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Abstract
In this study, radiation-induced removal of micropollutants commonly found in real wastewater effluents was investigated. 
The study began by thoroughly developing a validated analytical methodology for the determination of 13 selected micro-
pollutants in real wastewater effluent. It was found that the concentrations of 10 target micropollutants in effluent samples 
were found to be above the method detection limits. The samples were then exposed to gamma radiation at several doses 
ranging from 0 to 50 kGy. After 30 kGy irradiation, a decrease of 100%, 5%, and 43% was observed in color, pH, and TOC, 
respectively. When a dose of 10 kGy was applied, estrone, 17-β-estradiol, and 4-octylphenol were not detected in irradiated 
wastewater samples. The removal efficiencies of other target micropollutants drastically increased with the increased dose 
up to 10 kGy for ibuprofen (86%), 20 kGy for diclofenac (93%), diphenylamine (79%), triclosan (98%), and bisphenol-A 
(97%), and 30 kGy for ketoprofen (78%) and diethyl phthalate (83%). The lowest absorbed dose required for 90% removal 
was found for triclosan (10.49 kGy). G-values, dose rates, and D0.5 and D0.9 doses depended on the initial concentration and 
molecular structure of the target micropollutants. In comparison with the literature data, the relatively high doses required 
to achieve high removal efficiencies indicate the competitive reactions for reactive species between the trace-level quantities 
of micropollutants and the matrix components in real wastewater. In light of this, it is suggested that research employing real 
wastewater samples rather than synthetic water provides more realistic results for radiation treatment applications.
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Introduction

Micropollutants (MPs) that appear at trace levels in the 
aquatic environment have become a matter of great concern 
due to their widespread distribution. These compounds are 
continuously released into the environment, whether inten-
tionally or unintentionally, owing to weak regulatory stand-
ards, especially in developing countries (Besha et al. 2017; 
Chavoshani et al. 2020). Thus, MPs are found in the µg L−1 

or ng L−1 concentration range in the aquatic environment 
and are considered potential threats to environmental eco-
systems, including short-term and long-term toxicity (Bhatt 
et al. 2022; Shao et al. 2019) endocrine-disrupting effects 
(Varjani and Sudha 2020; Kuckelkorn et al. 2018) and anti-
biotic resistance of microorganisms (Bírošová et al. 2020; 
Välitalo et al. 2017; Stasinakis and Gatidou 2010).

The MPs are also a major issue for conventional waste-
water treatment plants. Despite the numerous treatment 
technologies used in wastewater treatment facilities, they 
cannot be totally eliminated. For example, it was reported 
that ketoprofen and diclofenac, the most widely used phar-
maceuticals, were not decomposed completely by the acti-
vated sludge system for 8 h, which is the average reaction 
time of the aeration tank in a real wastewater treatment 
plant (Kimura et al. 2012). As a result, wastewater efflu-
ents continue to pose major hazards to groundwater and 
surface water (Khan et al. 2022; de Santiago-Martín et al. 
2020; Aydin et al. 2019). To reduce the health concerns 
posed by contaminants in wastewater, advanced and novel 
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technologies need to be adopted (Kumar et al. 2022; Ahmed 
et al. 2021; Rizzo et al. 2019).

Advanced oxidation processes (AOPs) have received 
increasing attention in both the science and practice of water 
and wastewater treatment over the past few decades due to 
their potential to convert organic pollutants into biodegrad-
able compounds as well as disinfection, decolorization, and 
deodorization (Sievers 2011). AOPs, which appeared in 
addition to routine purification processes such as biologi-
cal treatment, coagulation, sedimentation, and filtration, 
have been based on the oxidation of organic impurities by 
hydroxyl radicals formed from the reaction of an oxidant 
(Gwenzi et al. 2022). One of the most promising AOPs for 
removing pollutants from wastewater is radiation technol-
ogy (Wang et al. 2019). When dilute aqueous solutions (at 
millimolar or lower concentrations of dissolved solutes) are 
irradiated with gamma-rays, practically large fraction of the 
absorbed radiation energy is deposited in water molecules. 
This interaction leads to the formation of free radical species 
and molecular products in water, so-called water radiolysis. 
The water radiolysis process occurs in three main stages 
taking place at different rates: physical (about 1 fs), phys-
ico-chemical (10−15–10−12 s), involving several processes, 
and chemical stage (10−12–10−6 s), with the formation of 
main products of water radiolysis (‧OH, eˉaq, ‧H, H2, H2O2, 
H3O+) (Trojanowicz 2020). The free radicals formed during 
water radiolysis are highly reactive; ‧OH radicals are the 
most powerful oxidants known to occur in water, the same is 
valid for the hydrated electron and ‧H radicals as reductants. 
These species result in the decomposition of various types of 
organic pollutants without radioactivity induction.

Based on the aforementioned traits, radiation technology 
is considered an effective and rapid method for wastewa-
ter treatment (Bojanowska-Czajka 2021). If the wastewa-
ter is resistant to biological treatment, ionizing radiation 
technology can be employed as a pretreatment to improve 
the biodegradability of wastewater. Besides, it can also be 
used as posttreatment for further advanced treatment of 
the effluent when the biological treatment process cannot 
meet the requirement of discharge standard, or the effluent 
needs to be reused (Wang et al. 2019). The application of 
gamma-rays for pollutant degradation has several advantages 
over conventional advanced oxidation processes because of 
the lack of chemical additives, the deeper penetration, the 
faster rate of radiolytic reaction, and being more effective 
and eco-friendly (Hina et al. 2021; Capodaglio 2020). In 
addition, the generation of oxidizing and reducing species 
simultaneously during water radiolysis has a beneficial role 
in the degradation different types of pollutants that can be 
removed through oxidation and/or reduction pathways (Hina 
et al. 2021; Kim et al. 2019).

Gamma irradiation has attracted considerable research 
attention for many years as an emerging technology that 

offers effective solutions for the degradation of MPs. 
Recently, more and more attention has been focused on the 
removal of MPs by ionizing radiation because of increas-
ing awareness of the negative impact of these compounds 
on the natural environment. For instance, Trojanowicz et al. 
(2021) have expanded the earlier studies on γ-radiolytic 
decomposition of BPA in terms of comparing the radio-
lytic removal of BPA both in neutral aerated solutions and 
in solutions where the predominance of particular products 
of water radiolysis is ensured. Some recent studies reported 
that persulfate-based activation with ionizing radiation could 
enhance degradation and mineralization of MPs in a shorter 
period due to the formation of high amounts of reactive 
species (Senthilkumar et al. 2023; Zhang et al. 2020; Chu 
et al. 2019). Bezsenyi et al. (2020) have asserted that using 
gamma irradiation combined with cometabolic technology 
to remove persistent MPs could be successful and cost-effec-
tive. In addition, the first studies on the removal of different 
MPs by gamma irradiation have recently been reported by 
many researchers (Bujak et al. 2023; Ghazouani et al. 2022; 
Saadaoui et al. 2021; Chen and Wang 2020). However, most 
of the published work has focused on the effect of ioniz-
ing radiation on a single polluted solution and/or simulated 
(spiked with pollutants) wastewater. It is well known that 
in real life, contaminated water bodies are often polluted 
with a mixture of chemicals rather than a single chemical 
or chemical class. Therefore, the determination of the opti-
mum irradiation dose for the removal of MPs is challenging 
because of the complexity and diversity of sample matrices. 
In real wastewater, there is competition between the pollut-
ants and the matrix components for the reaction with the 
oxidizing and reducing species. This competition may have 
an impact on the overall efficiency of the treatment process. 
Such situations are dangerous because there is still very little 
knowledge about undesirable synergistic effects (Bojanow-
ska-Czajka 2021). For this reason, this study is important as 
it is carried out with real wastewater effluent samples from a 
wastewater treatment plant in Kocaeli. Treatment of effluents 
by radiation technology has not been previously adopted for 
the treatment of wastewater in the study area.

MPs consist of a vast and expanding array of anthropo-
genic as well as natural substances. Particularly, nonsteroidal 
anti-inflammatory drugs (NSAIDs), estrogens, plasticizers, 
antimicrobial agents, synthetic surfactants, and amine-con-
taining compounds are frequently detected in aquatic envi-
ronments due to the widespread use of these chemicals (Luo 
et al. 2014). However, monitoring large numbers of MPs in 
water samples before and after the treatment process requires 
various analytical methods that are time-consuming, expen-
sive, and resource-intensive. Therefore, 13 different MPs 
(ketoprofen, KET; diclofenac, DCF; ibuprofen, IBF; diethyl 
phthalate, DEP; bisphenol-A, BPA; triclosan, TCS; estrone, 
E1; 17-β-estradiol, E2; estriol, E3; 17-α-ethinyl estradiol, 
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EE; diphenylamine, DPA; 4-octylphenol, 4-OP; 4-nonylphe-
nol, 4-NP), being members of these groups and frequently 
detected, have been selected as target molecules to study 
their removal efficiency by ionizing radiation (Fig. S1). 
KET, DCF, and IBF are commonly used drugs due to their 
analgesic, antipyretic, and anti-inflammatory properties and 
are among the most frequently detected NSAIDs in aquatic 
systems around the world (Tyumina et al. 2020). DEP and 
BPA are frequently used in the plastic industry, as well as 
in medical devices, healthcare products, dispersants and 
emulsifying agents, epoxy resins, lubricants, auto parts, food 
packaging and services, paints, gelling agents, cosmetics, 
insecticides, and many other household and consumer prod-
ucts. These compounds have become major environmental 
concerns due to their genotoxicity, neurotoxicity, cytotoxic-
ity, reproductive toxicity, and endocrine-disrupting effects, 
which may affect human health from gestation to adulthood 
(Dueñas-Moreno et al. 2022). Aside from these compounds, 
it has been reported that 4-NP and 4-OP are widely present 
in various mediums of the water environment as a result 
of photochemical or biological degradation of alkylphenol 
ethoxylates (commonly used nonionic surfactants). There-
fore, the distribution of these chemicals in water environ-
ments and the ecological risk they pose are drawing broad 
attention (Dong et al. 2015). Recently, natural estrogens (E1, 
E2, E3, and EE) have become widespread in environmen-
tal water sources because traditional wastewater treatment 
processes could not completely remove them. Even at low 
concentrations (1 ng L−1), they can interfere with the endo-
crine system of exposed organisms, resulting in abnormal 
expression of traits and reduced spawning rates (Ma et al. 
2022). DPA has been widely used as a precursor of dyes, 
pesticides, pharmaceuticals, and photographic chemicals and 
as a stabilizer for explosives (Shin and Spain 2009; Drzyzga 
2003). Owing to the high usage of DPA and its analogues, 
environmental contamination from these compounds has 
received increasing concern (Zhang et al. 2021b). TCS is 
a broad-spectrum antibacterial agent present as an active 
ingredient in some personal care products such as soaps, 
toothpastes, and sterilizers. It is an endocrine-disrupting 
compound, and its bioaccumulation in fatty tissues raises 
toxicity concerns (Olaniyan et al. 2016).

This study was conducted as a laboratory-scale investiga-
tion to provide a basis for future scale-up research regard-
ing the radiation-induced treatment process of wastewater 
effluents. Therefore, real wastewater effluent samples were 
collected from a wastewater treatment plant, which will 
reflect the real concentration of target MPs and the treat-
ment performance of gamma radiation. In this context, a 
validated analytical procedure (sample preparation and chro-
matographic analysis) was initially developed to simultane-
ously monitor target MPs in real samples both before and 
after irradiation. A vortex-assisted liquid–liquid extraction 

(VALLE) technique was optimized and used for the sam-
ple preparation stage. After the sample pre-concentration 
step, target MPs were analyzed using LC–ESI–MS. Then, 
the gamma irradiation process was applied to investigate 
the effect of ionizing radiation on the removal of target MPs 
from the effluent of the conventional wastewater treatment 
plant. The results of the research would provide useful infor-
mation about strategies to treat the real micropollutant-con-
taining wastewater with gamma radiation.

Experimental

Chemicals

The analytical standards of ketoprofen (≥ 98%), ibupro-
fen (≥ 98%), diethyl phthalate (99.5%), diclofenac sodium 
(≥ 98%), triclosan (97–103%), bisphenol-A (≥ 99%), 
17-β-estradiol (≥ 98%), estriol (≥ 97%), 17-α-ethinyl estra-
diol (≥ 98%), 4-nonylphenol (≥ 99.8%) were purchased from 
Sigma Aldrich. Diphenylamine (≥ 99.0%), 4-octylphenol 
(≥ 99.0%), and estrone (≥ 99.0%) were supplied by Merck, 
Alfa Aesar, and Acros Organics, respectively. The organic 
solvents methanol, acetonitrile, methyl tertiary-butyl ether, 
dichloromethane, dichloroethane, ethyl acetate, and chloro-
form were of HPLC grade. Acetic acid, hydrochloric acid, 
and ammonia were purchased from Merck. High-purity 
water was supplied by a Milli-Q Gradient Water Purifica-
tion system (Millipore, Billerica, MA, USA).

Individual standard solutions of MPs (20 mg L−1) were 
prepared in acetonitrile and used as stock standard solutions. 
Working standard solutions of target MPs were prepared by 
appropriate dilution of the stock solutions with the same 
solvent. Correspondingly, matrix-matched standards are 
prepared by adding standard solutions of MPs to the blank 
matrix obtained by the same extraction method procedure as 
for the samples (post-extraction spike method).

Instrumentation and apparatus

Analyses were carried out using a HPLC system (Waters 
Alliance 2695 separations module; Waters, Milford, Mas-
sachusetts, USA) coupled to a single quadrupole mass spec-
trometer (Waters Micromass ZQ 2000, Manchester, UK). 
Chromatographic separation was performed on a XTerra® 
MS C18 (5 µm, 150 × 4.6 mm, Waters Milford, MA, USA) 
column. Several combinations of methanol, acetonitrile, 
purified water, and mobile-phase modifiers were investigated 
as mobile phases. The injection volume was set to 20.0 μL. 
The column and the autosampler were kept at 25 °C.

Selected MPs were ionized using electrospray ionization 
(ESI) in the positive and negative modes. The most intense 
ion peak at the optimum cone voltage of each analyte was 
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used for identification and quantification in the selected 
ion monitoring (SIM) mode. SIM detection was divided 
into time segments, and target analytes were recorded per 
segment. Other optimum mass spectrometric conditions 
are source temperature, 150 °C; desolvation temperature, 
300 °C; capillary voltage, 3.5 kV; desolvation gas flow, 
500 L h−1 and cone gas flow, 50 L h−1. Masslynx v4.1 soft-
ware was used for data acquisition and processing.

The radiation treatment efficiency of the wastewater sam-
ples was also determined with respect to the changes in the 
pH, conductivity, and total organic carbon (TOC) values. 
A Mettler-Toledo SevenGo SG2 pH meter (Mettler-Toledo, 
Switzerland) connected with a Mettler-Toledo Inlab®413 pH 
electrode (Mettler-Toledo, Switzerland) was used to measure 
the pH of the samples. Calibration procedure was applied 
to probe of pH meter with standard buffer at 4.00 and 7.00. 
The conductivity measurements of the samples were carried 
out by a Mettler-Toledo SG3 conductivity meter (Mettler-
Toledo, Switzerland) operating with an InLab®738 con-
ductivity probe (Mettler-Toledo, Switzerland). Calibration 
procedure was applied to probe of electrical conductivity 
meter with potassium chloride standard buffer at 1413 µS/
cm and 12.88 mS/cm. The pH and conductivity measure-
ments were made in a thermostated water bath maintaining 
the temperature at 25 °C. TOC analyses were performed 
by using a TOC-TN analyzer (Hach-Lange IL 550 TOC, 
Hach-Lange, Germany) with a non-dispersive IR source, 
which was based on the combustion catalytic oxidation 
method. The color measurements were performed using a 
HACH-DR-890 colorimeter (Hach, Loveland, CO, USA) 
by following APHA platinum-cobalt standard method. The 
extracts were evaporated under reduced pressure using a 
rotary vacuum evaporator (Buchi Rotavapor R-210, Buchi, 
Switzerland) to dryness. Filtration of samples was accom-
plished using Millipore membrane filters (0.45 m Millipore 
Millex-HV membrane filter, Millipore, USA).

The gamma irradiation was carried out by using a 60Co 
irradiator (Ob-Servo Sanguis, purchased from the Insti-
tute of Isotopes Co., Ltd., Budapest, Hungary) installed at 
Nuclear Energy Research Institute Ankara, Türkiye). Waste-
water samples were irradiated at doses of 0, 10, 20, 30, and 
50 kGy (dose rate: 1.35 kGy h−1) at room temperature with-
out any further treatment.

Optimization of the extraction process

In the general procedure of the VALLE optimization studies, 
a 50-mL spiked sample solution was placed in a 250-mL 
volumetric flask. The extraction solvent was quickly trans-
ferred into the solution, and the MPs were extracted from 
the aqueous phase into the super-tiny drops of the extraction 
solvent through vortex agitation. Then, the emulsion was 
poured into a separatory funnel. After the two clear layers 

were formed, the organic phase was collected. The extracts 
were reduced to about 1 mL using a rotary evaporator, and 
then the rest of the solvent was evaporated to dryness at 
room temperature under a gentle stream of nitrogen. The 
residue was dissolved in 1 mL of acetonitrile (containing 
0.5 mg L−1 of each target compound) and analyzed by the 
optimized LC–ESI–MS method. By applying this proce-
dure, parameters such as extraction solvent, volume ratio of 
organic/aqueous phase, pH, ionic strength, stirring speed, 
and stirring time were optimized. For each optimization step, 
one parameter was varied while the other parameters were 
held at a constant value. Triplicate extractions were carried 
out for each optimization step.

Validation of the analytical procedure

Linearity, accuracy, precision, limit of detection (LOD), 
limit of quantification (LOQ), and matrix effect were deter-
mined to assess the performance of the method. The linear-
ity for all target compounds was obtained by analyzing the 
standard solution in acetonitrile at twelve calibration levels.

LOD and LOQ were determined from the calibration 
curve method, as International Conference Harmonization 
(ICH) guideline recommendations (ICH 2005), and analyzed 
in three independent replicates of the calibration standards 
and calculated according to Eqs. (1) and (2):

where � and S are standard deviation of the intercept and 
slope of the calibration curve, respectively.

The matrix effect from sample preparation steps (MESPS) 
was estimated by comparing the slopes of solvent-matched 
standard curves (prepared using pure acetonitrile) and 
matrix-matched calibration curves (prepared using blank 
matrix extract). The matrix effect was calculated according 
to the following formula (Wang et al. 2017) (Eq. 3):

According to the literature (Wang et al. 2017; Kecojević 
et al. 2021), matrix effect is classified as mild or tolerable 
when ME (%) is less than ± 20%, medium when the value 
is between ± 20% and ± 50%, and strong when ME (%) is 
more than ± 50%.

The accuracy and precision of the whole analytical proce-
dure (including extraction and LC–ESI–MS methods) were 
assessed by spike-recovery experiments. Blank samples were 
spiked with the target analytes at three concentration lev-
els (0.05, 0.5, and 2.00 mg L−1). The target compounds in 

(1)LOD = 3.3 × (�∕S)

(2)LOQ = 10 × (�∕S)

(3)

MESPS(%) = 100

× [(Slope of matrix matched ∕Slope of solvent matched) − 1]
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spiked samples were extracted, pre-concentrated, and ana-
lyzed by LC–ESI–MS using the optimized methods. The 
matrix-matched calibration standards were used to calculate 
the recoveries. The accuracy was expressed as the percentage 
recovery of the spiked samples. The precision was expressed 
as the %RSD of intraday (triplicates within the same day) and 
interday (triplicates for three consecutive days) repeatability.

Analysis of real samples

The wastewater effluent samples were collected into glass bot-
tles from Gebze wastewater treatment plant (Fig. 1) in Kocaeli 
and transferred to the laboratory. This plant is located at lati-
tude 40.80557 and longitude 29.34997. The GPS coordinates 
are 40°48′20.1″N, 29°20′59.9″E.

All samples were stored in the dark at 4 °C. Color, TOC, 
pH, and conductivity were measured. For the extraction of 
target MPs, a 200 mL portion of the sample was transferred to 
a volumetric flask of 1 L. The pH of the sample was adjusted 
(if necessary), and extraction was performed according to the 
optimized parameters. After the organic phase separated, the 
extraction solvent was evaporated to dryness. The residue 
was then dissolved in 200 μL acetonitrile, conveyed to a glass 
micro-insert vial, and analyzed by the optimized LC–ESI–MS 
method. This procedure was carried out on three replicates. 
The target MPs were quantified with matrix-matched stand-
ards. %MESMC (matrix effect from the sample matrix compo-
nents) was calculated using Eq. (4):

where ASS is the peak area of the target compound deter-
mined in a real water sample extract post-spiked with the 

(4)MESMC(%) = 100 ×

[
(

ASS − AUSS − APWS

)

APWS

]

known concentration, AUSS is the peak area of the target 
compound determined in the un-spiked water sample extract, 
and APWS is the peak area of the target compound deter-
mined in the purified water extract post-spiked with the same 
concentration.

After the concentrations of MPs in wastewater effluent were 
determined, sample solutions were irradiated using a 60Co 
gamma irradiation source with different doses (0–50 kGy). 
The samples were re-analyzed after irradiation to determine 
the color, TOC, pH, conductivity changes, and removal effi-
ciencies. The removal efficiency was calculated based on the 
percent decrease in the level of MPs.

C0 is the concentration of micropollutant before irradiation, 
C is the concentration of micropollutant after irradiation.

The G-value is defined as the number of molecules formed 
or destroyed by absorbing 100 eV of energy. The chemical 
yield (removal efficiency of the pollutant) can be described 
by the G-value and is calculated on the basis of the following 
equation (Boujelbane et al. 2022; Woods and Pikaev 1994):

G is the G-value, D is the absorbed dose, and chemical yield 
is the change in concentration of the micropollutant (ΔC).

The dose constant, k, is the slope of the natural logarithm 
(ln) of the micropollutant concentration versus the absorbed 
dose (Boujelbane et al. 2022).

(5)Removal efficiency(%) = [(C0 − C)∕C0] × 100

(6)G
(

� mol J−1
)

= 106
chemical yield

(

mol L−1
)

Dose(Gy)

(7)ln
(

C∕C0

)

= −kD

Fig. 1   Sampling point on the 
google earth map
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C is the concentration of micropollutant after irradiation 
(mol L−1), C0 is the initial concentration of micropollut-
ant (mol L−1), k is the dose constant (kGy−1) and D is the 
absorbed dose (kGy).

Dose constants were used to calculate the absorbed doses 
required for 50% (D0.5) and 90% (D0.9) degradation of MPs 
by using the following equations, respectively (Boujelbane 
et al. 2022):

The data were expressed as means ± standard deviations. 
A one-way analysis of variance (ANOVA) (α = 0.05) was 
performed among the mean values of the groups, and a p 
value less than 0.05 was considered statistically significant.

Results and discussion

Optimization of LC–ESI–MS parameters

A C18 column (5  µm, 150 × 4.6  mm, Waters) that was 
suitable for the separation of the relatively polar target 
compounds was used in this study. In order to adjust the 
mobile-phase strength for a good separation of all ana-
lytes, the mixtures of water–methanol and water–acetoni-
trile, commonly used for ESI, were tested at different ratios 
using isocratic and gradient elution. Adding volatile weak 
organic acids and bases in low concentrations to the mobile 
phase can enhance the ESI ionization efficiencies of the 
compounds (Leito et al. 2008; Yang et al. 2012; Liigand 
et al. 2017). Therefore, the effect of acetic acid and ammo-
nia as mobile-phase modifiers on the ESI response of target 
MPs was also investigated at final acid or base concentra-
tions between 0.1 and 2% (v/v). The ESI–MS analyses were 
conducted in both positive and negative ion modes using 
cone voltages in the range of 20–60 V (in 5 V increments) 
to obtain the maximum ionization efficiency of each com-
pound. The optimum values were selected based on the high-
est MS signal obtained.

Optimization studies showed that the best method for the 
analysis of the selected MPs was achieved using two dif-
ferent instrumental conditions. The LC–ESI–MS Method 1 
(M1) was developed for KET, DEP, DCF, and DPA (Group 
1) using acetonitrile (A) and water containing 2% acetic 
acid (B) mixtures with a gradient elution program in the 
ESI positive mode. The LC–ESI–MS Method 2 (M2) was 
developed with a gradient program using acetonitrile (A) 
and water containing 0.5% ammonia (B) mixtures for IBF, 
BPA, TCS, E1, E2, E3, EE, 4-OP, and 4-NP (Group 2) in the 
ESI negative mode. The detailed liquid chromatographic and 

(8)D0.5 = ln 2∕k

(9)D0.9 = ln 10∕k

mass spectrometric operating parameters for the determina-
tion of target MPs are presented in Table 1. The representa-
tive total ion chromatograms of target analytes in SIM mode 
of multi-channel and single-channel are shown in Figs. S2, 
S4 and Figs. S3, S5, respectively.

Optimization of the extraction process

In the preliminary studies, the VALLE method provided 
higher recoveries and lower standard deviations than SPE 
for the samples containing all target analytes. The param-
eters that impact the extraction efficiency were optimized 
as detailed below.

Selection of extraction solvent for VALLE

A crucial step in method optimization for liquid–liquid 
extraction is the selection of the most suitable organic sol-
vent to be employed. The solvent has to form a cloudy state 
that increases the contact area between the two phases to 
provide high extraction efficiency (Psillakis and Kalogerakis 
2003). For this purpose, methyl tertiary-butyl ether (MTBE), 
dichloromethane (DCM), ethyl acetate (EA), chloroform 
(CHL), and dichloroethane (DCE) were evaluated in this 
study.

Among the solvents examined in this study, DCM was 
found to be the most suitable for the extraction of Group 1, 
according to the recovery results presented in Fig. 2a and 
Table S1. As seen in Fig. 2b and Table S1, all tested sol-
vents exhibited high extraction yields for BPA, E2, EE, E1, 
4-OP, and 4-NP. In the case of E3, however, none of them 
produced satisfactory recovery results (< 41%). One possible 
explanation for this finding would be its greater ability to 
form hydrogen bonds with water molecules because of its 
three hydroxy groups. The H-bonded clusters of E1, E2, and 
E3 with a water molecule have been investigated using vari-
ous laser spectroscopic methods and quantum chemical cal-
culations by Morishima et al. (2013). The authors reported 
the hydrogen bonding ability of three hydroxy groups (one 
phenolic OH and two alcoholic OH) of E3 and the formation 
of a stable ring-structure hydrogen bonding network between 
two alcoholic OH groups and water. The ability of E3 to 
form stable hydrogen bonds could possibly play a key role in 
the low solubility of this molecule in the organic phase and 
hence its low extraction efficiency. In these circumstances, 
IBF and TCS were the micropollutants that specified the 
extraction solvent for Group 2. The best recoveries for these 
molecules were obtained in MTBE. Therefore, DCM for 
Group 1 and MTBE for Group 2 were selected as the extrac-
tion solvents in further studies.
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Effect of volume of extraction solvent

The extraction solvent volume also plays a significant role in 
the extraction efficiency of the VALLE process. The effect 
of different O/A (1:1, 1:2, 1:5, and 1:10) on the extraction 
efficiencies of the target analytes is presented in Fig. 3 and 
Table S2.

The maximum recoveries of all Group 1 analytes were 
observed at a ratio of 1:1 (> 74%) and decreased to < 45% 
at a 1:10 ratio, as illustrated in Fig. 3a and Table S2. On the 
other hand, the extraction efficiency of Group 2 MPs did not 

change significantly with the reduction of the volume frac-
tion of MTBE (Fig. 3b and Table S2), When two immiscible 
liquids are subjected to a turbulent flow (which was carried 
out using a magnetic stirrer in this study), an emulsion is 
formed as a result of drop interactions with eddies. More 
stress (agitation) is required to generate microdroplets for the 
two immiscible liquids with high interfacial tension values 
(Psillakis 2019; Shahid et al. 2017; Tadros et al. 2004). It 
has been reported that interfacial tension value of water-
DCM system (~ 28 mN/m) (Pisani et al. 2008) is higher than 
water-MTBE system (~ 9 mN/m) (Cárdenas et al. 2015). As 

Table 1   LC and MS operating parameters for target MPs

*  G1 group 1, G2 group 2
**  M1 method 1, M2 method 2
***  TS time segment

MPs LC (M1)** MS (M1)**

G1* Time(min) Flow (mL/min) CH3CN(%) 2% CH3COOH(%) Ion source Cone 
voltage(V)

Base peak TS***(min)

KET 00.00 1 60 40 ESI +  25 254.84 2.50–3.25
DEP 07.00 1 50 50 ESI +  15 222.77 3.30–4.40
DCF 08.00 1 60 40 ESI +  35 249.73 4.12–5.18
DPA ESI +  40 169.78 5.60–7.00

MPs LC (M2)** MS (M2)**

G2* Time(min) Flow (mL/min) CH3CN(%) 0.5% NH3(%) Ion source Cone 
voltage(V)

Base peak TS***(min)

IBF 00.00 0.20 50 50 ESI- 10 204.80 2.80–4.50
TCS 12.00 0.50 70 30 ESI- 10 286.90 3.50–7.00
E3 30.00 0.50 100 0 ESI- 50 286.91 4.80–7.00
BPA 31.00 0.50 50 50 ESI- 30 226.80 7.00–9.00
E2 32.00 0.20 50 50 ESI- 50 270.84 9.00–10.10
EE 33.00 0.20 50 50 ESI- 50 294.85 9.00–11.00
E1 ESI- 50 268.83 9.50–12.00
4-OP ESI- 35 204.81 20.80–24.00
4-NP ESI- 35 218.86 23.00–27.00

Fig. 2   Effect of solvent type on the recovery of target a Group 1, b Group 2 MPs. Other experimental conditions: organic to aqueous phase ratio 
(O/A), 1:1; pH of the aqueous phase, 7; no salt addition; stirring speed, 2000 rpm; stirring time, 10 min
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mentioned, the stirring speed of 2000 rpm was kept constant 
at all O/A ratios for both systems in this study. Therefore, it 
could be suggested that microdroplets generated at this stir-
ring speed were more in the water-MTBE system than in the 
water-DCM system at the same O/A ratio. In this context, 
while a low MTBE/water ratio (1:10) was sufficient for the 
effective mass transfer of Group 2 analytes, the number of 
microdroplets formed at the same DCM/water ratio (1:10) 
was not enough to extract the Group 1 analytes completely 
with a single-stage extraction. As a result, extraction effi-
ciencies for Group 1 analytes decreased with a decreasing 
volume ratio of DCM. Therefore, an O/A of 1:1 was selected 
as the optimum ratio and used for the extraction of Group 1 
compounds in the further experiments. Since the extraction 
efficiency of Group 2 MPs did not change significantly with 
the volume ratio change of the phases, an O/A of 1:10 was 
used in subsequent extractions of Group 2 analytes to reduce 
solvent consumption and minimize the negative environmen-
tal impact of waste.

Effect of ionic strength

Depending on the nature of the target analytes, an increase in 
the ionic strength of the aqueous phase can enhance (salting-
out effect), not influence, or decrease (salting-in effect) their 
solubility (Psillakis and Kalogerakis 2003). In this context, 
different concentrations of NaCl in the range of 0–10% (w/v) 
were studied to investigate the effect of salt addition on the 
extraction recovery of target MPs.

The results showed that the percentage extraction yield of 
KET, DCF, and IBF did not change significantly within the 
NaCl range of 0–1% but decreased when the concentration 
of NaCl in the aqueous phase increased above 1% (salting-
in effect) (Fig. 4 and Table S3). Under these conditions, the 
electrostatic interaction between the anionic forms of KET, 
DCF, and IBF with salt ions in the neutral solution may 
have reduced their ability to move into the organic phase 
(Lord and Pawliszyn 2000). On the other hand, the addition 
of NaCl had no significant effect on the extraction recov-
ery of DEP, DPA, E1, E2, EE, 4-OP, and 4-NP (Fig. 4 and 

Fig. 3   Effect of volume of extraction solvent on the recovery of target a Group 1, b Group 2 MPs. Other experimental conditions: extraction sol-
vent, DCM for Group 1, MTBE for Group 2; pH of the aqueous phase, 7; no salt addition; stirring speed, 2000 rpm; stirring time, 10 min

Fig. 4   Effect of ionic strength on the recovery of target a Group 1, 
b Group 2 MPs. Other experimental conditions: extraction solvent, 
DCM for Group 1, MTBE for Group 2; O/A, 1:1 for Group 1, 1:10 

for Group 2; pH of the aqueous phase, 7; stirring speed, 2000  rpm; 
stirring time, 10 min
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Table S3). In the case of TCS, BPA, and E3, the addition 
of salt in the 5–10% range led to an increase in the extrac-
tion yield via the salting-out effect. As a consequence, salt 
addition was not used in the extraction of Group 1 in the 
subsequent experiments. Since the addition of salt provided 
a pronounced increase, particularly in the extraction yield 
of E3, further extractions for Group 2 were carried out at a 
NaCl concentration of 10%.

Wastewater samples can naturally have a certain ionic 
strength background due to the presence of ionic species. 
Thus, the level of ionic strength in these samples can change 
the extraction efficiency of target MPs, particularly KET, 
DCF, and IBF, as mentioned above. Therefore, the findings 
have also been evaluated in terms of conductivity values, 
which represent the ionic strength of water samples. The 
conductivities of 0, 1, 5, and 10% NaCl solutions spiked 
with 0.5 mg L−1 of target MPs were found to be 0.0011, 
20.57, 76.30, and 132.30 mS  cm−1, respectively. These 
data indicated that conductivity values up to 21 mS cm−1 
had no effect on the extraction efficiencies of target MPs. 
The extraction efficiencies of KET, DCF, and IBF, on the 
other hand, decreased with increasing conductivity, in other 
words, ionic strength, and remained almost constant at 
higher ionic strength values (˃ 76 mS cm−1). Adjusting the 
solution pH to the acidic region, which converts all KET, 
DCF, and IBF species to uncharged forms, can compensate 
for the negative impact of ionic strength on their extraction 
efficiencies. This approach is examined in the next section.

Effect of pH

The pH of the sample solution is an important parameter 
that has a significant impact on the extraction of analytes 
(especially acid–base species) from water samples (Rahimi-
Nasrabadi et al. 2012). Since most of the target compounds 

in this study (TCS, BPA, E1, E2, E3, EE, 4-OP, and 4-NP) 
have high pKa values (pKa ≥ 8), their dissociated forms 
predominate under alkaline conditions, making them more 
soluble in water than organic solvents. Considering this, the 
effect of sample pH on extraction efficiency was investigated 
under neutral and acidic conditions.

As can be seen clearly in Fig. 5 and Table S4, the extrac-
tion recoveries of KET, DCF, and IBF increased as the pH 
of the solution decreased from 7 to 3.5, with pH 3.5 yield-
ing the highest extraction efficiency. KET, DCF, and IBF 
have low pKa values (pKa < 5); therefore, the anionic forms 
of these compounds are expected to be the major species 
at higher pH values, while the non-ionized species, which 
can easily be extracted into the organic extraction solvent, 
predominate at lower pH.

Since DEP, TCS, BPA, E1, E2, E3, EE, 4-OP, and 4-NP 
do not have a clearly noticeable acid–base property, only 
a slight decrease in the recovery of this molecule was 
observed when the pH of the solution was decreased from 
7 to 3.5. On the other hand, the reduction in the extraction 
efficiency of DPA was much more pronounced under these 
conditions. DPA is an alkaline insoluble molecule at high 
pH, and at low pH it forms a salt (Ma et al. 2021). Accord-
ingly, at low pH values, the solubility of DPA in the water 
phase increased due to salt formation; therefore, low extrac-
tion recoveries were obtained. When the pH was neutral, 
it existed in molecular form that could be easily extracted 
by the organic phase with a high extraction efficiency. In 
light of these findings, subsequent extractions of all target 
MPs were carried out at two pH values (neutral and 3.5) to 
achieve the best extraction efficiency.

Effect of stirring speed and time

As liquid–liquid extraction is a mass-transfer process, cre-
ating fine droplets with the assistance of a vortex agitator 

Fig. 5   Effect of pH on the recovery of target a Group 1, b Group 2 
MPs. Other experimental conditions: extraction solvent, DCM for 
Group 1, MTBE for Group 2; O/A, 1:1 for Group 1, 1:10 for Group 2; 

no salt addition for Group 1, 10% NaCl addition for Group 2; stirring 
speed, 2000 rpm; stirring time, 10 min
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system enhances the interfacial area available for mass 
transfer, reduces the diffusion distance, and improves the 
extraction rates (Psillakis 2019). At this point, stirring speed 
and time are the parameters that influence the formation of 
a cloudy solution consisting of fine droplets and therefore 
need to be optimized. In this regard, the effects of stirring 
speed and time on the extraction of MPs were examined in 
the ranges of 0–2000 rpm and 0–15 min, respectively. Stir-
ring speed investigations were performed at the indicated 
rpms with 10 min of stirring. The "0 rpm" point represented 
the extraction where the water–organic mixture was not sub-
jected to stirring and the target chemicals were extracted 
by diffusion for 10 min. In stirring time experiments, the 
stirring speed of the magnetic stirrer was kept constant at 
2000 rpm (the maximum setting value).

The results indicated that the extraction yields of all 
compounds increased gradually as the stirring speed 
increased and reached their highest values at 2000 rpm 

(Fig. 6 and Table S5). This increase can be explained by 
the efficient dispersion of the extraction solvent in the 
aqueous phase and the formation of a stable cloudy solu-
tion. Initially, large drops of solvent are present in the 
aqueous phase. As the process of agitation proceeds, these 
drops are deformed and further broken down into smaller 
and smaller ones. At high rotational speeds, the size of 
droplets is very small, leading to an increase in the con-
tact area available for mass transfer (Psillakis 2019). Due 
to the limitations of our magnetic stirrer, a stirring speed 
of more than 2000 rpm could not be investigated. After 
determining that 2000 rpm was the best stirring speed, 
the extraction procedure was carried out at several stir-
ring times. According to the findings, the extraction effi-
ciency increased with stirring time up to 10 min and then 
remained nearly constant for all target MPs (Fig. 7 and 
Table S6). This finding indicated that the mass-transfer 
equilibrium was obtained within 10 min of agitation for all 
target MPs. Hence, a stirring speed of 2000 rpm for 10 min 
was used for the subsequent experiments.

Fig. 6   Effect of stirring speed on the recovery of target a Group 1, 
b Group 2 MPs. Other experimental conditions: extraction solvent, 
DCM for Group 1, MTBE for Group 2; O/A, 1:1 for Group 1, 1:10 

for Group 2; no salt addition for Group 1, 10% NaCl addition for 
Group 2; pH of the aqueous phase, 7 for the first extraction, 3.5 for 
the second extraction; stirring time, 10 min

Fig. 7   Effect of stirring time on the recovery of target a Group 1, b 
Group 2 MPs. Other experimental conditions: extraction solvent, 
DCM for Group 1, MTBE for Group 2; O/A, 1:1 for Group 1, 1:10 

for Group 2; no salt addition for Group 1, 10% NaCl addition for 
Group 2; pH of the aqueous phase, 7 for the first extraction, 3.5 for 
the second extraction; stirring speed, 2000 rpm
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In light of the studies mentioned above, a brief over-
view of the optimized analytical procedure for the analysis 
of 13 MPs is given in Scheme S1.

Validation of the analytical procedure

The major goal of the validation is to demonstrate that the 
proposed procedure meets the requirements for the intended 
analytical applications. Therefore, typical validation charac-
teristics such as linearity, LOD, LOQ, accuracy, and preci-
sion were assessed.

As the instrumental LOD and LOQ were at the µg L−1 
levels (Table 2), a pre-concentration factor of up to 1000-
fold was required for the determination of MPs at the ng L−1 
level. The matrix effect that may arise from the sample prep-
aration procedure and high pre-concentration processes was 
evaluated by using ultrapure water as a blank matrix. The 
blank matrix samples were treated as described in Scheme 
S1, pre-concentrated 1000-fold, and then spiked with differ-
ent concentrations of target MPs in order to obtain matrix-
matched standards (post-extraction spike method). The slope 
of the calibration curve for these matrix-matched standard 
solutions was compared with that of solvent-matched stand-
ard solutions according to Eq. (3).

According to the results obtained, soft signal suppres-
sion was found for KET (−19.15%), DEP (−7.89%), DPA 
(−8.47%), TCS (−6.07%), 4-OP (−2.80%), and 4-NP 
(−4.28%), while the signal suppression was more pro-
nounced for DCF (-30.77%). On the other hand, sample 
preparation and the subsequent pre-concentration procedure 
gave rise to a mild signal enhancement for E3 (11.11%) and 
EE (8.46%) and a moderate signal enhancement for BPA 
(20.29%), E2 (26.87%), and E1 (21.48%). Due to the nega-
tive impact of matrix on the analyte response, the accu-
racy and precision of the entire analytical procedure (from 

extraction to analysis, Scheme S1) were assessed at three 
concentration levels (0.05, 0.5, and 2.0 µg  mL−1) using 
matrix-matched standards.

As shown in Table S7, the mean recoveries of 13 MPs 
obtained using matrix-matched standards varied from 94 to 
109%. The RSDs for intraday (RSDr) and interday (RSDR) 
precision were in the range of 0.11–4.90% and 1.73–8.78%, 
respectively. Good recoveries and RSDs indicate that the 
proposed extraction and LC–ESI–MS methods provide high 
accuracy and precision.

Table 2   Instrumental linear 
range, LOD, and LOQ for the 
determination of the target MPs

MPs Linear range (μg L−1) Correlation 
coefficient

SD of the 
intercept(σ)

Slope(S) LOD(µg L−1) LOQ(µg L−1)

KET 2.61–3.0 × 103 0.9994 58.56 224,575 0.86 2.61
DEP 4.30–3.0 × 103 0.9995 106.25 246,565 1.42 4.30
DCF 2.75–3.0 × 103 0.9997 32.25 117,247 0.91 2.75
DPA 3.34–3.0 × 103 0.9994 81.41 243,928 1.10 3.34
IBF 2.79–3.0 × 103 0.9997 37.83 135,454 0.92 2.79
TCS 12.69–3.0 × 103 0.9996 3.89 3063 4.19 12.69
E3 3.60–3.0 × 103 0.9996 26.49 73,515 1.19 3.60
BPA 3.04–3.0 × 103 0.9998 74.30 71,234 1.01 3.04
E2 3.31–3.0 × 103 0.9996 51.62 52,592 1.09 3.31
EE 30.10–3.0 × 103 0.9995 77.23 41,284 9.92 30.10
E1 3.10–3.0 × 103 0.9997 60.10 66,826 1.02 3.10
4-OP 2.56–3.0 × 103 0.9998 31.45 123,017 0.84 2.56
4-NP 6.49–3.0 × 103 0.9995 125.16 192,885 2.14 6.49

Table 3   Average concentrations of target MPs and matrix effect in 
wastewater effluent

Wastewater effluent

MPs Wastewater 
µg L−1

Spiked µg L−1 Found µg L−1 MESMC
2(%)

KET 0.943 ± 0.088 0.5 1.403 ± 0.068 −6.84
DEP 0.564 ± 0.015 0.5 1.167 ± 0.113 12.64
DCF 0.227 ± 0.021 0.1 0.342 ± 0.014 6.62
DPA 0.019 ± 0.004 0.01 0.025 ± 0.004 −12.09
IBF 0.304 ± 0.041 0.5 0.791 ± 0.032 −4.01
TCS 0.567 ± 0.017 0.5 1.061 ± 0.012 −6.26
E3 ND1 0.05 0.046 ± 0.005 −3.59
BPA 0.578 ± 0.042 0.5 1.072 ± 0.031 −1.70
E2 0.006 ± 0.002 0.01 0.015 ± 0.005 −8.49
EE ND1 0.05 0.045 ± 0.005 −5.02
E1 0.008 ± 0.002 0.01 0.016 ± 0.003 −7.01
4-OP 0.005 ± 0.002 0.01 0.015 ± 0.003 −3.67
4-NP ND1 0.05 0.046 ± 0.003 −3.12



1426	 Chemical Papers (2024) 78:1415–1434

1 3

Analysis of real samples

The proposed method was used to determine the concentra-
tions of target MPs in wastewater effluent samples (Table 3). 
As can be seen in Table 3, with the exception of E3, EE, and 
4-NP, the concentrations of all target MPs in wastewater 
effluent were found to be above the method detection limits. 
These findings confirm that conventional wastewater treat-
ment is insufficient to remove all pollutants from wastewater.

As mentioned previously, the matrix effect arising from 
the sample extraction and high pre-concentration pro-
cesses was compensated for by matrix-matched calibration. 
Besides, the matrix components of wastewater effluent sam-
ples may have caused the suppression or enhancement of 
analyte ionization, leading to quantification errors. Further-
more, co-eluting components may have produced similar 
ions in MS experiments, which leads to a false interpretation 
of results, especially when these components are present in 
high concentrations in the extract and eluted in the same 
retention window as the target compounds (Caban et al. 
2012). Therefore, the accuracy of the results was determined 
by spiking with known concentrations of the analytes and 
calculating the matrix effect using Eq. 4.

It was found that the increase and decrease in signal inten-
sities of all target MPs, except DEP, DCF, and TCS, were 
within the standard deviation of the mean values, indicating 
that matrix components in the wastewater samples did not 
exhibit a matrix effect. However, the matrix components of 
the wastewater effluent sample showed a soft enhancement 
in the DEP (12.64%) and DCF (6.62%) signals, whereas a 
soft suppression in the TCS (−6.26%) signal.

These findings confirmed that our method yields accurate 
results and that the optimized analytical procedure can be 
used to investigate the effect of ionizing radiation on target 
MPs in wastewater effluent.

Effect of gamma irradiation on target MPs

Processes based on high-energy electromagnetic radiation 
are more economical and effective on a large scale than other 
techniques used to remove persistent pollutants from waters 
and wastewaters (Rivera-Utrilla et al. 2013). In this study, to 

investigate the effectiveness of ionizing radiation in treating 
MPs in wastewater effluents, real samples obtained from the 
wastewater treatment plant were irradiated at several doses 
ranging from 0 to 50 kGy.

Table 4 shows the change in color, pH, conductivity, and 
TOC. As illustrated in Table 4, gamma irradiation treat-
ment significantly removed the color of wastewater effluent 
(46% at 10 kGy and 100% at 20 kGy). The color reduc-
tion is mainly due to the decomposition of colored organic 
compounds in the wastewater effluent. The pH of the sam-
ples showed a decrease when a dose of 10 kGy was applied. 
However, no significant difference in pH values was detected 
between the samples irradiated at 10 and 20 kGy (p = 0.05). 
On the other hand, the influence of 30 kGy gamma doses on 
the pH value was significant, whereas there was no statisti-
cally significant difference in pH between the samples irradi-
ated at 30 and 50 kGy (p = 0.10). The reduction in pH can 
be explained by the conversion of organic compounds in the 
wastewater sample to lower-weight organic acids by react-
ing with oxidizing species (Hina et al. 2021). At dose val-
ues where no difference in pH is observed, the by-products 
may have no noticeable acidic character, or the decomposi-
tion process of some pollutants may be completed. When a 
dose of 30 kGy was applied, the more resistant compounds 
may have begun to decompose. Conductivity measurements 
were used to monitor the radiation-induced changes in the 
ionic strength of the wastewater. Irradiation could cause 
changes in total salt concentration due to the degradation 
process and thus change conductivity. This change could 
affect the extraction efficiency, as mentioned previously. 
According to the results obtained, the conductivity values 
showed no significant change with the irradiation doses 
(p = 0.08). In addition, the conductivity values are not at 
a level (< 21 mS cm−1) that will affect the extraction yield 
of the samples. TOC was monitored to determine the effi-
ciency of the radiation-induced treatment process. The TOC 
value gradually decreased with an increase in the irradiation 
dose, indicating the decomposition of target MPs and other 
organic matrix components.

After gamma irradiation at a dose of 10  kGy, E1, 
E2, and 4-OP were not detected in irradiated wastewa-
ter samples (Table 5). The concentration of other target 

Table 4   Effect of different irradiation doses on the color, pH, electrical conductivity (EC), and total organic carbon (TOC) values of wastewater 
effluent

Dose (kGy) Color Color Change% pH pH Change% EC (mS/cm) EC Change% TOC (mg/L) TOC Change%

0 13 – 7.12 – 1.99 – 6.22 –
10 7 46.15% 7.01 1.55% 2.02 1.51% 4.82 22.43%
20 0 100% 6.98 1.97% 2.03 2.01% 4.03 35.23%
30 0 100% 6.75 5.19% 2.03 2.01% 3.57 42.53%
50 0 100% 6.78 4.78% 2.01 1.00% 3.31 46.78%
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MPs drastically decreased with the increased dose up to 
10 kGy for IBF, 20 kGy for DCF, DPA, TCS, and BPA, 
and 30 kGy for KET and DEP (Table 5). No significant 
differences were detected between the concentrations of 
IBF irradiated at 10, 20, 30, and 50 kGy doses (p = 0.86). 

Similarly, there is no significant difference between the 
concentrations of DCF (p = 0.19), TCS (p = 0.56), and 
BPA (p = 0.43) in the samples irradiated at 20, 30, and 
50 kGy. In addition, no significant difference is found 

Table 5   Variation of the target 
MPs concentration, removal 
efficiency, and G-values, with 
the absorbed doses, D0.5 and 
D0.9 values

Wastewater effluent

MPs Irradiation dose Concentration Removal 
efficiency

G-value D0.5 D0.9

kGy µg L−1 % µmol J−1 kGy kGy

KET 0 0.943 ± 0.088 – – 13.75 45.69
10 0.520 ± 0.016 44.86 0.166
20 0.343 ± 0.039 63.58 0.118
30 0.202 ± 0.008 78.58 0.097
50 0.192 ± 0.011 79.64 0.059

DEP 0 0.564 ± 0.015 – – 12.14 40.32
10 0.264 ± 0.036 53.19 0.135
20 0.182 ± 0.036 67.73 0.086
30 0.095 ± 0.014 83.16 0.070
50 0.103 ± 0.006 81.74 0.042

DCF 0 0.227 ± 0.021 – – 5.10 16.96
10 0.053 ± 0.010 76.65 0.059
20 0.015 ± 0.005 93.39 0.036
30 0.011 ± 0.001 95.15 0.024
50 0.013 ± 0.003 94.27 0.014

DPA 0 0.019 ± 0.004 – – 8.90 29.56
10 0.008 ± 0.002 57.89 0.006
20 0.004 ± 0.001 78.94 0.005
30 ND – –

IBF 0 0.304 ± 0.041 – – 3.51 11.67
10 0.042 ± 0.003 86.18 0.127
20 0.044 ± 0.003 85.53 0.063
30 0.043 ± 0.002 85.86 0.042
50 0.043 ± 0.004 85.86 0.025

TCS 0 0.567 ± 0.017 – – 3.16 10.49
10 0.062 ± 0.006 89.07 0.174
20 0.007 ± 0.003 98.77 0.097
30 0.011 ± 0.003 98.06 0.064
50 0.009 ± 0.004 98.41 0.038

BPA 0 0.578 ± 0.042 – – 3.93 13.07
10 0.080 ± 0.004 86.16 0.218
20 0.017 ± 0.004 97.06 0.122
30 0.012 ± 0.003 97.92 0.083
50 0.014 ± 0.003 97.58 0.049

E2 0 0.006 ± 0.002 – – – –
10 ND – – – –

E1 0 0.008 ± 0.002 – – – –
10 ND – – – –

4–OP 0 0.005 ± 0.002 – – – –
10 ND – – – –
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between the concentrations of KET (p = 0.36) and DEP 
(p = 0.27) in irradiated samples at 30 and 50 kGy.

The idea of employing ionizing radiation to decompose 
pollutants in the aqueous phase is based on the assumption 
that any emitted radiation is characterized by its ability to 
accumulate its energy in the surrounding medium, which 
is water (Bojanowska-Czajka 2021). When gamma irradia-
tion reacts with water, a chain reaction occurs, and reactive 
species responsible for oxidation and reduction are formed. 
The radiolysis of water and the main active species formed 
can be presented as:

In water radiolysis, hydroxyl radicals (‧OH) as powerful 
oxidants and solvated electrons (e−

aq
) and hydrogen radicals 

(‧H) as strong reducing agents are main reactive species for 
degrading contaminants. H2O2 and H2 have limited contribu-
tion to the decomposition of target compounds due to their 
low yield and reactivity (Alsager et al. 2018). It is notewor-
thy that these species are produced simultaneously by ion-
izing radiation (Woods and Pikaev 1994). This is different 
from commonly used AOPs such as ozonation and Fenton 
oxidation, which means organic contaminants would react 
not only with oxidizing species but also with reducing radi-
cals (Chu and Wang 2016). ‧OH radicals behave as electro-
philes, while e−

aq
 act as nucleophiles in the reaction with 

organic substances (Wang and Chu 2016). However, each 
reaction mechanism depends on the molecular structures and 
functional groups present in the target molecules. For 
instance, the radiation-induced degradation of DCF was 
reported to take place via reduction by e−

aq
 and oxidation by 

‧OH radicals (Homlok et al. 2011). On the other hand, it was 
reported that ‧OH is more effective in decomposing KET 
than e−

aq
 (Illés et al. 2012). It should be noted that the initial 

concentrations of pollutants and the composition of the real 
water matrix also influence the efficiency of radiation-
induced degradation. Consequently, gamma-induced 
removal of the target MPs varied significantly as a result of 
all these factors.

The efficiency of gamma radiation in the degradation 
of target MPs was also evaluated in terms of removal effi-
ciency (%) as well as G-value, which is another index of 
the degradation of target compounds. Figure 8 illustrates 
the removal efficiency and G-value varying with different 
absorbed doses. From Fig. 8 and Table 5, it can be seen that 
IBF (0.304 µg L−1) was efficiently degraded (86%) at a dose 
of 10 kGy. The removal efficiencies of DCF (0.227 µg L−1), 
DPA (0.019  µg  L−1), TCS (0.567  µg  L−1), and BPA 
(0.578 µg L−1) were 93, 79, 98, and 97%, respectively, at 
20 kGy. On the other hand, KET (0.943 µg L−1) and DEP 
(0.564 µg L−1) were 78 and 83% degraded, respectively, 
after 30 kGy of exposure (Table 5, Fig. 8). It was found that 

H2O → e−
aq
, ∙OH, ∙H,H2,H2O2,H3O

+

although the removal efficiency increased as the absorbed 
dose increased, the G-value of the target MPs decreased. 
The decreased G-values indicated that there are lesser mol-
ecules being destroyed by applying increasing absorbed 
doses (Alsager et al. 2018). As can be seen from Fig. 8, the 
increase in removal efficiency was non-linear, indicating that 
removal of target MPs was rapid at low dose values, then 
slowed down at higher doses and reached a flat plateau at 
a certain dose value. This means that as the absorbed dose 
increased, the concentration of MP in the sample decreased, 
and the concentration reached a critical point where addi-
tional input energy could no longer destroy the target mol-
ecules. Consequentially, a decline in the G-value (decom-
position yield) indicated a decrease in efficiency per unit of 
energy.

Since the radicals generated during water radiolysis are 
nonselective species, they undergo reactions with not only 
target molecules but also other components present in the 
sample. The decreasing trend of G-values with respect to 
absorbed dose might be due to the competitive reactions that 
occurred between the matrix components (dissolved organic 
substances, by-products, and inorganic ions) and the target 
MP molecules to react with the radicals produced by water 
radiolysis. In other words, with an increase in the absorbed 
dose and a decrease in the concentration of target MPs, the 
probability and rate of the reaction between reactive radicals 
and matrix components increase. In addition, the radi-
cal–radical recombination reactions, including radical ‧OH, 
e−
aq

 , and ‧H (Eq. 10–13), could also contribute to the quench-
ing of reactive species (Wang et al. 2019; Woods and Pikaev 
1994).

All of these factors resulted in a reduction of the effec-
tive concentration of radicals that react with the target MPs, 
thus lowering the G-value (Wang and Chu 2016; Boujelbane 
et al. 2022).

It was found that the relationship between − ln(C/C0) and 
the absorbed dose is linear for all target MPs (R-squared 
values > 0.99), indicating that the degradation of MPs con-
firms to the pseudo first-order reaction kinetics (Boujel-
bane et al. 2022; Yao et al. 2023). Dose constants can be 
utilized to compare the removal efficiency between target 
MPs. For KET, DEP, DCF, and DPA, the dose constants (k, 
Eq. (7)), obtained by determining the slope of the lines of 

(10)∙OH + ∙OH → H2O2

(11)∙OH + ∙H → H2O

(12)∙OH + e−
aq
→ OH−

(13)∙H + e−
aq

H2O
→ H2 + OH−
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Fig. 8   Percentage of removal and G-values of a KET, b DEP, c DCF, d DPA, e IBF, f TCS, and g BPA in function of the absorbed dose using 
gamma treatment
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plots, correspond to 0.052, 0.057, 0.136, and 0.078 kGy−1, 
respectively. For Group 2 compounds, k values were found 
to be 0.197  kGy−1 for IBF, 0.219  kGy−1 for TCS, and 
0.176 kGy−1 for BPA. These data indicate that TCS decom-
poses at a faster rate compared to other target MPs. This 
finding was supported by the calculations of D0.5 and D0.9 for 
the target MPs. For example, as shown in Table 5, 3.16 kGy 
was required for the 50% degradation of TCS, while the 
corresponding doses of D0.5 for DCF and DEP were found 
to be 5.10 kGy and 12.14 kGy, respectively. Similarly, the 
lowest D0.9 value among the MPs studied was found to be 
10.49 kGy for TCS. Under the same irradiation conditions, 
the observed difference between the target MPs depends on 
their radiation stability, which is related to the structure of 
the molecules as well as their concentration. At this point, it 
should be noted that the D0.9 values for KET, DEP, and IBF 
were calculated as 45.69, 40.32, and 11.67 kGy, respectively. 
However, at these dose values, the removal efficiencies of 
KET, DEP, and IBF were found to be approximately 79, 82, 
and 86%, respectively. The relatively low removal efficien-
cies obtained for KET, DEP, and IBF could probably arise 
from the competitive reactions mentioned previously. In 
addition, it should be taken into account that at high radia-
tion doses, the probability of radical–radical recombination 
reactions increases, which reduces the concentrations of 

active radicals needed, particularly for the 90% degradation 
of KET and DEP.

Experiments performed using pure water spiked with 
MPs do not always give realistic results about the optimum 
irradiation dose for degradation due to the absence of matrix 
components and the spiking amounts that are incompatible 
with MP concentrations in real wastewater. For example, 
Kimura et al. (2012) dissolved some selected pharmaceu-
ticals at 5  µmol  dm−3 concentration in real wastewater 
and found that DCF was decomposed at 1 kGy. However, 
in this study, the required doses for 90% removal of DCF 
(7.67 × 10–4 µmol dm−3) could be achieved at approximately 
17 kGy. Similarly, 10 mg  L−1 TCS prepared by adding 
directly to deionized water was removed 94% at an absorbed 
dose of 5 kGy (Wang and Wang 2017). On the other hand, 
the same percent removal efficiency was obtained at around 
10 kGy in the present study. Table 6 summarizes the com-
parison of this study with the literature data available on the 
removal of some target MPs by gamma irradiation. These 
literature data are focused on the removal efficiency in pure 
water or real wastewater spiked with high MP concentra-
tions. The higher dose values obtained in this study are 
due to the fact that the radiolytic species are consumed in 
wastewater by reacting with each other and/or with another 
matrix component until they diffuse and collide with very 
low concentrations of target MPs. In addition, the dose rate 

Table 6   The comparison of 
this study with the literature 
data available on the removal 
of some target MPs by gamma 
irradiation

MPs Initial con-
centration 
(mg/L)

Matrix Irradiation 
dose(kGy)

Removal 
efficiency 
(%)

Refs.

KET 101.9 Water 2.0 100.0 Illes et al. 2012
12.7 Spiked in real wastewater 2.0 100.0 Kimura et al. 2012
0.943 × 10–3 Real wastewater effluent 30.0 78.6 This study

DEP 12.0 Drinking water 0.8 94.5 Yongfu et al. 2012
0.564 × 10–3 Real wastewater effluent 30.0 83.2 This study

DCF 31.8 Water 1.0 100.0 Homlok et al. 2011
20.5–50.1 Water 0.9–1.2 90.0 Liu et al. 2011
15.9 Spiked in real wastewater 1.0 100 Kimura et al. 2012
50.0 Deionized water 3.6 95.0 Bojanowska-Czajka et al. 2015
4.5 Ultrapure water 1.01 95.0 Nisar et al. 2016
30.0 Deionized water 1.0 86.2 Zhuan and Wang 2020
0.227 × 10–3 Real wastewater effluent 20.0 93.4 This study

IBF 28.3 Ultrapure water 1.1 100.0 Zheng et al. 2011
0.304 × 10–3 Real wastewater effluent 10.0 86.2 This study

TCS 10.0 Deionized water 5.0 94.0 Wang and Wang 2017
8.0 Distilled water 0.6 100.0 Zhang et al. 2021a
0.567 × 10–3 Real wastewater effluent 20.0 98.8 This study

BPA 10.0 Twice-distilled water 8.0 98.0 Guo et al. 2012
20.0 Ultrapure water 0.7 98.1 Rivera-Utrilla et al. 2016
10.0 Ultrapure water 0.35 90.0 Trojanowicz et al. 2021
0.578 × 10–3 Real wastewater effluent 20.0 97.1 This study



1431Chemical Papers (2024) 78:1415–1434	

1 3

of the irradiator is another important factor for effective deg-
radation (Getoff 2002).

These findings suggest that real parameters such as real 
samples, concentration of target compounds in the real 
sample, dose rate of the irradiator, and influence of matrix 
components should be taken into account in studies aim-
ing for real industrial implementation of radiation technol-
ogy. Otherwise, the optimum dose obtained for wastewater 
treatment may lead to misleading conclusions regarding the 
effectiveness of the irradiation process.

Conclusions

This study investigated the removal of selected MPs com-
monly detected in wastewater effluents by ionizing radia-
tion. An analytical methodology based on vortex-assisted 
liquid–liquid extraction followed by liquid chromatography 
with mass spectrometry was developed for the simultaneous 
determination of 13 MPs belonging to different classes. The 
proposed validated procedure provided high extraction effi-
ciency (≥ 96%) within a short extraction time (10 min), good 
linearity (r2 ≥ 0.9990) high accuracy (recovery = 94–109%) 
and precision (RSD ≤ 9%), and low limits of detection and 
quantitation (sub-µg L−1 level). The developed analytical 
methodology was used for the determination of target MPs 
in wastewater effluent before and after irradiation.

When the wastewater effluent samples were subjected 
to gamma irradiation, the concentration of MPs showed a 
significant reduction at a dose of 10 kGy. Among the MPs 
studied, the lowest absorbed dose required for 90% removal 
was found for TCS (10.49 kGy). The removal efficiency of 
all target MPs increased with an increase in the absorbed 
dose. However, it was found that a higher absorbed dose 
was needed to remove target compounds in real wastewater 
samples compared to the studies performed using spiked 
samples, indicating that the character of the wastewater 
(the amount of pollutants as well as the presence of matrix 
components) has a significant influence on the removal effi-
ciency. At this point, the importance of conducting research 
using real water samples has emerged in order to reveal 
real-world scenarios for the radiation-induced treatment of 
wastewater. In addition, since the pollutant concentrations 
and matrix components in each water body are different, the 
optimum dose required for the effective removal of pollut-
ants and other operational parameters of the radiation tech-
nology implementation need to be determined for the real 
water sample. As a result, ionizing irradiation is a promising 
technology for the degradation of persistent pollutants in 
wastewater effluent.
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