes. Fig. 25 shows this phenomenon on typical BOD5 curves obtained in 

activated sludge and river water, on the example of SAA. Several days of 

adaptation/acclimatization period were needed prior to BOD5 increase in river water 

(Fig 25/A), while an immediate increase was observed in activated sludge (Fig 25/B). 

Incubation periods longer by ~ 2 – 5 days led to the same level of biodegradation in river 

water (Fig. 25) as in activated sludge. 

 

It has to be noted that in SMX and SGD river water experiments only the complete 

disappearance of both initial and oxidized products led to increased BOD5 COD–1 ratio 

(Fig. 24). Different behavior was observed in all other cases, including measurements done 

with activated sludge. Nevertheless, ready biodegradability was reached in all solutions at 
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high dose (including SMX and SGD in river water), whilst the degree of mineralization 

remained relatively low (15 – 25%, section 6.5). 

 
6.8  Toxicity assay 
 
Negative effects of initial substances will not necessarily decrease during their 

decomposition, as pointed out in the literature [199, 200]. For this reason, toxicity was 

followed up along the irradiation treatment of sulfonamides. As previously evidenced in 

case of biodegradation, H2O2 and exposure of test organisms to different pollutant loads 

may strongly modify the outcome of the biological experiments. These effects had been 

determined prior to toxicity testing of sulfonamide solutions. 

 
6.8.1  Impact of different pollutant load exposure and H2O2 
 
5 × 10–4 mol dm–3 H2O2 showed remarkably high inhibition/mortality on all individual test 

organisms (Fig. 26). Such concentration led to 100 ± 0%, 96 ± 1% and 72 ± 5% inhibition on 

D. magna, P. subcapitata and V. fischeri, respectively. Hence, such high H2O2 concentration 

hinders interpretation of results targeting toxicity of products formed in course of the treatment. 

 

 
Fig. 26. H2O2 concentration dependence of inhibition/mortality in Daphnia magna, 

Pseudokirchneriella subcapitata and Vibrio fischeri ecotoxicity experiments. 
 

By lowering the H2O2 concentrations, reducing inhibition was detected in V. fischeri and 

P. subcapitata experiments. Their responses to H2O2 exposure showed a linear correlation 

in the range investigated (Fig. 26). Below 0.5 × 10–4 mol dm–3, the inhibitory effects of 

H2O2 towards V. fischeri and P. subcapitata can be regarded as acceptable: 2 ± 0% and 
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14 ± 6%, respectively. However, D. magna showed a different behavior. The concentration –

 response curve was sigmoidal. No changes were observed in toxicity when reducing the H2O2 

concentration from 5 × 10–4 mol dm–3 to 1× 10–4 mol dm–3. Changing the H2O2 concentration 

from 1 × 10–4 mol dm–3 to 0.5 × 10–4 mol dm–3 was coupled with mortality reduction from 

90 ± 9% to 24 ± 9% (Fig. 26). Acceptable susceptibility of these test organisms was observed 

when the concentration of H2O2 was reduced to 0.1 × 10–4 mol dm–3 (6 ± 8% mortality). The 

half-maximal effective concentrations (EC50) were 3.49 × 10–4, 2.51 × 10–4 and 0.64 × 10–4 

mol dm–3 for V. fischeri, P. subcapitata and D. magna, respectively. 

 

Effects stemming from exposure of test organisms to different pollutant concentrations and 

presence of H2O2 are shown in Fig. 27. The investigation was performed by biological and 

technological approaches on the example of P. subcapitata growth inhibition experiments, 

using SGD solutions. The pollutant concentration was set to equal COD values (10 mg dm–3) 

by dilution with purified water. Analyses conducted based on the technological approach 

revealed statistically significant reduction of inhibitory effects as a function of absorbed dose 

(Fig. 27). However, the (3.1 ± 0.6) × 105 cm–3 P. subcapitata cell concentrations measured at 

2.5 kGy still remained below the (4.6 ± 0.7) × 105 cm–3 cell concentration measured in the 

blank sample. In contrast, biological approach evidenced statistically no significant 

differences between the blank sample and the solutions containing SGD (Fig. 27). Therefore, 

gradual formation of less harmful products was indicated by the technological approach, 

while presence of harmless molecules was shown by the biological approach. 

 

 
Fig. 27. Pseudokirchneriella subcapitata cell concentration measured in growth inhibition 

experiments by technological or biological approaches in SGD solutions. 
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Pollutant load setting to equal COD seems to be a more appropriate choice when 

evaluation of biodegradability is the primary goal, as both COD and BOD measure oxygen 

demands. However, exposure of test organism to equal pollutant amounts set by TOC may 

have more sense in analyses primarily aiming at ecotoxicity investigation, as inhibitory 

effect can be caused by any substance, not only by the oxidizable ones. V. fischeri 

inhibition tests were implemented on the example of SMX to investigate differences 

between load setting by TOC and COD in the biological sample application approach. The 

pollutant concentration was adjusted by dilution with purified water to TOC = 10.4 mg 

dm–3 or COD = 10 mg dm–3 and the H2O2 was removed. In the technological approach 

H2O2 was not removed and pollutant load was not set to equal values. 

 

Measurements performed by technological approach showed 5% inhibition that increased to 

over 75% in oxidized samples (Fig. 28). This enormous change was partly due to H2O2, 

since toxic effects were considerably lower when H2O2 was removed in the experiments 

conducted by the biological approach (30%) (Fig. 28). However, in measurements where the 

pollutant concentration was set to equal COD values, significantly lower results were seen as 

compared to experiments set by TOC content. The P value was < 0.0001 in the comparison 

of both untreated samples and the ones treated by 1 kGy. Such results are associated with 

high degrees of oxidation and low mineralization during initial stages of irradiation. Results 

in biological approach implemented by pollutant loading based on COD or TOC did not 

show differences in samples treated by 2.5 kGy, as these samples were used as obtained (the 

other samples were diluted to COD values measured at 2.5 kGy) (Fig. 28). 

 

 
Fig. 28. Dose dependence of Vibrio fischeri luminescence inhibition in experiments 

carried out by technological or biological approaches in SMX solutions.  
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Generally, H2O2 showed remarkably strong inhibitory effects on the individual test 

organisms at concentrations forming during ionizing radiation treatment. As pointed out in 

section 2.4.2, H2O2 concentrations even notably higher than found in the present work are 

often detected in AOP. These effects may even completely hide the eventual impact 

stemming from the molecules investigated. In this way, the results become imperceptible 

regarding the target substances. Such results can easily be a source for misinterpretation of 

degradation product effects. According to the results shown in Fig. 26, elimination of H2O2 

concentrations above 0.5 × 10–4 mol dm–3 is required in V. fischeri and P. subcapitata 

measurements prior to toxicity assays evaluating effects of decomposition products. In 

case of D. magna, practically complete H2O2 removal is needed. Similarly to H2O2 effects, 

mineralization caused pollutant dilution also modifies the results targeting toxicity 

characterization of product molecules. Therefore, it hinders proper comparison of toxic 

potentials attributed to different product groups. To overcome these interferences, 

biological approach was followed in the toxicity experiments presented below. 

 
6.8.2  Daphnia magna acute mortality 
 
D. magna cultures showed 97% mortality when they were exposed to untreated SGD (Fig. 29). 

In function of increasing absorbed dose – parallel with the disappearance of initial SGD 

compounds and formation of hydroxylated products (section 6.3) – the mortality reduced to 48% 

at 1 kGy. Removal of both initial and oxidized compounds further reduced the negative impact, 

indicated by mortality reduction to 11% at 2.5 kGy. Although mortality was significantly lower, 

toxic effects were detected even when SGD and hydroxylated products were all demolished. 
 

 
Fig. 29. Dose dependence of Daphnia magna mortality in solutions containing SGD, SAA, 

STZ or SMX.  
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Mortality of test organisms was notably lower when they were exposed to untreated SAA 

(45%) or SMX (50%) solutions, as compared to the one seen in SGD tests (97%). SAA 

solutions lost all harmful effects at 1 kGy that evidences no impact of hydroxylated 

products on D. magna. Toxic effects of irradiated SMX solutions reduced as a function of 

absorbed dose, as well, but complete termination was seen only at 2.5 kGy. In this way, the 

high noxious effects of initial SAA and SMX solutions were entirely eliminated by 

increasing the absorbed dose up to 2.5 kGy. In contrast, low D. magna mortality was 

determined in initial STZ solution (12%) that increased to 48% at 1 kGy. Increased 

negative effects cannot be clearly related to oxidation products formed in course of 

irradiation, as notably higher H2O2 amounts remained in the samples after the H2O2 

removal procedure (0.7 × 10–4 mol dm–3) as in all other solutions investigated (∼ 0.3 × 10–4 

mol dm–3). Such difference leads to approximately five times higher mortality on D. magna 

(40 – 60% mortality). Nevertheless, the mortality reduced by application of 2.5 kGy, but it 

did not reduce below the initial value. 

 
6.8.3  Pseudokirchneriella subcapitata chronic growth inhibition 
 
The chronic effects were investigated on the exponentially growing primary producer, 

P. subcapitata. Among the untreated sulfonamides involved in the experiments, the highest 

growth inhibition (92%) was measured in SMX solution (Fig. 30). 

 

 
Fig. 30. Dose dependence of Pseudokirchneriella subcapitata growth inhibition in 

solutions containing SGD, SAA, STZ and SMX. 
 
At 1 kGy absorbed dose, when SMX molecules were transformed to hydroxylated products 

no statistically significant differences were observed in toxicity as compared to untreated 
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samples. Growth inhibition reduced to 14% only at 2.5 kGy dose, where low molecular 

mass products are present. Similarly to untreated SMX solutions, strong adverse effects of 

initial molecules were found in initial STZ solutions (Fig. 30). However, this 76% growth 

inhibition considerably reduced at 1 kGy (20%), but even 2.5 kGy dose was not sufficient 

for complete elimination of the detrimental impacts (11%). Residual H2O2 in STZ solutions 

does not play any role in P. subcapitata experiments, as it did in D. magna tests. 

P. subcapitata was not as sensitive to H2O2 exposure as D. magna, as shown in 

section 6.8.1. Inhibitory effects of SGD (11%) and SAA (41%) were practically terminated 

at 1 kGy (Fig. 30). Prolonged treatment of these solutions led to higher cell growth than the 

ones measured in the control samples. A higher cell concentration in the sulfonamide 

samples refers not only to disappearance of unfavorable effects but also to contribution of 

oxidized molecules to biomass production. 

 
6.8.4  Vibrio fischeri acute luminescence inhibition 
 
Negligible toxic effects were detected in solutions containing untreated SMX and STZ 

(∼ 3% for both), while SGD had no influence on the luminescence of V. fischeri (Fig. 31). 

Similarly to the initial solutions, no inhibitory effects were observed when test organisms 

were exposed to irradiated SGD solutions. In contrast, the negligibly low impact of both 

SMX and STZ increased to 25% and 15%, respectively, at 1 kGy absorbed dose (Fig. 31). 

Prolonged treatment of SMX resulted in further increase in luminescence inhibition (34%), 

evidencing formation of progressively toxic SMX degradation products as a function of 

absorbed dose. Formation of products possessing higher toxic potential than in the initial 

STZ solution was observed, as well, since the inhibition remained higher in the treated 

samples than in the initial solution. Nevertheless, untreated SAA solution was much more 

toxic (49%), compared to other sulfonamides, but the toxic effects significantly reduced 

(12%) and ultimately disappeared by increasing the absorbed dose. Pintar et al. [201] 

suggested that carboxylic and dicarboxylic acids exert toxic effects on V. fischeri. Although 

such compounds dominate among the products at 2.5 kGy, increase in luminescence 

inhibition was not seen in SGD or SAA solutions. This may refer to presence of toxic 

products other than carboxylic or dicarboxylic acids. 
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Fig. 31. Dose dependence of Vibrio fischeri light emission inhibition in solutions 

containing SGD, SAA, STZ or SMX. 
 
6.8.5  Activated sludge respiration inhibition 
 
Activated sludge respiration inhibition experiments provide data on inhibitory effects of 

sulfonamides and also give information on formation of rapidly biodegradable substances 

in course of irradiation procedure. Nevertheless, formation of oxygen bubbles in solutions 

containing ~ 10–4 mol dm–3 H2O2 called attention to the interfering effects of H2O2 in these 

experiments. Toxic effect of H2O2 and the interference of oxygen formed during H2O2 

decomposition were not separated; they were quantified together by using H2O2 dilution 

series. 

 
Impact of different pollutant load exposure and H2O2 
 
Formation of oxygen bubbles was observed in airtight sealed Karlsruher flask that 

contained 5 × 10–4 mol dm–3 aqueous solution of H2O2 and 5 cm3 catalase enzyme. In 

course of H2O2 disintegration, dissolved oxygen concentration increased from the initial 

8.1 mg dm–3 and reached equilibrium at 15.6 mg dm–3 after 15 – 20 min reaction time at 

20 °C. This increment (7.5 mg dm–3) is close to the maximal oxygen amount forming in 

decomposition of 5 × 10–4 mol dm–3 H2O2 (8.5 mg dm–3). Similarly to these experiments, 

bubble formation in the first 30 minutes was observed in the respiration inhibition tests 

conducted on sulfonamide samples. The changes in dissolved oxygen concentration were 

consistent with the ones measured following the catalase addition to H2O2 samples. All 

these evidence that the major part of H2O2 transforms to oxygen in microbial 

decomposition. The transformation probably takes place due to the effect of catalase, 

superoxide dismutase or peroxidase produced by microbial strains [118]. Because of 
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oxygen formation, linear oxygen depletion dependence on time was found only between 

30 and 180 minutes. 

 

Results showed that the usual H2O2 concentration (1.5 – 2.5 × 10–4 mol dm–3) measured in 

the solutions treated by 0.5 – 2.5 kGy absorbed doses exert strong inhibitory effects in 

respiration inhibition experiments (Fig. 32). An average inhibition of 40 – 60% was 

measured in this range that necessitates removal of H2O2 from the treated samples prior to 

performing the respiration inhibition tests. Inhibitory effects were reduced to 10 – 20%, 

following the catalytic decomposition by MnO2, although low amounts of H2O2 remained 

in the solutions (2 – 7 × 10–5 mol dm–3). In case of respiration inhibition experiments, such 

impact can be regarded as an acceptable interference. 

 

 
Fig. 32. Concentration dependence of respiration inhibition up to 10 × 10–4 mol dm–3 H2O2 

concentration. 
 

Effect of different pollutant load exposure is shown on the example SMX solution treated 

by 0.6 kGy absorbed dose (Fig. 33). Samples for this experiment were prepared by dilution 

with purified water to COD values of 5, 10, 15, 20 and 25 mg dm–3. Pollutant concentration 

dependence of respiration inhibition clearly revealed growing toxic effect as a function of 

exposure to higher pollutant amounts. Inhibition was 5% when activated sludge was 

exposed to COD = 5 mg dm–3 concentration of SMX solution treated by 0.6 kGy. This 

value increased to 35% in case of using 25 mg dm–3 concentration. Such difference in 

inhibitory effects in this narrow range of dilution (5 – 25 mg dm–3) highlights a strong 

impact of mineralization caused pollutant dilution in toxicity screening (Fig. 33). 
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Fig. 33. Pollutant concentration dependence of inhibitory effects in respiration inhibition 

experiments in SMX solutions treated by 0.6 kGy. 
 

Respiration inhibition experiments performed on SMX solutions following removal of 

H2O2 and setting the concentration to COD = 10 mg dm–3 (biological approach) showed 

significant differences as compared to samples applied without any modification 

(technological approach) (Fig. 34). The initial solution did not cause inhibitory effects; 

notably increased oxygen consumption was observed (– 241% respiration inhibition). This 

finding indicates the presence of adapted microorganisms that are able to utilize SMX as 

substrate. This is in accordance with the results observed in evaluation of biodegradation 

(section 6.7.2). 

 

 
Fig. 34. Activated sludge respiration inhibition experiments performed by 

technological ( ) or biological ( ) approaches using SMX solutions. 
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In experiments conducted by the technological approach, inhibition of respiration was 

measured by increasing the absorbed dose. Values as high as 91% and 95% were detected 

at 1 kGy and 2.5 kGy, respectively. In contrast, measurements done by the biological 

approach showed increased oxygen uptake rate and thus increased availability of SMX 

radiolytic products to activated sludge. Respiration inhibition was –562% and –609% at 

1 kGy and 2.5 kGy, respectively. Differences seen between the two approaches are 

stemming from the previously demonstrated toxic effects of H2O2 formed during the 

irradiation procedure (Fig. 32) and the pollutant concentration dependence of activated 

sludge responses (Fig. 33). 

 

Respiration inhibition of sulfonamides 
 
To avoid the interferences detailed in the previous subsection, H2O2 was removed and the 

pollutant concentration was set to equal quantity prior to respiration inhibition tests. The 

pollutant concentration of all solutions tested were set to COD = 10 mg dm–3. Since no 

inhibitory effects were observed in respiration inhibition measurements, the result are 

presented in oxygen uptake rates (OUR) in order to get a clearer summarizing figure and to 

make the interpretation easier. 

 

 
Fig. 35. Oxygen uptake rates calculated in activated sludge respiration inhibition 

experiments performed by using STZ, SAA, SGD and SMX solutions. Data were depicted 
following subtraction of the blank value (0.3 mg dm–3 h–1). 

 
The OUR of the blank sample was 0.3 mg dm–3 h–1 that notably increased in presence of 

untreated sulfonamide antibiotics. Initial SAA and SGD solutions showed 0.6 and 

0.7 mg dm–3 h–1 OUR, respectively, while 0.9 mg dm–3 h–1 was obtained for both SMX and 

STZ (Fig. 35). This increment indicates that the molecules tested did not affect adversely 
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the metabolic activity of activated sludge. On the other hand, OUR values significantly 

higher than those for the blank also evidence presence of microorganisms that are able to 

utilize sulfonamides as nutrient source in their metabolic processes. 

 
Although the biodegradation of test solutions in activated sludge respiration inhibition test 

is in agreement with the findings of biodegradation assessment displayed previously in 

section 6.7.2, the extent of OUR on a such time scale (180 minutes) is notably higher than 

expected. This may imply other processes taking place simultaneously with interactions of 

activated sludge with the samples. To get results that provide more obvious evidences, 

respiration inhibition tests were repeated with application of 9.3 cm3 activated sludge 

(180 mg COD in 300 cm3) on the example of SMX. The outcome of these experiments 

showed that OUR in test solutions containing SMX and growth substrate were significantly 

higher than the sum of OUR in any other possible processes that contributes to oxygen 

consumption (Fig. 36). This shows cooxidation/cometabolism in test mixtures. In these 

processes, the biological oxidation is dependent on the obligate presence of a growth 

substrate or a transformable substance [202]. In BOD5 measurements, only traces of 

organic residues were unintentionally added to the test mixtures during inoculation, while 

sufficient amount of readily biodegradable substrate (sodium acetate) was supplied in 

respiration inhibition tests. This is the reason why cooxidation/cometabolism took place 

only in course of respiration inhibition tests, which ultimately led to significantly higher 

consumption of oxygen. 

 

 
Fig. 36. Oxygen uptake rates of test mixtures containing activated sludge (AS), growth 

substrate (GS) and SMX (10–4 mol dm−3). Endogenous oxygen uptake rate (0.82 mg dm–3 h–1) 
was subtracted from the results. 
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Similarly to experiments done on untreated samples, no toxic effects of oxidation products 

was seen. The OUR of all treated samples was higher than the OUR of the blank test 

mixture. The OUR of sulfonamides irradiated by 1 kGy were in the 1.9 – 2.2 mg dm–3 h–1 

range (Fig. 35). Practically the same results were obtained (1.8 – 2.4 mg dm–3 h–1) when 

2.5 kGy absorbed dose was applied (Fig. 35). Treated samples resulted in significantly 

higher values as compared to tests conducted on initial solutions, referring to intensive 

metabolic activity, and thus a high degree of radiolytic degradation product utilization. 

However, difference between OUR in samples irradiated with 1 kGy or 2.5 kGy is 

considered to be statistically not significant. This character is different from the one 

observed in evaluation of ecotoxicity, since the effects of distinctive product groups formed 

at 1 kGy and 2.5 kGy firmly separated in the vast majority of those experiments (Fig. 29, 

30 and 31). Increased OUR on such short time-scale shows appearance of rapidly 

biodegradable products, not just the absence of notable inhibitory effects. This is not 

surprising in case of samples treated by 2.5 kGy, since formation of readily biodegradable 

substances was evidenced in biodegradation experiments (section 6.7.2) and the literature 

provides data on appearance of readily biodegradable substances, as well [141, 146]. 

However, similarly high OUR values seen in solutions treated by 1 kGy was not expected 

as the biodegradation experiments showed notably lower biodegradability in these samples 

(section 6.7.2), as compared to the ones measured at 2.5 kGy. Such high OUR at this dose 

is probably due to cooxidation/cometabolism that was previously illustrated on the example 

of untreated SMX solution. 

 
6.9  Antibacterial activity 
 
Antibacterial activity of the most frequently used sulfonamide antibiotic (SMX) was 

investigated in broth microdilution and agar diffusion assays. As SMX is most commonly 

applied together with trimethoprim (TMP), the combined impact of these substances was 

also determined by mixing the active agents and by using a pharmaceutical preparation 

Sumetrolim (SUM). Prior to antibacterial activity testing, the effects of H2O2 forming 

during ionizing radiation treatment were assessed on the bacterial growth. Results 

demonstrated no impact up to 3 × 10–4 mol dm–3 H2O2 concentrations formed under 

conditions used (Fig. 21/A). This is in agreement with the literature that indicates negligible 

impact of even higher H2O2 amounts [65]. Therefore, H2O2 was not removed from the 

solutions used in antibacterial activity testing. 
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Exposure of Staphylococcus aureus, Pseudomonas aeruginosa or Escherichia coli to SMX 

solutions did not lead to formation of inhibition zones in agar diffusion experiments even 

when investigating untreated samples that contained SMX in 5 × 10−4 mol dm–3 

concentration (Fig. 37). Such outcome implies resistance to antibacterial action of SMX in 

amounts used. Simultaneous presence of SMX and TMP resulted in a more than twofold 

increase in S. aureus inhibition zone diameter (19 mm), compared to application of TMP 

itself (8 mm). Such behavior demonstrates synergistic antibacterial activity of SMX and 

TMP even when SMX is present in concentration that causes practically no detectable 

impact. Nevertheless, inhibition zones reduced by increasing absorbed doses, but absence 

of antibacterial activity was evidenced only in samples treated with 10 kGy. The outcome 

of experiments involving SMX+TMP or SUM was similar, notable differences were not 

observed. 

 

 
Fig. 37. Agar diffusion assay for testing SMX, TMP, SMX+TMP and SUM antibacterial 
activity against Staphylococcus aureus at different stages of radiolytic decomposition. 

 

Results obtained in broth microdilution assays (Fig. 38) were similar to those in agar 

diffusion experiments. In both experiments, bacterial growth was observed in all SMX 

solutions. Therefore, both methods indicate notable resistance of S. aureus to SMX. 

Adamek et al. [203] reported similar results, as the most of test microorganisms used in 

their study did not exhibit any susceptibility against SMX at concentrations of ≤ 0.5 µmol 

dm–3. However, the reproductive capacity was somewhat hindered as indicated by the 

stationary phases leveling off at different values. Such growth curves are shown on the 

example of S. aureus in Fig. 38/A. The slopes of the bacterial growth curves obtained by 
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using the initial sample or the samples treated with 1 or 2 kGy were not as steep as the ones 

measured in solutions treated with higher doses. The differences between the S. aureus 

bacterial growth in solutions irradiated with doses ≥ 3 kGy were negligible. All these 

evidence low antibacterial activity that only slightly inhibits the bacterial growth up to 

2 kGy. (This low antibacterial activity was not detectable by agar diffusion test.) Based on 

the broth microdilution experiments performed on SMX dilution series, the minimum 

inhibitory concentration (MIC) of SMX towards S. aureus bacteria was found to be around 

32 µmol dm–3 (Fig. 38/B). This MIC value is in a good agreement with the active agent 

concentrations measured in the irradiated solution, since the inhibitory effects completely 

disappear following the reduction of SMX below MIC at > 2 kGy. Experiments also 

revealed a possible chronic toxicity of solutions irradiated with 8 or 10 kGy. The growth 

curves in these samples declined after reaching the stationary phase (Fig. 38/A). Similar 

antibacterial behavior of irradiated SMX solutions was seen when using P. aeruginosa or 

E. coli test organism. Difference was observed only in the sensitivity. The MIC was ~ 4 and 

~ 16 µmol dm–3 in case of P. aeruginosa and E. coli, respectively. 

 

  
Fig. 38. Broth microdilution assays carried out for testing the antibacterial activity of 
irradiated 5 × 10−4 mol dm–3 SMX solutions (A) and SMX dilution series (B) against 

Staphylococcus aureus. 
 

Both analytical techniques used for antibacterial activity testing evidenced the well-known 

synergistic effects of SMX and TMP in SMX+TMP and SUM solutions. Growth of 

bacterial strains was seen only at 10 kGy absorbed doses (Fig. 39). Results presented on the 

example of S. aureus bacteria are well illustrating the changes in antibacterial activity seen 

in case of P. aeruginosa and E. coli exposed to SUM or SMX+TMP. 
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Fig. 39. Broth microdilution assay carried out for testing antibacterial activity of 

SMX+TMP against Staphylococcus aureus at different stages of radiolytic 
decomposition (A) and in dilution series of the initial sample (B). 

 

Generally, ionizing radiation treatment induced reduction of antibacterial activities against 

all test organisms. However, practically complete elimination of initial antibiotics (> 98%) 

was required to terminate the biological activity. Results suggest that radiolytic products do 

not possess antibacterial activity, as the inhibitory effects were removed parallel with the 

initial molecules. It should be noted that antibiotics showing biological activity below the 

limit of detection may also pose environmental threat, if synergistically acting 

pharmaceutical agents are also present. All these suggest necessity of complete antibiotic 

removal from wastewater in order to reduce the risk of antibacterial resistance development 

to the background level. 

  



88 
 

7  Summary 
_________________________________________________________________________ 
 
The variety of analytical techniques employed enabled a comprehensive insight into the 

radiation-induced degradation mechanism of aerated dilute aqueous solutions of 

sulfonamide antibiotics. 

 

The initial steps of the degradation were investigated through transient intermediate 

kinetics, using pulse radiolysis technique. Absorption spectra of transient intermediates 

detected at 10 µs following the pulse in N2O-saturated sulfonamide solutions – when OH 

radicals are the main reactive species – peaked in the 365 – 410 nm wavelength range. The 

measured values are consistent with the ones published. When the •OH was removed from 

the solution by t-BuOH radical scavenger, the absorbance belonging to the OH adduct 

disappeared from the spectra. The similarities in the absorption spectra and their intensities 

suggest that the preferred target of the •OH in case of all molecules is the benzene ring. The 

result of •OH addition to the aromatic ring is formation of hydroxy-cyclohexadienyl 

radicals. When the irradiation was performed under aerated conditions, hydroxy-

cyclohexadienyl radicals transformed to peroxy radicals in reactions with dissolved O2. 

Peroxy radicals may transform to hydroxylated molecules by HO2
• elimination or they 

undergo ring opening to aliphatic compounds. The reaction rate constants of •OH reactions 

with sulfonamides (kOH) were evaluated by the time dependence of the absorbance build-

up, measuring the pseudo-first-order rate constants in the 2 × 10−5 – 1 × 10−4 mol dm–3 

concentration range. The slope of the pseudo-first-order rate constant values plotted in the 

function of sulfonamide concentration provides the second-order rate constant. These were 

generally in the 4.5 – 9.5 × 109 mol−1 dm3 s−1 range that is consistent with the literature 

values. The kOH observed in sulfonamide solutions are close to the theoretical maximum, 

the diffusion controlled rate constant (1.1 × 1010 mol−1 dm s−1). Such high kOH values are 

typical for benzene type molecules. The rate constants with the free pyrimidine 

(1.6 × 108 mol−1 dm3 s−1) and the isoxazole rings (3.5 × 109 mol−1 dm3 s−1) are lower. The 

reaction rate constants determined – and the ones found in the literature – support the 

mechanism suggested by the absorption spectra, in which the •OH attack mainly occurs on 

the benzene ring. 

 

Stable organic products formed, in course of irradiation of 1 × 10−4 mol dm–3 concentration 

solutions, were identified by LC-MS/MS. At the early stages of the decomposition process, 
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all products detected in high concentrations were hydroxylated derivatives, as 

foreshadowed by the results of pulse radiolysis experiments. In addition to formation of 

monohydroxylated products, double hydroxylation also took place in most cases, albeit 

with low yields. Products other than hydroxylated ones appeared in remarkably lower 

relative abundance, in approximately 5 – 10 times lower amounts. Concentration of 

hydroxylated products peaked at around 0.6 kGy, but these products quickly disappeared by 

increasing the absorbed dose to 1 kGy. Since the product – dose curve was just slightly 

shifted to higher dose, as compared to that of the starting molecule – decay curves, it is 

suggested that •OH shows similar reactivity with the products as with the starting 

molecules. The final products of hydroxyl radical reactions with organic compounds are 

substances like aldehydes, alcohols, ketones and carboxylic acids. These compounds with 

low molecular mass are usually the last step prior to complete mineralization. Identification 

of these products was not possible by LC-MS/MS. However, the strong decrease of the 

initial 4.9 – 5.9 pH seen in all sulfonamide solutions refers to appearance of acids in high 

concentration. The slope of the pH – dose dependence was very steep up to 1.5 kGy, in the 

phase where the ring disintegration was the most intense. Following the disappearance of 

the initial molecules at around 2.5 kGy, the pH levelled off at constant values in the range 

of pH = 3.6–3.8. Formation of oxamic-, maleic-, acetic-, formic-, pyruvic- and oxalic acids 

toward the end of mineralization was reported in the literature. 

 

Ion chromatography evidenced that generally 5 – 20% of the initial nitrogen content 

transforms to NO3
−. Steeper slopes of NO3

− formation curves above 1 kGy suggest that 

NO3
− formation mainly occurs after the aromatic rings have been destructed to smaller 

fragments. The kinetics of NH4
+ formation was completely different from the NO3

− 

production. The NH4
+ concentration increased in the function of absorbed dose and leveled 

off at 2.5 kGy. However, the increase of the NH4
+ formation rate was slower than that of 

the degradation of the starting sulfonamide molecules. This implies a complex NH4
+ 

formation process taking place through several internal steps. NO2
− was not detected. 

Following the quantification of NH4
+, NO3

− and NO2
− ion concentrations, a mass balance 

for nitrogen was made. The loss of nitrogen, estimated from the decrease of TN upon 

irradiation, was also taken into account. By considering these constituents, a perfect mass-

balance was obtained only for sulfanilamide, while all other compounds showed 10 – 30% 

deficit. These results refer to incomplete mineralization of inter-chain nitrogen. The residue 

is probably in form of simple nitrogen containing organic acids. Formation of SO4
2– and 
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SO3
2− were monitored, as well. Linear dose dependence of SO4

2– formation was measured 

up to 2.5 kGy absorbed dose. In most solutions, SO4
2– concentration ranged from 6.2 to 8.8 

mg dm–3 at this dose. Higher amount (11.8 mg dm–3) was detected only in sulfathiazole 

sample that is due to the two sulfur atoms in its chemical structure. By prolonged 

irradiation, no notable SO4
2– formation was observed, the curves generally levelled off at 

constant values. These amounts are in a good agreement with the theoretical amounts of 

sulfur present in the solutions. Correspondingly, SO3
2− was not present in measurable 

quantities. The changes in total sulfur content were followed up by ICP-MS measurements. 

These measurements demonstrated that the sulfur content is practically not changing during 

irradiation. Similar results were reported in case of SMZ and SDZ solutions. 

 

Possible general pathways of radiolytic degradation were proposed on the basis of the 

results presented and also using some literature data (Fig. 40). Degradation of sulfonamide 

antibiotics, starting from the hydroxylation of the intact molecules and going through many 

intermediate products, finally ends up with inorganic species. The number of O atoms 

building into products (∼ 1.5) upon single •OH attack, strong decrease of pH and 

appearance of fragmented low molecular mass organic acids at low doses (< 1 kGy) show 

that phenol formation, ring opening and fragmentation occur simultaneously. Due to the 

aromatic structure, the rate constants in •OH reaction with mono- and double hydroxylated 

products are similar to the rate constants of •OH reactions with initial molecules. 

Nevertheless, all rings undergo oxidative degradation up to ~ 1 kGy absorbed dose. Phenols 

disappeared from the solution not much after the decay of the starting sulfonamide 

molecules. Based on COD, TOC, TN and pH measurements, mineralization is a multistep 

processes. The molecules are first step-by-step oxidized and ultimately mineralized. The 

idea of first hydroxylation and then gradual degradation to smaller fragments is in 

agreement with the faster decrease of COD than TOC up to 2.5 kGy. Although, 

qualitatively many details are understood, much work is still needed on the quantification, 

qualitative determination of the intermediate products with low yields and on improving the 

material balances. 

 



91 
 

 
Fig. 40. Possible degradation pathways of sulfonamide antibiotics in course of ionizing 

radiation treatment. 
 

To investigate the biodegradability of sulfonamide transformation products in natural water 

bodies and in the biological step of wastewater purification, BOD5 was determined by 

inoculation with both river water and activated sludge, respectively. The biodegradability 

was expressed in form of BOD5 COD–1 ratio. Toxicity was investigated on most commonly 

applied test organisms (Vibrio fischeri, Pseudokirchneriella subcapitata and Daphnia 
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magna). Factors strongly influencing the BOD5 or toxicity experiments were evaluated 

before measuring and discussing the biodegradation of target molecules. These factors are 

the pollutant concentration dilution – taking place along the treatment process due to 

mineralization – and the presence of H2O2 formed in radical reactions. 

 

Results evidenced that pollutant dilution caused by mineralization and the effects of H2O2 

have to be considered in evaluation and comparison of products, product groups and the 

starting molecules in biological experiments. To obtain reliable data in ecotoxicity assay, 

the H2O2 concentrations should be reduced to at least 0.5 × 10–4 mol dm–3 in V. fischeri and 

P. subcapitata experiments, while, practically complete removal is needed in case of 

D. magna. In BOD measurements performed by manometric techniques, reducing the H2O2 

concentration to at least 0.5 × 10–4 mol dm–3 is needed. In both studies, using equal 

pollutant loads is also recommended to obtain comparable results. Anyway, ionizing 

radiation treatment resulted in transformation of non-biodegradable sulfonamides 

(BOD5 COD–1 < 0.2) to substances biodegradable by both river water and activated sludge 

(BOD5 COD–1 = 0.6 – 0.8). Ready biodegradability takes place only when both hydroxylated 

derivatives and initial molecules are removed. Toxicity assay was conducted on a battery of 

experiments using test organisms from three trophic levels. Toxicity tests on individual 

organisms showed a diverse picture. In some cases, toxicity reduced with increasing the 

absorbed dose, but temporary increase in toxic potential as a function of absorbed dose was 

also measured.  

 

Broth microdilution and agar diffusion antibacterial susceptibility assays showed that 

strong synergism of sulfamethoxazole and trimethoprim effects occurred even when the 

antibacterial activities of both molecules were below the limit of detection. In this way, 

trace amounts of sulfamethoxazole or trimethoprim exert selective pressure on 

environmental bacterial species particularly in case of their joint presence. Practically 

complete elimination of initial antibiotics (>98%) was required to terminate the 

antibacterial activity. Strong correlation of antibacterial activity removal and the parent 

compound decomposition suggests formation of radiolytic products with no antibacterial 

potency. 
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8  Theses 
_________________________________________________________________________ 
 
 
1. The presence of dissolved O2 increases the degradation efficiency of sulfonamide 

antibiotics during ionizing radiation treatment in dilute aqueous solution. The reaction 

between the substrate and the •OH has the highest contribution to this degradation. 

(Publications 3 and 4) 

 

 

2. The preferred target of the •OH attack on sulfonamides is the benzene ring. Addition of 
•OH to the aromatic ring leads to formation of hydroxy-cyclohexadienyl type radicals. The 

reaction rate constants were found to be in the 4.5 × 109 – 9.5 × 109 mol−1 dm3 s−1 range. 

(Publication 3) 

 

 

3. The main radiolytic degradation processes are hydroxylation, desulfonation and ring 

cleavage. At early stages of oxidation, formation of hydroxylated products is 

predominant (< 0.8 kGy), while formation of acidic organic molecules and inorganic 

species are suggested following the ring cleavage (>1 kGy). 

 (Publications 3 and 4) 

 

 

4. Gamma irradiation of persistent sulfonamide antibiotics results in transformation to 

substances readily biodegradable by both river water and activated sludge. Higher level of 

oxidation is needed to reach the same biodegradability in river water, as in activated sludge. 

(Publication 2) 

 

 

5. Increasing the absorbed dose during the irradiation of sulfonamide solutions generally 

leads to gradual disappearance of toxicity. However, some of the early products were 

more harmful to test organisms than the initial molecules. 

 (Publications 2, 3 and 4)  
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6. Trace amounts of sulfamethoxazole pose environmental threat regarding antibiotic 

resistance development by exerting selective pressure on environmental bacterial species 

particularly in case of their joint presence with trimethoprim. Ionizing radiation 

treatment is suitable for removal of this antibacterial activity and it leads to formation of 

products with no antibacterial activity. 

 

 

7. Concentrations of toxic H2O2 forming during ionizing radiation treatment should be 

reduced to at least 0.5 × 10–4 mol dm–3 in V. fischeri, P. subcapitata and BOD 

experiments to minimize its effects. D. magna is more susceptible and requires 

practically complete elimination of H2O2. 

 (Publication 1) 

 

 

8. Setting the pollutant concentration to equal values is necessary in biological studies 

targeting comparison of different products or product groups. Mineralization reduces 

pollutant concentration as a function of the absorbed dose and results in „dilution 

series”. Otherwise, the properties of product groups formed at different absorbed doses 

are not accurately comparable because the test organisms are exposed to decreasing 

pollutant concentration as the irradiation proceeds. 

 (Publication 1) 
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