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A B S T R A C T

Degradation of ibuprofen, triclosan, diclofenac, and ketoprofen in real wastewater effluent by gamma radiation/ 
hydrogen peroxide was investigated on the basis of removal efficiencies, G-values, and kinetics. Gamma irra
diation was performed using a60Co source irradiator in the presence of different concentrations of hydrogen 
peroxide. The analyses of the pollutants were performed before and after irradiation treatment using a Liquid 
Chromatography-Mass Spectrometry (LC-MS) system. The addition of 0.5% hydrogen peroxide resulted in an 
enhanced removal efficiency of the target pollutants (93.92% for ibuprofen, 99.47% for triclosan, 86.65% for 
diclofenac, and 86.32% for ketoprofen) compared with the performance of the gamma irradiation process alone. 
The rate constants (k) of ibuprofen, triclosan, diclofenac, and ketoprofen increased by 1.42, 2.38, 1.38, and 3.37 
times with 0.5% hydrogen peroxide addition, respectively. Moreover, the 90% decomposition of the target 
pollutants was achieved at lower doses in the gamma-ray/hydrogen peroxide system in comparison with the 
gamma treatment without hydrogen peroxide. Fukui functions and dual descriptor were calculated using density 
functional theory (DFT) to investigate the sensitivity of the target pollutants to hydroxyl radical attacks, to 
identify the initial reaction pathway, and to predict the degradation by-products. The findings were consistent 
with literature mechanisms and observed by-products.

1. Introduction

Water pollution is one of the global problems that threaten the future 
of humanity. In today’s world, indirect and direct discharges of pollut
ants into water bodies without appropriate treatment cause water 
pollution all over the world. Conventional wastewater treatment plants 
have the objective of reducing pollution levels to meet the permitted 
limits set by national regulatory authorities and to adhere to interna
tional criteria that allow the safe discharge or reuse of treated waste
water. However, some compounds are poorly removed during the 
wastewater treatment process, meaning they commonly end up in nat
ural waters. Organic compounds previously not recognized or regarded 
as important in terms of their distribution and concentration that are 
now being more widely detected in aquatic environments are called 
emerging organic pollutants (EOPs). These compounds include a wide 
array of different compounds, such as pharmaceuticals, personal care 
products, surfactants, plasticizers, and various industrial additives, 

which have been found to cause significant and lasting harm to the 
environment and human health. EOPs can have a lethal impact on the 
endocrine systems of humans and wildlife, even when present in trace 
quantities (μg/L or ng/L) (Wang and Chu, 2016).

Several studies were carried out to evaluate the feasibility of utilizing 
ionizing radiation (gamma-rays or electrons) to eliminate persistent 
pollutants and disinfect treated water and sludge. The findings of these 
investigations suggest that the use of ionizing radiation treatment holds 
significant potential from both a technical and economic standpoint 
(Abdel Rahman and Hung, 2020). Irradiation facilities can be built as 
add-on systems to the conventional wastewater treatment plant. 
Wastewater irradiators can provide extremely high treatment effi
ciencies in contrast to many other advanced oxidation process (AOP) 
technologies. Radiation processing in wastewater treatment, similar to 
other AOPs, relies on the oxidation of organic pollutants through hy
droxyl radicals. Moreover, the production of reactive reducing species in 
addition to hydroxyl radicals during the radiolysis of water facilitates 
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the degradation of several types of EOPs through oxidation and/or 
reduction pathways (Hina et al., 2021).

In our previous study (Genç et al., 2024), the effect of gamma radi
ation treatment on the different organic contaminants present in real 
wastewater effluent samples was investigated. Our validated analytical 
procedure revealed that the concentrations of the target EOPs were at 
sub-μg L− 1 levels. Compared to the literature data obtained from syn
thetic water samples, it was found that relatively high doses (10–30 kGy) 
were necessary to attain high removal efficiencies. This is primarily due 
to the competition between trace concentrations of EOPs and the other 
components present in real wastewater. The required high doses make 
the irradiation method expensive and time-consuming. Recently, the 
studies regarding gamma radiation in combination with different addi
tives were performed to achieve a synergetic effect of degradation. 
Hydrogen peroxide, the most commonly used additive, has proven to be 
effective for the degradation of extensive aqueous contaminants as a 
potential source of hydroxyl radicals (Egerić et al., 2024). In their study, 
Chu et al. (2021) demonstrated that H2O2 addition during gamma 
irradiation exhibited a synergetic effect on the removal of COD and 
antibiotics in the secondary effluent from an antibiotic wastewater 
treatment plant. In a separate study conducted by Shah et al. (2020), it 
was shown that when a 15 μM Congo red solution was exposed to a dose 
of 1.184 kGy, 53% of the compound was degraded. However, the 
addition of H2O2 significantly enhanced the degradation process, 
resulting in a remarkable 98% degradation under the same experimental 
conditions. The results reported by Iqbal and Bhatti (2015) showed that 
gamma radiation/H2O2 treatment has the potential to mineralize and 
detoxify nonylphenol polyethoxylates at 15 kGy irradiation dose and 
4.58% H2O2. Another study performed by Choi et al. (2010) revealed 
that the combination of gamma irradiation and H2O2 remarkably 
increased the degradation efficiency of alachlor and the total organic 
carbon removal. Other studies on various organic compounds have 
demonstrated that H2O2 is the predominant additive that facilitates 
degradation in the presence of gamma irradiation (Alkhuraiji et al., 
2017; Jia-Tong et al., 2017; Huang et al., 2016; Yu et al., 2010). In the 
light of these studies, gamma radiation was coupled with hydrogen 
peroxide to accelerate the process by generating additional hydroxyl 
radicals and reduce the required dose for degradation in this work. 
Ibuprofen (IBU), triclosan (TCS), diclofenac (DCF), and ketoprofen 
(KET) were here selected as model EOPs. In our previous study, the 
maximum degradation efficiency was achieved for IBU at 10 kGy, TCS 
and DCF at 20 kGy, and KET at 30 kGy using gamma irradiation alone, 
therefore the synergetic effect of gamma irradiation and hydrogen 
peroxide on these contaminants was investigated at the lowest examined 
dose (10 kGy) in this study.

A reaction mechanism describes the process in which the reactants in 
a chemical reaction are transformed into products. Therefore, the re
action mechanism depends on the molecular structure, the functional 
groups in the molecule, and the characteristics of the incoming reagent. 
Since products of water radiolysis behave as either electrophiles or nu
cleophiles, it is important to identify the electron-rich and electron-poor 
regions of the molecule for the attack. Quantum mechanics-based ap
proaches, such density functional theory (DFT), can be used alongside 
experimental findings to gain a deeper understanding of reaction 
mechanisms and provide mechanistic insight. Local reactivity de
scriptors (LRD) derived from DFT are employed to accurately charac
terize the reactivity site of molecules. The Fukui function, also known as 
the frontier function, is the most significant LRD that aids in compre
hending the local reactivity and selectivity of a molecule. Different types 
of Fukui indices are prescribed for electrophilic (f − ), nucleophilic (f+), 
and radical (f0) attacks (Pal and Chattaraj, 2023; Pucci and Angilella, 
2022). The dual descriptor (f (2)), derived from the difference between 
the nucleophilic and electrophilic Fukui indices, is considered a more 
reliable LRD to measure site reactivity (Martínez-Araya, 2015). There
fore, these indices can be used to determine the reactivity of the target 

EOPs with hydroxyl radicals. In recent studies, the condensed Fukui 
functions has been increasingly applied to calculate the reaction sites of 
organic pollutants with hydroxyl radicals (He et al., 2023; Rath et al., 
2023; Dwinandha et al., 2022; Huo et al., 2021; Jia et al., 2016). 
However, these studies have certain limitations, as they do not 
comprehensively assess all the condensed Fukui functions and dual 
descriptor simultaneously. Therefore, the applicability of the condensed 
Fukui indices to evaluation the reactive sites and the initial reaction 
mechanism is still a challenge.

In this study, Fukui functions and dual descriptors of target EOPs 
(IBU, TCS, DCF, and KET) were also calculated to determine the local 
electrophilic, nucleophilic, and radical sites in order to evaluate the 
electrophilic hydroxyl radical attack regions and initial degradation 
pathways as well as predict the by-products. The findings were 
compared with the experimental observations and literature data to 
assess the consistency between theoretical calculations and experi
mental results, as well as the applicability of LRD.

2. Materials and methods

2.1. Chemicals and reagents

All chemical reagents utilized in this study were of high-purity 
analytical grade and employed without additional purification. 
Ibuprofen, triclosan, diclofenac, and ketoprofen (molecular structures 
are given in Fig. S1) were purchased from Sigma-Aldrich. A Milli-Q 
Gradient Water Purification system (Millipore, Billerica, MA, USA) 
was used to provide highly purified water.

Stock solutions of ibuprofen (0.0970 mmol L− 1), triclosan (0.0691 
mmol L− 1), diclofenac (0.0675 mmol L− 1), and ketoprofen (0.0786 
mmol L− 1) were prepared by individually dissolving the standards in 
acetonitrile. Then, these solutions were diluted with acetonitrile to 
prepare working solutions for the calibration graph.

Glass containers were used to collect the wastewater effluent samples 
from the Gebze wastewater treatment facility located in Kocaeli. These 
samples were then transported to the laboratory and were stored in the 
dark at a temperature of 4 ◦C for no more than one week before irra
diation, and then immediately analyzed.

2.2. Gamma irradiation

The wastewater effluent samples were placed in 1 L glass bottles with 
screw-cap for gamma irradiation. H2O2 was added into the vials before 
the irradiation, making the initial H2O2 concentrations 0, 0.1, 0.5, and 
1.0%. The initial pH of the samples was in the range of 7.0–7.2.

A 60Co irradiator (Ob-Servo Sanguis, acquired from the Institute of 
Isotopes Co., Ltd., Budapest, Hungary), located at the Nuclear Energy 
Research Institute in Ankara, Türkiye, was used to carry out the irradi
ation studies. At ambient temperature and without any additional 
treatment, the wastewater samples were exposed to irradiation in the 
presence of H2O2 at a dose of 10 kGy (dose rate: 1.35 kGy h− 1).

2.3. Analysis

The extraction of the target EOPs was carried out using a previously 
developed and validated method for wastewater samples (Genç et al., 
2024). Scheme S1 provides a concise summary of the developed and 
validated extraction procedure for the target EOPs.

EOPs were analyzed before and after irradiation treatment utilizing a 
Waters Alliance 2695 HPLC system connected to a Waters Micromass ZQ 
2000 single quadrupole mass spectrometer equipped with a XTerra® MS 
C18 (5 μm, 150 × 4.6 mm, Waters) column. The column and the auto
sampler were maintained at a temperature of 25 ◦C. The injection vol
ume was 20 μL. Target EOPs were ionized via electrospray ionization 
(ESI) in both positive and negative modes and quantified using selected 
ion monitoring (SIM) mode. The specific LC-ESI-MS operating settings 
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for identifying target EOPs are outlined in Table S1. The additional 
optimal parameters for mass spectrometry are a source temperature of 
150 ◦C, a desolvation temperature of 300 ◦C, a capillary voltage of 3.5 
kV, a desolvation gas flow of 500 L h− 1, and a cone gas flow of 50 L h− 1. 
The data collecting and processing were performed using Masslynx v4.1 
software (Genç et al., 2024).

The pH and conductivity of the samples were measured using a 
Mettler Toledo SevenGo SG2 pH meter connected to a Mettler Toledo 
Inlab®413 pH electrode, and a Mettler Toledo SG3 conductivity meter 
paired with an InLab®738 conductivity probe (Mettler-Toledo, 
Switzerland).

The removal efficiencies were determined by calculating the per
centage reduction in EOP concentrations. 

Removal efficiency (%)= [(C0 − C) /C0] × 100 Eq. (1) 

C0 and C represent the concentrations of the target compound before 
and after the irradiation, respectively.

The G-values were calculated according to the following equation 
(Boujelbane et al., 2022; Kantoğlu and Ergun, 2015, 2016): 

G
(
μmol J− 1 )

=
6.023 × 1023 × chemical yield

6,24 × 1016 × D (Gy)
Eq. (2) 

D denotes the absorbed dose, while chemical yield indicates the 
change in concentration of the target compound (ΔC). 6.023 × 1023 is 
the Avogadro’s number and 6.24 × 1016 the conversion factor from Gy 
to 100 eV L− 1.

The degradation kinetic rates of the target EOPs were calculated 
using dose dependent pseudo first-order kinetic reaction model, which is 
described as (Boujelbane et al., 2022): 

− ln[C /C0] = kD Eq. (3) 

where C0 is the initial concentration of the target molecules before 
irradiation, C is the residual concentration of the target molecules after 
irradiation; D is the absorbed dose (kGy); and k is the rate constant 
(kGy− 1).

Rate constants were employed to calculate the absorbed doses 
necessary for achieving 90% degradation (D0.9) of the target molecules 
(Eq. (4)) (Boujelbane et al., 2022): 

D0.9 = ln 10/k Eq. (4) 

2.4. Theoretical calculations

The geometrical optimization was performed using the Gaussian 09 
software (Frisch et al., 2009), applying Density Functional Theory (DFT) 
with Becke’s three-parameter exchange function, the Lee-Yang-Parr 
nonlocal correlation functional (B3LYP), and a 6-31G (d, p) basis set 
in solvent (water) mode (Fitoz et al., 2023).

In DFT, Fukui functions are descriptors that enable the identification 
of the most reactive regions on a molecule. The Fukui concept is defined 
as the variation in the electronic density due to the change in the elec
tron number at fixed external potential (Parr and Yang, 1984; Pucci and 
Angilella, 2022): 

f( r→)=

(
∂ρ( r→)

∂N

)

V( r→)

Eq. 5 

where f( r→) is Fukui function, ρ( r→) is electron density of a certain atom, 
N is total number of electrons in the molecule, V is the external potential.

Equation (5) provides three reaction indices (three Fukui functions): 

f − ( r→)= ρN( r→) − ρN− 1( r→) ≈ ρHOMO( r→) Eq. 6 

f+( r→)= ρN+1( r→) − ρN( r→) ≈ ρLUMO( r→) Eq. 7 

f0( r→)= [ρN+1 − ρN− 1]
/

2 Eq. 8 

where ρN, ρN+1 and ρN-1 represent the electron density of the system in 
the original state (N electrons), combined with one electron state (N+1 
electrons) and ionized with one electron state (N-1 electrons), respec
tively. Therefore, the chemical meaning of f − ( r→) is the capability of the 
molecule to donate an electron (for electrophilic attack), and f+( r→) is 
the capability of accepting an electron (for nucleophilic attack). f0( r→)

represents radical reactivity.
Analyzing site selectivity using these local ( r→) dependent parame

ters is challenging. To tackle this problem, Yang and Mortier (1986)
made independent calculations for the corresponding (N - 1), N, and (N 
+ 1) electron systems for the atomic site k of the molecule with the same 
molecular geometry (condensed-to-atom variants) (Chattaraj and Roy, 
2007). Therefore, the condensed Fukui functions can be written by 
replacing the associated electron densities by the respective electron 
populations (qk): 

Electrophilic attack : f − = q(N) − q(N − 1) Eq. 9a 

Nucleophilic attack : f+ = q(N+1) − q(N) Eq. 10a 

Radical attack : f0 = [q(N+1) − q(N − 1)]
/
2 Eq. 11a 

where q is atomic electron population (in this study Mulliken population 
analysis) in the original system with N electrons (neutral system), N+1 
electrons (anionic system), N-1 electrons (cationic system) (Pal and 
Chattaraj, 2023; Sakr et al., 2022; Martínez-Araya, 2015).

As the electron density varies with the number of electrons that are 
present in a certain region, the condensed Fukui function can be defined 
as a simplified version of the Fukui function for the atoms. In this way, 
each atom has an exact value, which makes it easy to compare the 
magnitude of the Fukui function at different sites at a quantitative level. 
Therefore, the atom with a larger Fukui index value is preferable for the 
attacks. Since the values of the Fukui function are related to the electron 
density of the frontier orbitals (HOMO and LUMO) they should be 
positive. However, in some cases negative values are found, which can 
be explained by orbital relaxation effects (Melin et al., 2007). The 
negative values were also ascribed to low HOMO- and LUMO-electron 
density that result in an unexpected change in electron density 
(Zamora et al., 2021).

The condensed dual descriptor, proposed as a more precise indicator 
(Martínez-Araya, 2015), was utilized to better investigate the electro
philic and nucleophilic sites. The condensed dual descriptor has been 
defined as: 

f (2) = f+ − f − Eq. 12a 

where f+ and f − are condensed nucleophilic and electrophilic Fukui 
functions. (Martínez-Araya et al., 2013). The condensed dual descriptor 
allows one to obtain simultaneously the preferably sites for nucleophilic 
attacks (f (2) > 0) and the preferably sites for electrophilic attacks 
(f (2) < 0).

3. Results and discussion

3.1. Effect of H2O2 addition on the degradation of EOPs

The concentrations of the target EOPs (IBU, TCS, KET, and DCF) in 
the real wastewater effluent investigated in this study were at nmol L− 1 

level (1.474, 1.958, 3.709, and 0.767 nmol L− 1, respectively). The 
degradation of organic contaminants in dilute aqueous solutions is 
initiated by the primary products of water radiolysis (Eq. (9)), namely 
•OH, eaq

− , and •H (Wojnárovits and Takács, 2016; Buxton et al., 1988): 

H2O → e−
aq, ⋅ OH, ⋅H,H2,H2O2,H3O+ Eq. 9b 

The products of water radiolysis, eaq
− and •H, are strong reducing 
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agents, whereas •OH is highly reactive and capable of oxidizing a wide 
range of compounds. Nevertheless, as our irradiation experiments were 
not conducted under strictly anaerobic conditions, the eaq

− and •H spe
cies in the solution would readily convert into less reactive •HO2 and 
•O2

− via Eqs. (10) and (11) (Woods and Pikaev, 1994), 

⋅H+O2 → ⋅HO2 Eq. 10b 

e−
aq +O2 → ⋅O−

2 Eq. 11b 

•O2
− is a weak reductant, while •HO2 is a moderate oxidant. How

ever, in neutral solutions, these species gradually vanish through slow 
radical-radical reactions, leading to the formation of H2O2 (Eqs. (12) and 
(13)). As a result, they may not play a direct role in the degradation of 
organic pollutants (Wojnárovits and Takács, 2016). Consequently, it was 
proposed that the hydroxyl radical is the main reactive intermediate 
responsible for the degradation of the target EOPs. 

2⋅HO2 → H2O2+O2 Eq. 12b 

⋅HO2 + ⋅ O−
2 +H2O → H2O2+O2 + HO− Eq. 13 

Hydroxyl radicals exhibit high reactivity due to their instability, 
leading to rapid reactions with organic molecules. These reactions 
involve the abstraction of hydrogen from C–H bonds (H-abstraction also 
occurs from the hydroxyl group of the alcohol, albeit with a relatively 

low probability) or electrophilic addition to double bonds, which 
generate carbon-centered radicals. These carbon-centered radicals react 
with hydroxyl radicals or dissolved oxygen to form by-products. More
over, further reactions can lead to complete mineralization (Wojnárovits 
and Takács, 2016; Buxton et al., 1988).

In our previous study, the efficient radiolytic decomposition of the 
target EOPs in real wastewater effluent was achieved at high doses 
(10–30 kGy) (Genç et al., 2024). Due to their nonselective nature, hy
droxyl radicals react with both target molecules and matrix components 
in the sample. Additionally, radical-radical recombination reactions in 
highly dilute solutions could also play a role in the quenching process of 
hydroxyl radicals (Wang et al., 2019; Woods and Pikaev, 1994). All of 
these factors led to a decrease in the concentration of hydroxyl radicals 
available for reacting with the target EOPs, resulting in an increase in 
the required dose for efficient degradation. In order to enhance the 
degradation efficiency of these contaminants at the lowest examined 
dose (10 kGy), synergetic effect of gamma irradiation and hydrogen 
peroxide was investigated in this study.

Gamma irradiation-induced degradation of target EOPs in real 
wastewater effluent at different initial H2O2 concentrations at a dose of 
10 kGy was shown in Fig. 1 and Table 1. The results indicated that target 
EOPs were degraded efficiently with the addition of 0.1% and 0.5% 
H2O2 concentrations. For 10 kGy/0.5% H2O2 treatment, the removal 
efficiencies of IBU, TCS, DCF, and KET were found to be 93.92, 99.47, 
86.65, and 86.32%, respectively. After gamma irradiation at a dose of 
10 kGy, no significant difference was found in the removal efficiencies 
and G-values of samples containing 0.5% and 1.0% H2O2. In order to 
gain a deeper comprehension of the degradation process of target EOPs 
through gamma irradiation/H2O2 treatment, kinetic rate constants were 
calculated and compared with the constants obtained from gamma 
irradiation treatment at a dose of 10 kGy without H2O2 addition 
(Table 2).

The experimental results demonstrate that H2O2 has a substantial 
impact on the removal efficiency, radiolytic yield (G-value), and 
degradation rate constants of the target EOPs. The addition of H2O2 
enhances the efficiency of pollutant removal by increasing the G-values 
and degradation rate constants (Tables 1 and 2). The 90% decomposi
tion of the target EOPs was achieved at lower doses (D0.9) in the gamma- 
ray/H2O2 system compared to the gamma-ray/H2O2-free system 
(Table 2).

The acceleration of the degradation of pollutants by adding H2O2 to 
the aqueous solution, which provides more hydroxyl radical (Eqs. (14) 

Fig. 1. Effect of absorbed dose (10 kGy) and initial H2O2 concentration on IBU, 
TCS, DCF, and KET removal.

Table 1 
Variation of removal efficiency and G-value of the target EOPs irradiated at 10 
kGy in the presence of 0.1, 0.5, and 1.0% H2O2.

EOPs Dose/H2O2 kGy/% Removal Efficiency % G-value μmol J− 1

IBU 10/0 86.10 ± 0.93 1.225 ± 0.013
10/0.1 89.25 ± 1.65 1.270 ± 0.023
10/0.5 94.06 ± 0.44 1.338 ± 0.006
10/1.0 94.72 ± 0.49 1.347 ± 0.007

TCS 10/0 89.06 ± 1.00 1.683 ± 0.019
10/0.1 96.12 ± 0.75 1.817 ± 0.014
10/0.5 99.52 ± 0.20 1.881 ± 0.004
10/1.0 99.64 ± 0.11 1.883 ± 0.002

DCF 10/0 76.67 ± 4.36 0.567 ± 0.032
10/0.1 80.21 ± 0.65 0.593 ± 0.005
10/0.5 86.79 ± 1.25 0.642 ± 0.009
10/1.0 87.23 ± 0.62 0.645 ± 0.005

KET 10/0 44.86 ± 1.65 1.606 ± 0.059
10/0.1 72.48 ± 1.44 2.594 ± 0.052
10/0.5 86.32 ± 0.29 3.090 ± 0.010
10/1.0 87.91 ± 0.46 3.147 ± 0.016

Table 2 
Gamma radiation-induced EOP kinetic rate constants (k) and dose required for 
90% decomposition (D0.9).

EOPs Initial concentration 
nmol L− 1

Dose/H2O2 

kGy/%
Rate constant (k) 
kGy− 1

D0.9 kGy

IBU 1.474 10/0 0.195 ± 0.004 11.79 ±
0.23

​ 10/0.5 0.285 ± 0.007 8.08 ±
0.20

TCS 1.958 10/0 0.222 ± 0.009 10.40 ±
0.43

​ 10/0.5 0.539 ± 0.043 4.28 ±
0.34

DCF 0.767 10/0 0.146 ± 0.019 15.86 ±
0.21

​ 10/0.5 0.203 ± 0.009 11.46 ±
0.32

KET 3.709 10/0 0.059 ± 0.002 38.70 ±
0.44

​ 10/0.5 0.198 ± 0.003 11.51 ±
0.36
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and (15)) (Buxton et al., 1988), evidently shows that radiolytic degra
dation is more efficient under oxidative conditions. 

⋅H+H2O2 → ⋅ OH + H2O Eq. 14 

e−
aq +H2O2 → ⋅ OH + OH− Eq. 15 

On the other hand, 1.0% H2O2 reduced the degradation efficiency of 
the target EOPs and inhibited the degradation process due to the 
excessive concentration of H2O2, which scavenges hydroxyl radicals to 
form hydroperoxy radicals (Eq. (16)) (Ibrahim et al., 2018; Zheng et al., 
2011). 

⋅OH+H2O2 → ⋅ HO2 + H2O Eq. 16 

The rate constants and the D0.9 value are the most significant data 
that offer information regarding the yield of the radiolytic decomposi
tion process. The results indicate that the addition of 0.5% H2O2 has the 
greatest impact on the degradation of KET. The rate constant of KET 
exhibited a 3.37-fold increase in comparison to the gamma-ray/H2O2- 
free system. Conversely, the pollutant that is least affected can be 
identified as DCF, since its rate constant only increases by a factor of 
1.38 (Table 2). However, the rate constants and D0.9 values depend on 
the concentration of the pollutant and have to therefore be assessed for a 
particular concentration level (Bojanowska-Czajka et al., 2015). Besides, 
the molecular structure of pollutants is an important parameter in 
determining their susceptibility to attack by hydroxyl radicals. At this 
point, the theoretical calculations (discussed in Section 3.2) can provide 
valuable information for the degradation process, particularly in pre
dicting the by-products of pollutants.

3.2. Theoretical calculations

To evaluate the reactivity of a molecule, it is essential to assess the 
changes in its electronic density caused by the influence of an 
approaching reactant. Fukui functions are indicators for the change of 
electron density induced by the change of absolute electron number at a 

fixed geometry and external potential and are very important de
scriptors in the DFT that are used for the identification of the most 
reactive sites on a molecule. The condensed Fukui functions allow to 
predict the susceptibility towards nucleophilic (f+ index), electrophilic 
(f − index) and free radical (f0 index) attack for each atom as mentioned 
in Section 2.4. However, some nucleophilic sites on a molecule overlap 
with some electrophilic sites. Therefore, the issue arises: what is the 
nature of the region? Is it nucleophilic or electrophilic? The answer is 
given by the dual descriptor, which allows to remove this ambiguity. 
The condensed dual descriptor is determined by calculating the arith
metic difference between f+ and f − indices. This additional approxi
mation enhances the accuracy of describing the true nucleophilic and 
electrophilic sites on a molecule (Martínez-Araya, 2015).

In this study, the primary reactive species responsible for the 
degradation of the target EOPs were hydroxyl radicals, as mentioned in 
the experimental section. The highly reactive electrophilic hydroxyl 
radicals can rapidly and non-selectively attack sites of molecules with 
high electron density (Keen et al., 2014; Buxton et al., 1988). In this 
context, the regions with relatively high positive f0 and f − values as well 
as relatively low negative f (2) values were considered to be attacked by 
hydroxyl radicals.

3.2.1. Ibuprofen
The structure of IBU is composed of an aromatic ring that connects an 

isobutyl group and a propanoic acid group. The optimized geometry of 
IBU is shown in Fig. 2a. All LRD values are given in Table S2.

The atoms with a high value of f0 characterized to be vulnerable to 
radical attack on IBU are 11H, 12C, 13H, 14H, 15C, 16C, 17C, 18C, 19C, 
20H, 21H, 22H, 23H, 26H, 27H, 28H, 29C, 30H, 31O, 32H, and 33O 
(Table S2). Regarding f − values, the same atoms have large values 
(Table S2), indicating that the electron population is located at these 
sites. However, 3H, 4H, 5H, 7H, 8H, 9H, 11H, 13H, 14H, 15C, 16C, 18C, 
19C, 20H, 21H, and 23H atoms possess the negative f (2) indices, 
meaning these atoms are the true sites for electrophilic attacks. Among 
them, the 11H, 13H, 14H, 16C, 18C, 19C, and 23H atoms with the 

Fig. 2. a) Optimized geometry b) local reactivity descriptors of IBU.

Fig. 3. a) Optimized geometry b) local reactivity descriptors of TCS.
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highest f0 (Fig. 2b, blue bars) and f − (Fig. 2b, orange bars) and the 
lowest f (2) (Fig. 2b, gray bars) values are identified as the most probable 
locations for hydroxyl attack. As illustrated in Fig. 2b, the ring carbons 
are the most reactive atoms, suggesting that the addition of hydroxyl 
radical primarily occurs at these locations. Among them, 19C can be 
suggested as the most likely region for the hydroxylation due to the 
relatively lower f (2) value. Besides, 11H bonded to tertiary 2C as well as 
13H and 14H attached to benzylic 10C have considerably high f0 and f −

values. Moreover, these atoms have relatively low f (2) indices, suggest
ing that these are the hydrogens that can be abstracted by an incoming 
electrophilic hydroxyl radical.

The major degradation products of IBU reported in the literature 
(Miranda et al., 2021; Illés et al., 2013; Zheng et al., 2011) were hy
droxylated side chain molecules in the tertiary and/or secondary posi
tions, as well as hydroxylated ring derivatives, confirming our findings. 
In this study, the proposed initial reaction route for the degradation of 
IBU under oxidative conditions is the hydroxylation of the aromatic ring, 
particularly at 19C position, which is in agreement with the literature 
reporting that this pathway is the most thermodynamically favorable 
(Miranda et al., 2021).

3.2.2. Triclosan
Triclosan is a chlorinated phenoxyphenol, containing a benzene ring, 

a phenolic ring, and three chlorine substituents, as depicted in Fig. 3a. 
The results of Fukui function calculations (Table S3) show that 5C, 7O, 
11C, 12C, 15C, 18H, 20O, 21H, and 24Cl atoms with the relatively high 
f0 and f − as well as the relatively low f (2) values is the preferable sites for 
electrophilic hydroxyl radical attack (Fig. 3b).

Based on these results, the electrons are mostly located on the 7O 
site, meaning hydroxyl radicals can attack the ether bond region. When 
hydroxylation occurs on the 6C or 11C positions of TCS, TCS can be 
decomposed to yield 2,4-dichlorophenol and 4-chlorocatechol. The 
ether bond cleavage and detection of these by-products after the 
degradation of TCS was also reported previously (Zhang et al., 2021; Liu 
et al., 2020; Gao et al., 2016; Munoz et al., 2012). The notably higher 
positive f0 and f − values and negative f (2) value of 11C demonstrate that 
11C is the more favorable site compared to 6C (see Table 3S for LRD 
values) for the hydroxylation reaction leading to the ether bond 
breakage.

This study reveals that 24Cl and 15C atoms exhibit comparatively 
high electron densities (see f − and f (2) values in Fig. 3b–Table S3), 
indicating that the hydroxyl radical can approach the TCS from this 
region. Therefore, this location can be suggested as the favorable initial 
reaction site. With this approach, the 15C atom can be the other 
candidate for the hydroxyl radical addition reaction pathway; in other 
words, hydroxylation of the aromatic ring. It has been reported that 
gamma irradiation has a dechlorination effect on TCS (Zhang et al., 
2021; Wang et al., 2017). The suggested route involves the hydroxyl
ation of TCS followed by the transformation into a dechlorinated 

product through cleavage of chloride (Zhang et al., 2021; Song et al., 
2012). Therefore, the addition of hydroxyl radical to the carbon-carbon 
double bond at position 15C and/or 5C could lead to the formation of 
TCS-OH, which may potentially trigger dechlorination.

Finally, the hydrogen abstraction from the phenolic hydroxyl group 
(20O–21H) by hydroxyl radical, leading to the dehydrogenated TCS 
radical, could give rise to the degradation of TCS, which has also been 
suggested based on quantum chemical calculations (Gao et al., 2014).

3.2.3. Diclofenac
The DCF molecule that has two aromatic rings connected with an 

amine group (Fig. 4a) possesses several reactive sites that can be 
attacked by the hydroxyl radicals. The hydroxyl radical attack is more 
likely to occur at the 12 N, 14H, 17C, 19C, and 25O atoms due to their 
relatively high f0 and f − as well as more negative f (2) values compared to 
the other atoms (Fig. 4b–Table S4).

LRD analyses reveal that the primary electron-rich site of DCF can be 
attributed to 12N–14H bond region. Since the hydroxyl radical is pref
erentially attack at electron-dense sites, the hydroxyl radical attack on 
this position can initiate the cleavage of the C–N bond (12N–13C or 
12N–6C). Thus, DCF gives two fragments (2,6-dichloroaniline and 2,6- 
dichlorophenol); depending on the spatial orientation of the hydroxyl 
radical attack (Banaschik et al., 2018; Nisar et al., 2016; Homlok et al., 
2011). The mechanism suggested for this fragmentation is the addition 
of hydroxyl radical at ipso-position on the rings (13C or 6C). However, 
the electron density of these positions is relatively low (Table S4, f+ >

f − and f (2) > 0). In addition, it was reported that the addition of hy
droxyl radical to these sites is slightly less favorable than addition to the 
other ring carbons (Agopcan Cinar et al., 2017). This finding may 
potentially elucidate the reason why DCF is one of the least efficiently 
degraded molecule among the targeted EOPs in gamma-ray/H2O2-free 
system (Table 1).

The hydroxyl radical attack on the 17C and 19C positions could give 
rise to the formation of a hydroxylated DCF product. Previous in
vestigations have observed the hydroxylated by-products of DCF and 
have proposed different sites for the addition of hydroxyl radical based 
on the substituent positioning effect (Zhuan and Wang, 2020; Boja
nowska-Czajka et al., 2015; Yu et al., 2013; Homlok et al., 2011; Liu 
et al., 2011). This study reveals that the most probable hydroxylation 
sites are at 17C and 19C positions due to their relatively higher f0 and f −

values as well as lower f (2) values, in comparison to the other carbons in 
the ring (Fig. 4b–Table S4). The addition of a hydroxyl group at the 19C 
position may result in the removal of a chlorine atom (loss of HCl from 
the primary phenolic product). Prior studies have reported the forma
tion of a six-membered ring by-product resulting from cyclization 
caused by the elimination of HCl (Zhuan and Wang, 2020; Yu et al., 
2013).

Finally, the carbonyl oxygen (25O) is one of the electron-rich sites 
among the atoms present in DCF. However, hydroxyl radical addition to 
the 25O = 26C double bond is not expected because the electron- 

Fig. 4. a) Optimized geometry b) local reactivity descriptors of DCF.
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withdrawing property of oxygen makes the carbonyl carbon (26C) 
electron deficient, meaning that nucleophilic attack on this site is more 
likely (Table S4; f (2)26C > 0).

3.2.4. Ketoprofen
Ketoprofen (Fig. 5a) is an oxo monocarboxylic acid, which offers two 

aromatic rings for hydroxyl radical addition and a tertiary side chain 
carbon (24C) for hydrogen abstraction. As illustrated in Fig. 5b and 
Table S5, the highest f0 and f − as well as the lowest f (2) values are 
located at 23O atom, indicating that this region is vulnerable to hydoxyl 
radical attack. When the 7C = 23O double bond is considered, attacking 
the hydroxyl radical to the 7C atom and addition to the double bond is 
not expected due to the highly positive f (2) value (Table S5). In the case 
of hydroxyl radical addition to the aromatic rings, the most preferred 
radical and electrophilic attack sites (highest f0 and f − indices as well as 
lowest f (2) value) among the ring carbons are 4C and 12C (Fig. 5b). It has 
been found that other aromatic carbons have very low electron density 
(Table S5). Based on the LRD values, it can be inferred that the electron 
withdrawing C––O group decreases the electron density of the ring 
carbons and negatively affects the hydroxyl radical addition reactions, 
which was also confirmed by the low degradation efficiency and rate 
observed in the gamma-ray/H2O2-free system (Table 1). When optimum 
H2O2 concentration was employed with gamma irradiation, the process 
led to an increase in the number of hydroxyl radicals and enhanced the 
probability of the degradation reactions. The formation of hydroxylated 
by-products of KET was also reported in the literature (Martínez et al., 
2013; Illés et al., 2012; Oturan et al., 1992).

On the other hand, the most available site for hydrogen abstraction 
reaction from the side chain is the tertiary 27H atom, which is found to 
be more susceptible to hydroxyl radical attack according to the LRD 
values (Fig. 5b and Table S5). The H-abstraction reaction from the side 
chain propionic acid group can give rise to the formation hydroxylation 
and subsequent decarboxylation to generate 3-hydroxyethyl benzophe
none and 3-acetyl benzophenone, which are the common degradation 
products mentioned in the literature (Feng et al., 2014; Illés et al., 2014; 
Szabó et al., 2011).

Elucidating the by-product formation mechanisms is one of the most 
important steps in investigating the effect of ionizing radiation on the 
degradation of the target pollutants. However, real wastewater samples 
consist of a complex mixture of organic compounds, so following irra
diation, determining the by-products is challenging due to the formation 
of various degradation products and the unavailability of their stan
dards. This paper demonstrated that it was possible to predict the 
degradation mechanism and the by-products of the target contaminants 
by theoretical calculations and could be considered as an alternative 
approach. Theoretical calculations can also elucidate experimentally 
observed degradation efficiencies. For instance, this study suggested 
that the lower degradation efficiencies of DCF and KET molecules, 
compared to IBU and TCS, could be due to their limited sites for hy
droxyl radical attack. However, it is well known that degradation 

efficiency is concentration dependent; therefore, the different initial 
concentrations of the target pollutants in the wastewater have prevented 
us from drawing definitive conclusions. The interpretation of the 
degradation efficiencies based on the theoretical calculations must be 
evaluated for pollutants with the same concentration level.

4. Conclusion

This study demonstrated a high-efficiency gamma/H2O2-based 
degradation of ibuprofen, triclosan, diclofenac, and ketoprofen in real 
wastewater effluent. The maximum removal efficiencies of the target 
pollutants were achieved with a H2O2 concentration of 0.5% at the 
absorbed dose of 10 kGy. The experimental findings of this study 
concluded that the addition of H2O2 had a greater effect on the degra
dation of pollutants compared to gamma irradiation alone. In addition, 
the initial decomposition pathways were investigated via density func
tional theory. The by-products proposed based on the initial reaction 
routes derived from the theoretical calculations were in agreement with 
the experimental degradation products reported in the literature. 
Experimental data and quantum chemical calculations revealed that the 
reactions with the hydroxyl radicals mainly controlled the radiation- 
induced degradation of the target pollutants. This work also demon
strated the feasibility of LRD (Fukui function and dual descriptor) to 
predict the degradation and transformation mechanisms of contami
nants in wastewater.
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Wojnárovits, L., Takács, E., 2016. Radiation induced degradation of organic pollutants in 
waters and wastewaters. Top. Curr. Chem. 374, 50. https://doi.org/10.1007/ 
s41061-016-0050-2.

Woods, R.J., Pikaev, A.K., 1994. Applied Radiation Chemistry: Radiation Processing, 
firsth ed. Wiley, New York. 

Yang, W., Mortier, W.J.J., 1986. The use of global and local molecular parameters for the 
analysis of the gas-phase basicity of amines. Am. Chem. Soc. 108, 5708–5711. 
https://doi.org/10.1021/ja00279a008.

Yu, H., Nie, E., Xu, J., Yan, S., Cooper, W.J., Song, W., 2013. Degradation of diclofenac 
by advanced oxidation and reduction processes: kinetic studies, degradation 
pathways and toxicity assessments. Water Res. 47, 1909–1918. https://doi.org/ 
10.1016/j.watres.2013.01.016.

Yu, S., Hu, J., Wang, J., 2010. Gamma radiation-induced degradation of p-nitrophenol 
(PNP) in the presence of hydrogen peroxide (H2O2) in aqueous solution. J. Hazard 
Mater. 177, 1061–1067. https://doi.org/10.1016/j.jhazmat.2010.01.028.

Zamora, P.P., Bieger, K., Cuchillo, A., Tello, A., Muena, J.P., 2021. Theoretical 
determination of a reaction intermediate: fukui function analysis, dual reactivity 
descriptor and activation energy. J. Mol. Struct. 1227, 129369. https://doi.org/ 
10.1016/j.molstruc.2020.129369.

Zhang, Z., Hu, D., Chen, H., Chen, C., Zhang, Y., He, S., Wang, J., 2021. Enhanced 
degradation of triclosan by gamma radiation with addition of persulfate. Radiat. 
Phys. Chem. 180, 109273. https://doi.org/10.1016/j.radphyschem.2020.109273.

Zheng, B.G., Zheng, Z., Zhang, J.B., Luo, X.Z., Wang, J.Q., Liu, Q., Wang, L.H., 2011. 
Degradation of the emerging contaminant ibuprofen in aqueous solution by gamma 
irradiation. Desalination 276, 379–385. https://doi.org/10.1016/j. 
desal.2011.03.078.

Zhuan, R., Wang, J., 2020. Degradation of diclofenac in aqueous solution by ionizing 
radiation in the presence of humic acid. Sep. Purif. Technol. 234, 116079. https:// 
doi.org/10.1016/j.seppur.2019.116079.

A. Genç et al.                                                                                                                                                                                                                                    Radiation Physics and Chemistry 229 (2025) 112473 

9 


