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Abstract 21 

State-of-the-art technologies based on advanced oxidation processes (AOPs) are currently 22 

being developed for the removal of environmental pollutants such as pharmaceuticals from 23 

water matrices. Such studies are very important and should include the impact of inorganic and 24 

organic matrix on the degradation process of pollutants. One of the AOPs that is in focus of 25 

investigations nowadays, is ionizing radiation. Doxazosin (DOX) is a widely used 26 

pharmaceutical for the treatment of hypertension, which can be potentially harmful due to its 27 

occurrence in the aquatic environment. This study reports the radiation-induced degradation of 28 

DOX in aqueous solution. Removal of 10 mg L−1 DOX reached almost 100 % at irradiation 29 

doses of 200 Gy regardless of the dose rate used. The effect of saturated solutions with N2, 30 

N2O, air and the addition of radical scavengers such as 2-PrOH and thiourea on DOX 31 

degradation was investigated. The efficiency of degradation increased in the order: thiourea < 32 

2-PrOH < N2 < air < N2O. The effects of pH, various inorganic ions and water matrix on DOX 33 

degradation were also studied. DOX degradation was lower in underground water than in 34 

ultrapure water. Under prolonged irradiation, mineralization of about 60 % of DOX solutions 35 

was observed based on the dissolved organic carbon (DOC) evaluation. Toxicity tests with V. 36 

fischeri luminescent bacteria showed higher toxicity of samples irradiated at 500 Gy. The main 37 

degradation products were identified using LC-HRMS and degradation pathways were 38 

proposed. Overall, irradiation technology could be a promising technique for the removal of 39 

micropollutants, such as pharmaceuticals in real water matrices. 40 

Keywords: doxazosin, degradation, ionizing radiation, LC-MS, toxicity 41 
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1. Introduction 44 

Water resources and water quality have been a major environmental concern in recent decades 45 

due to rapid population growth, aging population, and current climate change. Due to the 46 

growing demand for pharmaceuticals, their presence in the environment is also increasing. 47 

Several studies have reported the presence of environmental pollutants, including 48 

pharmaceuticals in water, indicating that conventional wastewater techniques such as 49 

membrane filtration, activated carbon adsorption, reverse osmosis, etc., are unable to 50 

efficiently remove emerging pollutants from effluents [1-10]. The concentrations of 51 

pharmaceuticals detected in wastewater can vary from ng L–1 to μg L–1 and in surface waters 52 

up to ng L–1 [11, 12]. However, it was shown that even extremely low concentrations may have 53 

harmful effect on living organisms [13, 14, 15]. Therefore, it is critical to find a technique that 54 

can effectively remove pharmaceuticals from water. Each treatment has advantages and 55 

constraints. Nevertheless, adsorption is often cited as the process of choice for the removal of 56 

many different types of pollutants because it is simple in design, easy to apply, inexpensive 57 

and efficient. However, the main disadvantage is the weak selectivity and the adsorbent used 58 

requires further treatment for complete removal of the pollutants and regeneration of the 59 

adsorbent. On the other hand, ionizing radiation treatment is a novel process among Advanced 60 

Oxidation Processe (AOP). It is a promising, unique and environmentally friendly technique 61 

for the effective removal of pharmaceuticals by their decomposition. The advantages of gamma 62 

irradiation over other AOPs include good penetration into the water matrix, high efficacy, no 63 

need for chemicals, and no secondary contamination [16]. This method has been widely studied 64 

and found to be more efficient and cost-effective than other AOPs [17, 18, 19]. In addition, the 65 

usefulness and efficiency of radiation technology for treating various organic pollutants have 66 

been sufficiently demonstrated at different scales. Recently, great progress has been made in 67 

wastewater treatment by applying radiation technology on an industrial scale [20, 21].  68 
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The application of ionizing radiation for pollutants degradation in water is based on 69 

simultaneous generation of reactive oxidizing and reducing species during the radiolysis of 70 

water, which can then directly react with pollutants. Gamma irradiation of an aqueous solution 71 

produces highly reactive radicals, mainly HO•, H• and e−
aq along with some molecular products 72 

and ions. The extent of their production depends on several factors: the pH of the solution, the 73 

temperature, the energy emitted per unit distance by the incident radiation in the aqueous 74 

medium, the absorbed dose, the dose rate, and the presence of dissolved gases. In some cases 75 

oxidation by •OH radicals is slow and the application of reducing radicals, such as H• and e−
aq, 76 

may be useful.  77 

In natural waters and wastewaters, organic matter and various inorganic salts such as 78 

chlorides, nitrates, nitrites, carbonates, bicarbonates and sulfates have also important influence 79 

on the performance of AOPs. Many studies on AOPs applications [22, 23, 24, 25, 26, 27, 28, 80 

6] showed that the effect of inorganic anions on the degradation process of pollutants varies 81 

depending on the concentration and type of inorganic anions. Comparing some of the most 82 

common anions, the nitrite ion (NO2
−) is the most efficient •OH scavenger. Other efficient 83 

scavengers are NO3
−, CO3

2−, HPO4
2− and HCO3

− [23, 24, 25].  84 

Among widely used pharmaceuticals, antihyperthesive drugs are well-known 85 

pollutants. Doxazosin (DOX), 1-[(4-amino-6,7-dimethoxy-2-quinazolinyl)-4-(1,4-86 

benzodioxan-2-yl-carbonyl)-piperazine monomethanesulfonate], is a drug used preferentially 87 

to treat hypertension and benign prostatic hyperplasia, and very low concentrations of DOX 88 

have been detected in raw water [4]. In our previous publication [29], photolytic and 89 

photocatalytic degradation of DOX with TiO2 were studied. It was found that DOX degradation 90 

was more effective in photocatalytic degradation with TiO2/ UVA than photolysis, but 91 

inefficient in complete mineralization. In the present study, we extended the research by using 92 

another AOP technique, the gamma irradiation technique, for the degradation of DOX in an 93 
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aqueous solution since the effects of gamma irradiation on the degradation of DOX have not 94 

been studied yet. The factors affecting DOX degradation, such as dose rate, the influence of 95 

inorganic ions, water matrix, and pH, were investigated. UV-Vis spectroscopy, HPLC-DAD 96 

and LC-HR MS/MS were used to detect and identify the degradation products, and possible 97 

degradation pathways were proposed. Mineralization of DOX during gamma irradiation and 98 

its toxicity were examined as well.  99 

 100 

2. Materials and methods 101 

2.1. Materials 102 

Doxazosin mesylate (DOX), analytical standard, was provided by Sigma-Aldrich (≥ 97 %, 103 

HPLC). The chemical structure and characteristics of DOX are displayed in Table 1. Chemicals 104 

for HPLC-DAD analyses were as follows: glacial acetic acid 100 % p.a. from Merck, 105 

ammonium acetate from Gram-mol, acetonitrile from Honeywell (HPLC). Potassium hydrogen 106 

phosphate and sodium hydroxide were purchased from Kemika. Methanol and 2-propanol were 107 

purchased from Honeywell (HPLC grade). Sodium nitrate was obtained from Lach-Ner, 108 

sodium hydrogen carbonate from Gram-Mol and thiourea was purchased from Sigma. Formic 109 

acid and acetonitrile for LC-MS analysis were purchased from Carlo Erba (MS grade). 110 

Ultrapure water was obtained from the Mili-Q Advantage A10 purification system (Merck). 111 

All chemicals were used as received without any further purification. 112 

 113 

 114 

 115 

 116 
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Table 1. Chemical and physical properties of doxazosin (1-[(4-amino-6,7-dimethoxy-2-117 

quinazolinyl)-4-(1,4-benzodioxan-2-yl-carbonyl)-piperazine monomethanesulfonate]). 118 

 119 

Molecular formula C24H29N5O8S 

Chemical structure 

 

Molecular weight (g/mol) 547.6 

Solubility 
Freely soluble in dimethylsulfoxide 

Slightly soluble in methanol, ethanol and water (0.8 % at 25 °C) 

pKa 5.45 

Boiling temperature 275-277 °C 

Melting temperature 718 °C 

 120 

2.2. Irradiation studies 121 

Aqueous solutions of DOX were prepared daily in concentrations 1.9 × 10−5 mol L–1. The 122 

experiments were carried out in ultrapure water to allow the identification of products formed 123 

exclusively from the degradation of DOX and not from the reactions of DOX with other 124 

substances present in the environment. The pH of the unbuffered solutions was 6.6. The 125 

samples for the end-product experiments were irradiated in a panoramic type 60Co-γ irradiation 126 

chamber with different dose rates and with the following doses: 0, 0.2, 0.4, 0.6, 0.8, 1 and 2 127 

kGy. Dose mapping of the irradiation facility has been performed experimentally (using 128 

ionizing chambers and ECB dosimetric system) and by simulation calculations [30]. Test 129 

solutions were in equilibrium with air or saturated with N2 or N2O in 15 cm3 ampoules (and 130 

thereafter airtight sealed) prior to irradiation investigation. When the hydrated electron 131 
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reactions were studied 2-propanol (2-PrOH) (0.2 mmol L–1) was applied to scavenge the 132 

hydroxyl radicals. The temperature was kept constant during the irradiation process at 20 ± 2 133 

°C.  134 

To investigate the effect of inorganic anions on the degradation of DOX, an aliquot of the stock 135 

solution was added prior to irradiation. The final concentration of NaHCO3 was 1.9 mmol L–1, 136 

NaNO3 1 mmol L–1 and K2HPO4 was 7 mg L−1, respectively. All solutions were purged with 137 

N2.  138 

The matrix effect was studied using groundwater instead of ultrapure water. 139 

 140 

2.2.1 Calculation of G-value 141 

The G-value is defined as the number of molecules in µmol, produced or decomposed when 142 

absorbing 1 J of energy. It was calculated using the following equation (Spinks and Woods, 143 

1990): 144 

𝐺𝐺 =  [𝑅𝑅] 
𝐷𝐷

 × 106        (1) 145 

R is the disappearance in the reactant concentration, DOX (mol L–1), D the absorbed dose (Gy). 146 

 147 

 148 

 149 

2.3. Analytical procedures 150 

2.3.1. HPLC-DAD measurements and UV-Vis spectrometry 151 

Aqueous solutions of DOX were analyzed by HPLC-DAD (UV-Vis) KNAUER K-501 152 

(Germany). The separation was achieved using Nucleosil C18 column (5 μm, 4.0 × 250 mm). 153 

The column thermostat was maintained at 25 °C and the injection volume was 100 μL. The 154 

mobile phase consisted of acetonitrile (A) and ammonium acetate (2.5 mM, pH 4) (B). The 155 

ratio of eluent A and eluent B was changed from initial 60 / 40 to 30 / 70 over 15 minutes. The 156 
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flow rate was 1.5 mL min−1 and the monitored wavelengths were 247 nm and 330 nm. The 157 

retention time for DOX was 7.1 min.  158 

The absorption spectra of DOX within irradiation time were recorded in the wavelength 159 

range of 200-800 nm using UV-Vis spectrophotometer, Varian Cary 4000. 160 

 161 

2.3.2. Identification of products by LC-HRMS/MS  162 

Degradation products were analyzed by high pressure liquid chromatography - high-resolution 163 

mass spectrometry using Agilent 6550 Series Accurate-Mass-Quadrupole Time-of-Flight mass 164 

spectrometer coupled with Agilent 1290 Infinity II UHPLC. Samples for tandem mass 165 

spectrometry (LC-HRMS/MS) analysis have been concentrated 10 times in order to detect 166 

maximal number of reaction products. Chromatographic separation was performed on Zorbax 167 

Eclipse Plus C18 (1.8 μm, 2.1 × 50 mm) column. The mobile phase consisted of 0.1 % formic 168 

acid in water (A) and acetonitrile (B). Elution was performed by gradient profile as follows: 0 169 

min 90 % A; 10 min 50 % A; 12 min 30 % A. Flow rate was set at 0.4 mL min‒1, column 170 

temperature was 30 °C and the injection volume was 5 μL. The electrospray ionization was 171 

performed in positive mode in the mass range 100 – 800 m/z for MS analysis and 50 – 500 m/z 172 

for MS/MS analysis. Collision-induced dissociation was performed using collision energies 173 

(CE) 10 V, 20 V and 40 V. The other parameters of mass spectrometer were optimized as 174 

follows: capillary voltage, 3500 V; sheath gas temperature, 350 °C; sheath gas flow rate, 11 L 175 

min‒1; drying gas temperature, 200 °C; and drying gas flow rate, 14 L min‒1. Nitrogen was used 176 

as drying and sheath gas. 177 

 178 

2.3.3.Dissolved organic carbon (DOC) measurements 179 

DOC concentrations were determined using the sensitive High-Temperature Catalytic 180 

Oxidation (HTCO) method at 680 °C (Shimadzu total organic carbon analyzer model TOC-181 
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Vcph with Pt/Si catalyst, calibrated with potassium hydrogen phthalate). Non-Dispersive 182 

Infrared (NDIR) detector for CO2 was used for DOC measurements. Pt on silica was used as a 183 

catalyst to determine the dissolved fraction (DOC). Samples were acidified to pH 2 with 2 184 

mmol L‒1 HCl and purged with pure air for 10 min prior to analysis in order to eliminate the 185 

inorganic carbon. The concentration was calculated as an average of three to five replicates 186 

[31].  187 

 188 

2.3.4. Toxicity experiments (Antimicrobial activity) 189 

Untreated sampes and samples treated with 50, 100 and 500 Gy were tested for antimicrobial 190 

activity against Staphylococcus aureus ATCC 6538 and an environmental isolate of Vibrio 191 

fischeri from the Adriatic Sea using a broth microdilution method according to the CLSI 192 

guidelines [32] with minor modifications. Bacterial strains were recovered from –80 °C using 193 

tryptone soya agar (Biolab, Hungary). Fresh overnight growth was used to prepare inocula to 194 

0.5 McFarland by turbidity adjustment in 5 mL of sterile phosphate-buffered solution using a 195 

turbidimeter (bioMérieux, France) and thereafter diluted with cation-adjusted Mueller-Hinton 196 

broth (Merck, Germany) to reach the final concentration of ~5 × 105 CFU mL‒1 per well. All 197 

assays employed positive (inoculated media without the tested sample) and negative (sterile 198 

media) control. All cultivations of bacteria and assays were performed aerobically at 30 ºC and 199 

in duplicates. The concentration range tested was from 2.5 ppm to 0.005 ppm. Briefly, sample 200 

solutions of 10 ppm were 2-fold diluted with culture broth and 100 µL placed in first column 201 

of microtitre plates. Columns 2 to 10 were filled with 50 µL of culture broth and serial 2-fold 202 

dilutions of test samples were performed by transferring 50 µL using multichannel pipette and 203 

discarded after the 10th column as columns 11 and 12 were reserved for positive and negative 204 

controls, respectively. Thereafter, the wells were filled with 50 µL of culture broth diluted 205 

bacterial inocula (except column 12) to obtain final bacterial concentration of ~5 × 105 CFU 206 
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mL‒1 in a total reaction volume of 100 µL. Results were interpreted both visually and 207 

spectrophotometrically using a microplate reader (Tecan, Austria). Plates were first shaken for 208 

10 s in orbital mode with an amplitude of 3 mm and then absorbance was scanned at wavelength 209 

of 600 nm (OD600) with 25 flashes after 100 ms of settle time with microtitre lid in place. 210 

Since no complete inhibition of bacterial growth was observed, the growth in each well was 211 

expressed as a percentage relative to the growth in respective positive control wells. 212 

 213 

2.3.5. Statistical analysis  214 

All experimental results were performed at least in triplicate (n ≥ 3) in order to evaluate the 215 

reproducibility of measurements the data are expressed as means ± SD. 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 
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3. Results and discussion 232 

The degradation of DOX in aqueous solution by gamma irradiation was investigated 233 

under different experimental conditions (dose rate, pH, presence of inorganic salts, presence of 234 

dissolved gases) since the production of reactive radicals like •OH, H• and e−
aq depends on those 235 

factors. In addition to the generation of strong oxidants •OH by gamma radiation, the radiolysis 236 

of water generates the same amount of reducing species (Eq. 2): 237 

H2O      (0.28) eaq
−, (0.062) H•, (0.28) •OH, (0.047) H2, (0.073) H2O2, (0.28) H3O+      (2) 238 

The values in the brackets represent the G-values of each species in units of µmol J−1.  239 

 240 

3.1. The dose rate influence  241 

A typical decomposition curve of DOX by γ-radiation at different dose rates is shown in Fig. 242 
1. 243 

 244 

 245 

Figure 1. The effect of dose rate on degradation of DOX  under aerobic conditions. 246 
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Experiments were performed in duplicate to ensure the reproducibility of data for each 247 

irradiation dose. At an absorbed dose of 200 Gy, the degradation of DOX increased from 90.7 248 

to 95.6 and 98.3 % with increasing dose rate from 0.11, to 0.54 and 5.75 Gy s–1, respectively. 249 

At a higher dose rate, the amount of energy absorbed by water molecules increases, leading to 250 

a higher concentration of primary radicals and thus to a higher DOX degradation rate. The 251 

decomposition of DOX by γ-irradiation was compared with the calculated G-values (Eq. 1). At 252 

an initial DOX concentration of 10 mg L–1, the G-values decreased with the increase of the 253 

absorbed dose from 100 Gy to 1000 Gy (Table 2), which was also reported in several other 254 

studies [16, 18, 33]. 255 

Table  2. G-values of DOX in aqueous solution irradiated under air, γ(DOX) = 10 mg L−1 256 

Absorbed dose / Gy G-value / µmol J−1 

            5.75 Gy s−1                      0.54 Gy s−1                  0.11 Gy s−1 

50 / 0.236 0.122 

100 0.161 0.151 0.125 

200 0.090 0.09  0.086 

500 0 0 0.037 

1000 0 0 0 

 257 

The decreasing trend of G-values could be due to the increased possibility of radicals 258 

recombination reactions (Eq. 3-6) (Buxton et al., 1988, 33) competing with radical-pollutant 259 

reactions. Basfar and co-authors [33] also suggested that at higher radiation doses, the by-260 

products formed could compete with the parent compound for the radicals. 261 

•OH  +   •H              H2O                            (k = 7 × 109 M−1 s−1)       (3) 262 

•OH  +   •OH           H2O2                       (k = 5.5 × 109 M−1 s−1)    (4) 263 

•OH   + eaq
− + •H              H2 + OH−         (k = 2.5 × 1010 M−1 s−1)   (5) 264 
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•OH   + eaq
−           OH−                    (k = 3.0 × 1010 M−1 s−1)   (6) 265 

3.2. Radicals involved in decomposition of DOX (P = 0.54 Gy s−1) 266 

To investigate the effect of different reactive species on the radiolytic decomposition of DOX,  267 

radical scavengers were used before irradiation: air, N2O, N2, 2-PrOH and thiourea. The 268 

optimal dose rate of 0.54 Gy s−1 was used. The UV-Vis spectra of DOX after the irradiation 269 

under different conditions are shown in Fig. 2. Since thiourea absorbes in the same UV-Vis 270 

region as DOX, the influence of radicals involved in decomposition was monitored by HPLC. 271 

It is clear that DOX was degraded under all experimental conditions, and the degradation was 272 

increased with an increase in irradiation dose.  273 

 274 

 275 

                  Figure 2. UV-Vis spectra of DOX degradation under different conditions. 276 

As shown in Fig. 3., the degradation of DOX at 100 Gy was almost complete under N2O 277 

conditions, 80 % of DOX was degraded in equilibrium with air, 73.4 % was degraded under 278 

N2 conditions, 32.2 % was degraded by the addition of 2-PrOH and only 7 % was degraded in 279 

the presence of thiourea. The efficiency of degradation increased in the following order: 280 

thiourea < 2-PrOH < N2 < air < N2O. The explanation for this behaviour may become clearer 281 

if one looks at the individual reactions under different experimental conditions. 282 
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 284 

Figure 3. The influence of radicals involved in the decomposition of DOX.  285 

N2O (●), air (■), N2 (▲), 2-PrOH (▼), thiourea (♦) 286 

 287 

In experiments performed in aerated conditions the reactions presented in equations 7-288 

9 occur [33, 35]. 289 

O2   +    eaq
−                 O2

•−            (k = 1.9 × 1010 M−1 s−1)    (7) 290 

O2   +    •H                   HO2
•           (k = 2.1 × 1010 M−1 s−1)    (8) 291 

O2
•−    +   H+                HO2

•           (k = 8 × 105 M−1 s−1)         (9) 292 

As can be seen, the reducing species H• and eaq
− are converted to HO2

• and O2
•− (Eq. 7 and 8), 293 

and O2
•− is further converted to HO2

•. It can be concluded that under aerobic conditions the 294 

HO2
• radicals are the dominant species in aqueous solution.  295 

Under N2O saturated conditions (anaerobic conditions), •OH is the major reactive 296 

intermediate as eaq
− converts to •OH (Eq. 10): 297 

eaq
−    +  N2O  +  H2O              •OH     +   N2   +  OH−      (10) 298 

The relatively lower degradation of DOX in air compared to degradation in N2O is due to the 299 

lower reactivity of HO2
• compared to •OH radicals. 300 
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During radiolysis of N2 saturated aqueous solutions •OH and eaq
− are present and react 301 

with DOX. In general, a lower reactivity of eaq
− toward DOX compared to •OH radicals [24, 6] 302 

was observed under deaerated conditions.   303 

Since eaq
− and •OH are the main reactive species under N2 conditions, in order to study the 304 

influence of eaq
− on DOX degradation it was necessary to remove •OH from the system. This 305 

can be achieved by adding methanol, 2-PrOH, tert-butanol or thiourea which effectively 306 

remove •OH [16, 24]. 2-PrOH is known to be a strong scavenger of H• and •OH by forming less 307 

reactive radical •CH2CCH3OH according to the following equations: 308 

 •OH + (CH3)2COH              H2O + •CH2CCH3OH              k = 1,9 × 109 M−1 s−1      (11) 309 

 H• + (CH3)2COH                 H2 + •CH2CCH3OH                 k = 7,4 × 107 M−1 s−1    (12) 310 

For that reason, we used 2-PrOH as a radical scavenger to investigate a possible reaction of 311 

eaq
− with DOX. As can be seen from Fig. 3., the eaq

− reacted with DOX but has the smallest 312 

effect on DOX degradation in comparison to other radicals. 313 

On the other hand, thiourea is a fast scavenger of all three major radicals formed in the 314 

radiolysis of water, •OH, H• and eaq
−. The addition of thiourea almost completely retarded the 315 

degradation efficiency of DOX at the same absorbed dose. These experimental results indicated 316 

that primary reactive species (H• and eaq
−) are also involved in  the degradation of DOX. 317 

 318 

3.3. The influence of different inorganic ions on DOX degradation 319 

It is known that inorganic salts can affect the efficiency of pollutants degradation [25, 36, 37], 320 

and have important influence on performance of AOPs [38]. In this part of the study NO3
−, 321 

HPO4
2− and HCO3

−  were chosen as the model radical scavengers to study their effect on DOX 322 

degradation behaviour. The results are shown in Fig. 4.  323 
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 324 

Figure 4. The effect of different inorganic ions on radiolytic degradation of DOX in  325 

N2-saturated aqueous solution. 326 
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HCO3
− can react with •OH radicals (Eq.17) to form CO3

•−which has a lower redox 343 

potential (1.59 V) and higher selectivity compared to •OH radicals. The high selectivity and 344 

longer lifetime of CO3
•−in solution may lead to better removal performance in the degradation 345 

of organic pollutants [38]. HCO3
− scavenges •OH and eaq

− by relatively slow reactions (Eq. 17 346 

and 18): 347 

•OH   +  HCO3
−               CO3

•−   +   H2O   (k = 1.0× 107 M−1 s−1)      (17) 348 

eaq
−       +      HCO3

−                  products   (k = 1.0× 106 M−1 s−1)       (18) 349 

Since these reactions are quite slow and the reaction rate of CO3
•− with organic pollutants is 350 

lower than that of •OH, HCO3
− ions had no effect on the degradation of DOX. Thus, organic 351 

pollutant degradation occurred by hydroxyl radicals.  352 

Phosphate ions in solution can exist in various forms and the reaction rates between 353 
•OH and different phosphate ions can be significantly different. During ionizing irradiation 354 

HPO4
2− reacts with •OH radicals forming HPO4

•−at a rate constant of 1.5 × 105 M−1 s−1 which 355 

is slow enough not to affect degradation of DOX. Despite this result, the reactivity of phosphate 356 

radicals for aromatic compounds is comparable with •OH so their contribution in the removal 357 

of organic pollutants in real water matrices should not be neglected. 358 

As far as the effect of tested inorganic anions is concerned the presence of NO3
− most 359 

strongly affected the removal efficiency of DOX compared with other ions tested. The 360 

relatively higher inhibition in the presence of NO3
− could be due to the high rate constant of 361 

•OH radical with NO3
− leaving relatively less •OH for reaction with DOX. However, at an 362 

absorbed dose of 1000 Gy almost 99 % of DOX was degraded regardless of the presence of 363 

inorganic ions indicating that the reaction of •OH oxidation and direct decomposition 364 

contributed to the degradation of DOX.  365 

To investigate the effect of water components on the removal of DOX by radiation the 366 

underground water was used. Real water samples such as groundwater are characterized by a 367 

complex composition. The dissolved organic substances could compete with the target 368 

pollutant for reactive species that are formed during irradiation and accelerate or slow down 369 

degradation [25]. Ultrapure water and groundwater samples containing equal concentrations of 370 

DOX were purged with N2 and irradiated with a dose ranging from 25 Gy to 1000 Gy (Fig. 5). 371 

The dose constant, k, was determined by considering that pollutant degradation kinetic data fits 372 

a pseudo-first order kinetics (Fig. 6). The results revealed that the degradation of DOX in 373 

groundwater was significantly slower than in ultrapure water, which was expected based on 374 
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the results presented in Fig. 4. One explanation for this decrease in the dose constant is that the 375 

species produced by radiolysis also react with other solutes in the medium, including dissolved 376 

organic matter and inorganic compounds present in groundwater. Ocampo-Perez and co-377 

authors [25] reported that the rate constant for degradation of cytarabine by gamma irradiation 378 

was lower in groundwater and surface water and significantly lower in wastewater than in 379 

ultrapure water. A similar trend was observed for the degradation of metronidazole [39], 380 

cytarabine [25] and diphenolic acid [40] in different types of water matrix. 381 
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Figure 5. The influence of water matrix on the degradation of DOX. 383 

 384 

Figure 6. Degradation kinetics of DOX in aqueous solution. 385 
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 386 

3.4. The effect of solution pH on degradation of DOX 387 

The G-values of the reactive species formed during water radiolysis depend on the pH of the 388 

solution. The pH value of the DOX water solution was 6.5, without adjustment. The desired 389 

pH values of 3.5 and 9.5 were prepared by adding  hydrochloric acid or sodium hydroxide 390 

before the irradiation process. The fastest degradation occurred at pH 6.5 (84 %) at an absorbed 391 

dose of 200 Gy, while it was 71 % at pH 9.5 and 75 % at pH 3.4 (Fig. 7). The results show that 392 

DOX degraded the most at approximately neutral pH, which is probably due to higher 393 

concentration of •OH and O2
•− radicals at this pH. In alkaline solution, especially above pH 10 394 

less reactive O•− species are formed and the concentration of •H and •OH is reduced (Eq. 19 395 

and 20) causing the •OH concentrations to decrease and resulting in lower degradation 396 

efficiency. 397 

•OH  + −OH                   O•−   +   H2O             k = 1.3 × 1010   M−1 s−1    (19) 398 

•H  + −OH                       eaq
−   +   H2O          k = 2.2 × 107   M−1 s−1      (20) 399 

Under acidic conditions following reaction (21) occurs: 400 

eaq
−   +   H+                •H                                 k = 2.3 × 1010   M−1 s−1    (21) 401 

The conversion of eaq
− to •H (Eq. 21) prevented the reaction of eaq

− and •OH ( Eq. 6) leaving 402 

more •OH radicals to react with target pollutant. 403 
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Figure 7. The influence of pH on radiolytic degradation of DOX . 405 
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3.5. Identification of products by LC/MS measurements 406 

Aqueous solutions of DOX were irradiated with 50 Gy (P = 0.54 Gy s−1) in the presence of air 407 

and N2O and analyzed by LC-HRMS. The degradation products were detected, and their 408 

structures were suggested based on their tandem mass spectra (table SI1 in SI). Collision-409 

induced dissociation (CID) was performed at three different collision energies (CE), and the 410 

m/z values and corresponding relative intensities of the fragment ions are listed in Tables SI2 411 

– 15 in SI. The degradation pathways are shown in Schemes 1 and 2. 412 

A chromatographic peak belonging to protonated DOX (m/z 452.1928) was found in both 413 

samples, at a retention time of 5.9 min. The MS/MS analysis revealed two possible pathways 414 

of fragmentation of the molecule, by bond breaking of the piperazine ring, giving ions of m/z 415 

247, 233, 231, and 220, and by bond breaking between the piperazine ring and the 416 

benzodioxane moiety, giving ions at m/z 163, 135 and 289. However, the main fragmentation 417 

pathway was bond breakage in the dioxane ring, which formed an ion at m/z 344. These ions 418 

are characteristic in the CID spectra of DOX and can also be found in the CID spectra of most 419 

of its degradation products, depending on their structure. Based on these spectra, fragmentation 420 

pathways of DOX and its degradation products were proposed and can be found in SI (Figures 421 

SI2 – 12). The proposed structures of the fragment ions of DOX are consistent with the 422 

literature [41, 42] However, it should be noted that both ESI [42] and EI [41] ionization modes 423 

were used. 424 

Analysis of the two irradiated samples showed a similar set of degradation products, with some 425 

differences. The chromatographic peak at a retention time of 1.3 min can be assigned to 426 

compound 1 with a molecular ion of m/z 394 and molecular formula C17H23N5O6. Compound 427 

2 of m/z 378 and molecular formula C17H23N5O5 (retention time 1.7 min) may be treated as a 428 

primary product of transformation. Its formation involves the cleavage of the dioxane moiety. 429 

Its further hydroxylation results in formation of compound 1. 430 

The ion of m/z 468 appeared at four retention times in both samples, although only one isomer 431 

dominated in the sample irradiated in the presence of air, whereas all four were equally 432 

prevalent in the sample irradiated in the presence of N2O (Fig. 8). These compounds correspond 433 

to monohydroxylated DOX, and MS/MS analysis of these compounds can provide some insight 434 

into their structures (Fig. 9 and Tables SI6, 7, 8 and 15 in SI). Compound 4 with a retention 435 

time of 4.2 is formed by hydroxylation of the piperazine ring, which can be confirmed by the 436 

presence of ions m/z 135, 360, 342, and 450. Compounds 5a and 5b are formed by 437 
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hydroxylation of the aromatic ring of the benzodioxane moiety. This was confirmed by MS/MS 438 

analysis as ions of m/z 135 and 163 corresponding to the benzodioxane moiety were not 439 

observed. Also, the presence of ions of m/z 344 and 290 confirms that hydroxylation didn’t 440 

occur at the piperazine moiety. The differences in retention times (4.5 min and 4.9 min) could 441 

be due to the position of the hydroxyl group. Another monohydroxylated product, compound 442 

10, was found with a retention time of 5.7 min. The MS/MS analysis indicates hydroxylation 443 

of the piperazine ring, due to the presence of ions of m/z 360, 342 and 306. The longer retention 444 

time can be explained by the formation of hydrogen bonds between the hydroxyl group and a 445 

carbonyl group. It is known that the formation of intramolecular hydrogen bonds leads to a 446 

decrease in solute-solvent association, causing the increase in solute-stationary phase 447 

association, and therefore longer retention times [43, 44]. 448 

Compounds 6a and 6b were found in both samples and correspond to addition of water 449 

molecule to the double bond in benzene ring with destruction of aromaticity. According to the 450 

CID spectra, the hydroxylation occurred on the aromatic ring of the benzodioxane moiety. The 451 

presence of two chromatographic peaks indicates different positions of the hydroxyl group. 452 

Compound 3 of m/z 486 corresponds to a dihydroxylated and reduced product in which both 453 

hydroxyl groups are located in the piperazine ring. Its possible non-reduced precursor of m/z 454 

484 with two hydroxyl groups was not detected in the TIC chromatogram. However, extracted 455 

ion chromatogram based on the current of m/z 484.1825 ion demonstrated a number of peaks 456 

with various retention times (Figure SI1). It is rather logical as each of four detected primary 457 

hydroxylated products (ions of m/z 468) can further react with introduction of the second 458 

oxygen atom into the molecule. Since the forming compounds are rather reactive their levels 459 

are rather low. 460 

Compounds 8a and 8b, with retention times of 5.3 and 5.5 min, correspond to products with 461 

one hydrolyzed methoxy group. The structures of these products are confirmed by MS/MS 462 

analysis where ions were observed at m/z 233, 207, 330, 231, 276, and 220. Small differences 463 

in retention times suggest that the position of the hydroxyl group may affect the polarity of the 464 

compounds and their retention times. 465 

Two other degradation products were found only in the sample irradiated in the presence of 466 

air. Compound 7 may be formed by the partial rupture of the piperazine moiety, and compound 467 

9 may be formed from compound 4 by elimination of water molecule from the piperazine cycle. 468 
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The presence of ions of m/z 163 and 342 in the CID spectra of compound 9 confirms the 469 

presence of the original carbonyl group.  470 

Since compounds 2 (in air) and 5 (in N2O) were the most abundant, we proposed a mechanism 471 

for their formation in Scheme 3. For the formation of compound 2, a ring cleavage of 1,4 472 

dioxane with the elimination of o-dihydroquinone is proposed. On the other hand, compound 473 

5 was formed by addition of •OH to the aromatic ring.         474 

Comparing the degradation products obtained by gamma irradiation with the previously 475 

reported [29] degradation products obtained by UVA and UVC irradiation, significant 476 

differences can be observed. Only compounds 2 and 5 obtained under gamma irradiation 477 

conditions were also found under photolytic conditions. Compounds 6 and 7 obtained under 478 

gamma irradiation conditions had exactly the same mass and molecular formula as the 479 

corresponding compounds found under photolytic conditions, but MS/MS analysis showed 480 

differences in the structures. All other compounds found under gamma irradiation conditions 481 

were new, and were not observed under UV irradiation conditions. 482 

 483 

 484 
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Scheme 1. Proposed degradation pathway of DOX under gamma irradiation in the presence 485 

of N2O. 486 

 487 

 488 

Scheme 2. Proposed degradation pathway of DOX under gamma irradiation in the presence 489 

of air. 490 

 491 

 492 

 493 



24 
 

 494 

 495 

Figure 8. Extracted ion chromatograms (m/z 468.1890) for monohydroxylated DOX obtained 496 

under gamma irradiation in the presence of N2O (a) and air (b). 497 
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 504 

Figure 9. CID tandem mass spectra of compound 4 (a), 5a (b) and 10 (c) under CE 40 V 505 

conditions. 506 
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 507 

Scheme 3. Proposed mechanism of formation of the most common degradation products after 508 
gamma irradiation of DOX in air (A) and in N2O (B). 509 

 510 

3.6. DOC analysis of aqueous DOX solution and toxicity  511 

The efficiency of radiolysis of  DOX depends not only on the effectiveness of degradation but 512 

also on the mineralization of the parent compound. DOC removal was evaluated to assess the 513 

mineralization efficiency of DOX in an aqueous solution. DOC value decreased when 514 

irradiation dose was increased. A reduction of 10, 34, and 60 % of DOC was observed when 515 

the irradiation dose was increased from 1 to 10 kGy (Fig. 10). The results indicate that despite 516 

the strong degradation of DOX at low irradiation doses, higher doses are required for the overall 517 

mineralization process. Higher mineralization occurs due to the degradation of the formed 518 

intermediates of DOX as the absorbed dose increases.  519 
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In many cases, extremely high absorbed doses are required to achieve complete mineralization 520 

[45], which is not cost-effective for practical use. To overcome the drawbacks of single AOP, 521 

ionizing radiation is therefore often combined with other methods such as H2O2, ozone or 522 

subsequent biological treatment to improve the effectiveness of degradation and reduce costs 523 

[46, 47]. 524 
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Figure 10. The influence of irradiation dose on DOC. 526 

527 
Figure 11. The influence of irradiated DOX aqueous solution on the relative growth of V. 528 

fischeri and S. Aureus. 529 
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In addition to the degree of mineralization as a measure of the effectiveness of the 530 

applied AOP process, another important factor is the change in toxicity during irradiation. 531 

Generally, treatment with different AOPs can affect the toxicity of organic products by 532 

changing the structure of the parent compound and forming by-products with a lower molecular 533 

weight [48, 49, 50, 51, 52]. As shown in Fig. 11 there was no complete inhibition of the relative 534 

growth of V. fischeri and S. aureus. V. fischeri was more sensitive to the presence of DOX. 535 

Partial growth inhibition was observed in the control sample (0 Gy) in a dose-dependent 536 

manner with a ceiling effect of growth inhibition of approximately 40-50 % relative to the 537 

growth control sample. A similar effect was observed in irradiated samples, particularly in V. 538 

fischeri where the ceiling effect was predominant even at low DOX concentrations. Under 539 

higher irradiation dose (500 Gy) DOX was no longer detected and the toxicity could correspond 540 

to the by-products. In general, samples irradiated at higher doses were more toxic than those 541 

irradiated at lower doses [53]. 542 

 543 

 544 

 545 

  546 
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4. Conclusions  547 

The present work shows that gamma irradiation is very efficient and promising technology for 548 

the effective removal of  DOX in aqueous solution. The high removal efficiency of DOX under 549 

N2O (> 99 %) and under air (80 %) at dose of 100 Gy were accompanied with low degree of 550 

mineralization (10 % at dose of 1 kGy). Despite the strong degradation of DOX up to 200 Gy, 551 

much higher doses are required for the overall mineralization process. In the absence of 552 

inorganic anions •OH was the predominant radical species responsible for DOX degradation 553 

during gamma irradiation. The degradation of DOX was less efficient in the presence of NO3
− 554 

and especially in underground water due to the presence of organic matter and various 555 

inorganic ions. DOX degradation was favorable in the neutral, slightly acidic range (pH = 6.5) 556 

and decreased under acidic or alkaline conditions. Samples irradiated with 500 Gy resulted in 557 

higher toxicity testing on V. fischeri bacteria than samples irradiated with lower doses. 558 

LC-HRMS/MS analyses allowed the identification of 9 degradation products in N2O saturated 559 

aqueous DOX solution and additional two in equilibrium with air. Detailed degradation 560 

pathways have been proposed. 561 
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