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Abstract: This study evaluates, for the first time, the effects of UV/PMS and UV/H2O2/PMS
processes on the degradation of sunscreen agents in synthetic and natural water matrices and
compares their effectiveness with the more conventional UV/H2O2. Investigations were con-
ducted using a mixture of organic UV filters containing 4-methylbenzylidene camphor (4-MBC)
and 2-ethylhexyl-4-methoxycinnamate. Among the investigated UV-driven AOPs, UV/PMS/H2O2

was the most effective in synthetic water, while in natural water, the highest degradation rate was ob-
served during the degradation of EHMC by UV/PMS. The degradation of UV filters in the UV/PMS
system was promoted by sulfate radical (68% of the degradation), with hydroxyl radical contributing
approximately 32%, while both radical species contributed approximately equally to the degradation
in the UV/H2O2/PMS system. The Vibrio fischeri assay showed an increase in inhibition (up to 70%)
at specific stages of UV/H2O2 treatment when applied to natural water, which further decreased
to 30%, along with an increase in UV fluence and progressive degradation. The Pseudomonas putida
test recorded minor toxicity (<15%) after treatments. Magnetic biochar utilized in conjunction with
UV-driven AOPs exhibited superior performance in eliminating residual contaminants, providing an
efficient and sustainable approach to mitigate sunscreen agents in water treatment.

Keywords: UV filters; UV-driven AOPs; hydroxyl and sulfate radicals; magnetic biochar; toxicity
evaluation

1. Introduction

Over the last few decades, climate change and ozone depletion events have conse-
quently caused a higher level of human exposure to ultraviolet (UV) light. While short-term
exposure to UV light might have positive effects on human health, such as facilitating the
synthesis of vitamin D, prolonged or excessive exposure to UV radiation poses a significant
health risk [1]. Solar UV radiation can cause various detrimental health impacts such as
sunburns, photoaging, and long-term effects such as skin cancers [2,3]. In order to protect
the skin from damage promoted by UV sun radiation, sunscreens and other personal
care products (PCPs) containing a variety of inorganic and organic chemical ingredients,
known as sunscreen agents or UV filters, have been developed and used since the late
19th century [4,5]. UV filters as sun-blocking agents are also frequently incorporated into
different industrial products such as pesticides, detergents, food packaging, and rubbers,
as well as paints and plastics, to prevent the photodegradation of polymers and pigments,
thereby extending the shelf life of products [4,6].

Organic, or so-called chemical UV filters, are composed of aromatic structures that
block solar UV light via the absorption of UV-A (320–400 nm) or shorter wavelength UV-B
(280–320 nm) radiation, while inorganic UV filters not only absorb UV light but also reflect
and scatter UV radiation due to physical phenomena [5,7,8]. Organic UV filters can be
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classified as para-amino benzoates, salicylates, cinnamates, benzophenones, dibenzoyl
methanes, and camphor derivates [9]. To achieve the desired level of protection against UV
regions of solar radiation, many sunscreens and PCPs employ a combination of different
families of UV filters [9]. Among them, 4-methylbenzylidene camphor (4-MBC) and 2-
ethylhexyl-4-methoxycinnamate (EHMC) are common UV filters in sunscreens and PCPs.

UV filters enter the aquatic environment through direct routes such as recreational
activities (e.g., washed from the swimmers) or indirectly via wastewater treatment plant
effluents [10,11]. Due to their extensive use, UV filters are found ubiquitously and detected
in various water matrices including freshwater, marine environments, swimming pool
water, and even drinking water [6,12]. Surface water concentrations of 4-MBC range from 5
to 400 ng/L, and those of EHMC from 10 to 800 ng/L, varying seasonally with higher levels
observed in summer [4,6]. Groundwater contamination occurs through the infiltration of
surface water and landfill leachate, with detected levels of 4-MBC and EHMC reaching up
to 100–200 ng/L [12], while wastewater treatment plants discharge up to 2000–5000 ng/L
4-MBC and EHMC, respectively [10,11]. PCPs containing sunscreen agents pose a potential
risk to the environment and aquatic biota, thereby potentially impacting human health.
This class of contaminants has been linked to numerous adverse toxicological effects,
including the potential to disrupt the endocrine system and impact reproduction and
development. Consequently, they are considered environmental contaminants of emerging
concern (CECs). Most environmental research has been focused on the potential impact of
UV filters on marine environments, while research dealing with their impact on freshwater
and human health is still scarce [4,6]. Certain UV filters are listed on the watchlist of
substances to be monitored in EU surface waters, supporting future prioritization.

Conventional technologies are not designed to fully eliminate CECs, including UV
filters, making their removal very challenging. To enhance the protection of aquatic ecosys-
tems and drinking water sources, advanced water treatment, including advanced oxidation
processes (AOPs), should overcome the gaps in knowledge and eliminate challenging
contaminants in water/wastewater treatment [13–15]. The realm of AOPs encompasses var-
ious methods, including ozonation, ozonation combined with hydrogen peroxide (H2O2),
Fenton and analogous reactions, TiO2-based photocatalysts, sonolysis, electrochemical
oxidation, and assorted amalgamations thereof [16–18]. The utilization of UV irradiation
alongside various catalysts has gained increasing interest, enabling the activation of oxidiz-
ing agents like H2O2, persulfate (PS, S2O8

2−)/peroxymonosulfate (PMS, HSO5
−), peracetic

acid (PAA, CH3CO3H), chlorine, and ozone (O3), which results in the production of highly
reactive oxygen species (ROS) [19]. H2O2 and PMS are frequently employed as sources
for generating hydroxyl (HO•) and sulfate (SO4

•−) radicals. The radicals HO• and SO4
•−,

characterized by redox potentials (E◦) of 1.9–2.85V and 2.5–3.1 V, respectively, exhibit robust
oxidizing properties [20,21]. They can efficiently oxidize and break down a wide range of
contaminants in water and wastewater, with a high reaction rate and without selectivity.
Furthermore, these oxidizing agents possess environmentally friendly characteristics and
have extensive application in green engineering practices [22–24]. Recently, compounds
like periodate have been utilized in AOPs combining with UV, visible light, and/or catalytic
systems to produce various oxidizing substances, including IO3

•, IO4
•, HO•, IO3

−, O(3P),
H2O2, and O3 [25–28]. The efficiency of AOPs largely depends on parameters such as
reaction time, UV fluence, initial concentrations of the oxidant and target pollutant, pH,
temperature, and the presence of inorganic anions and natural organic matter, requiring
process optimization for site-specific application [29].

In water treatment, AOPs are frequently combined with adsorption processes. Com-
pared with conventional activated carbon application, biochar-based adsorbents, derived
from biomass pyrolysis, offer a novel and sustainable alternative [30,31]. Biochar produc-
tion aligns with principles of environmental sustainability, utilizing renewable biomass
sources and potentially contributing to carbon sequestration. However, the low particle
size of biochar, along with its lower density, poses challenges in terms of regeneration, sep-
aration, and recovery following adsorption, which could impede its recycling potential and
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industrial usage [32,33]. To address these challenges, researchers have begun synthesizing
magnetically recyclable biochar, known as magnetic biochar, by incorporating iron oxide
(e.g., Fe3O4 and Fe2O3). Magnetic biochar has demonstrated good adsorption performance
for removing various organic pollutants such as antibiotics, organic dyes, pesticides, and
organochlorine compounds [34–36].

In recent years, the removal of organic UV filters containing 4-MBC and EHMC has
been investigated using various methods, including ozonation, UV and solar irradiation,
the Fenton and photo-Fenton processes, the UV/H2O2 process, the UV/persulfate process,
and the UV/TiO2 process, as summarized in Table 1 [9,37–40]. However, to date, there
have been no published data regarding the degradation of 4-MBC and EHMC in a mixture
using the novel UV/PMS process. Additionally, the effects of synergism between oxidants
H2O2 and PMS combined with the UV-C light on the degradation of sunscreen agents in
water remain underinvestigated. To bridge this gap, this study deals with the degradation
of a mixture of camphor- and cinnamate-derivative UV filters for the first time using the
novel UV/PMS process and UV-AOPs employing combined oxidants (UV/PMS/H2O2).
The degradation efficacy of the utilized sulfate-radical-based AOPs was compared with
the more conventional UV/H2O2 process. Special emphasis was placed on elucidating
water matrix effects by detecting the dominant radical species involved in the degradation
mechanism. Adsorption treatment using newly synthesized magnetic biochar was applied
for the first time to mitigate residual organic UV filters and possible transformation products
formed during the AOPs in water treatment. Furthermore, water quality was assessed
using toxicity testing of water treated with UV-driven AOPs.

Table 1. Literature review on the degradation of 4-MBC and EHMC in water by AOPs.

Compound. Matrix Applied Process Conclusions Reference

A mixture of eight UV
filters, including 4-MBC
and EHMC

Deionized water,
drinking water, and
wastewater effluent

Ozonation and
UV254nm/H2O2

The ozone-refractory UV filters
required >1 mg O3/mg DOC to
achieve over 80% removal. The
elimination of UV filters by UV/H2O2
was primarily controlled by HO•, with
minimal contribution from
UV photolysis.

[9]

A mixture of 21 UV filters,
including 4-MBC
and EHMC

Ultrapure water, river, sea,
swimming pool water

UV365nm-A and
UV254nm-C photolysis;
UV-A/TiO2 photocatalysis
and UV-C/H2O2

UV-C showed a high removal
efficiency compared to UV-A radiation.
The degradation yield was dependent
on the water matrix. The UV-C/H2O2
system was successfully employed,
achieving over 90% degradation of
UV filters.

[10]

EHMC Ultrapure water UV200–400nm photolysis

EHMC was not fully mineralized,
forming non-persistent
photo-transformation products that
later degraded.

[37]

4-MBC Wastewater
Fenton,
UV light irradiation,
photo-Fenton

The photo-Fenton process exhibited
superior degradation efficiency for
4-MBC compared to the Fenton
process, achieving rates of 97% and
66%, respectively. Under UV
irradiation, 4-MBC concentration
decreased by 85%.

[38]
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Table 1. Cont.

Compound. Matrix Applied Process Conclusions Reference

4-MBC Contaminated water
Photolytic and
photocatalytic
degradation

UV filter photolysis in natural water is
initially slow but can be accelerated by
photosensitizers and nutrients. The
efficiency processes are influenced by
the radiation source, catalyst type, and
oxygen content.

[39]

4-MBC
Deionized water,
swimming pool
water (SPW)

UV-activated persulfate

Results show that UV/persulfate
effectively removes 4-MBC, with a kobs
of 0.1349 min−1 under the specified
conditions. When applied to SPW,
4-MBC removal notably decreases. It is
recommended to pretreat the water to
remove coexisting substances such as
organics and inorganics to enhance the
performance of the UV/persulfate
system.

[40]

2. Materials and Methods
2.1. Chemicals

The main chemical reagents employed in this experiment were 4-methylbenzylidene
camphor (4-MBC) as a certified reference material, TraceCERT® (C18H22O, CAS No. 36861-
47-9, Sigma Aldrich, St. Louis, MO, USA), 2-ethylhexyl-4-methoxycinnamate (EHMC) of
analytic standard (C18H26O3, CAS No. 5466-77-3, Sigma Aldrich, St. Louis, MO, USA),
hydrogen peroxide (H2O2, 30% w/w, POCH, S.A., Gliwice, Poland), potassium peroxy-
monosulfate (2KHSO5·KHSO4·K2SO4, CAS No. 70693-62-8 available as Oxone, Sigma
Aldrich, St. Louis, MO, USA), tert-butyl alcohol ACS reagent (C4H10O, CAS No. 75-65-0,
Sigma Aldrich, St. Louis, MO, USA), sodium thiosulfate pentahydrate as ReagentPlus®

(Na2S2O3·5H2O, CAS No. 10102-17-7, Sigma Aldrich, St. Louis, MO, USA), and sodium
chloride ACS reagent (NaCl, CAS No. 7647-14-5, Sigma Aldrich, St. Louis, MO, USA).
Iron(II) sulfate heptahydrate (FeSO4·7H2O, CAS No. 7782-63-0, POCH S.A., Gliwice,
Poland) and iron(III) chloride hexahydrate (FeCl3·6H2O, CAS No. 10025-77-1, POCH S.A.,
Gliwice, Poland) were used for the preparation of magnetic biochar. Methanol (CH3OH,
CAS No. 67-561), hexane (C6H14, CAS No. 110-54-3), and acetonitrile (CH3CN, CAS
No. 75-05-8) were purchased from J.T. Baker® (Phillipsburg, NJ, USA). Ultrapure water
obtained from a LABCONCO (Water Pro RO/PS Station, Kansas City, MO, USA) system
(water of American Society for Testing and Materials type I quality, dissolved organic
carbon < 0.5 mg/L; electrical conductivity 0.055 µS/cm) was used for the preparation of all
synthetic water matrix and working solutions. Stock solution of each UV filter (1 mg/mL)
was prepared in acetonitrile.

2.2. Water Samples

Synthetic water matrix (ultrapure water without the addition of interfering agents) and
natural water were spiked with a mixture of 4-MBC and EHMC in order to obtain the final
concentration of about 100 µg/L in water. The characteristics of the natural water sample
used for the investigation included pH values of 7.81 ± 0.23, an electrical conductivity of
358 ± 22 µS/cm, a UV254 of 0.075 ± 0.01 cm−1, a UV278 of 0.075 ± 0.01 cm−1, an SUVA of
2.69 ± 0.13 L m−1 mg−1, an ammonia content of 0.172 ± 0.03 mg N/L, a nitrate content of
0.775 ± 0.10 mg N/L a nitrite content of 0.015 ± 0.02 mg N/L, an orthophosphate content
of 0.012 ± 0.01 mg P/L, a bicarbonate content of 100.6 ± 0.25 mg HCO3

−/L, a hardness
of 192 ± 14 mg CaCO3/L, a chloride content of 14.8 ± 0.3 mg/L, and a sulfate content of
36.5 ± 2.70 mg/L.
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2.3. UV-Driven AOP Water Treatment

The degradation of 4-MBC and EHMC were utilized in a photochemical reactor with
a volume of 700 mL and a low-pressure lamp (16 W TUV Philips., UV-technik Spezial-
lampen GmbH, Ilmenau, Germany) emitting monochromatic radiation at 253.7 nm. Via
the application of chemical actinometry with potassium ferrioxalate, the photon flux
(2.33 × 10−6 Einsteins s−1) and incident light flux (1.5 mW cm−2) were determined. In our
previous investigation by Ðurkić et al. [41], a detailed description of the procedure and
schematic of the photoreactor was provided. The influence of different oxidant concen-
trations ([H2O2] = [HSO5

−] = 0.03 and 0.3 mM) and UV fluence values (33–1400 mJ/cm2)
on sunscreen agent degradation was investigated. The residues of oxidant agents were
quenched with 0.1 M Na2S2O3. Each set of experiments was performed in triplicate and
the mean values were used for data interpretation and presentation.

2.4. Preparation of Magnetic Biochar

The modification of biochar with magnetic nanoparticles began by suspending 0.5 g of
pristine biochar (obtained from corn biomass) in water and subjecting it to ultrasonication to
prevent agglomeration. Subsequently, 3 g of FeCl3·6H2O and 1.4 g of FeSO4·7H2O were added
to the biochar suspension. Then, 5 M NaOH was introduced dropwise into the mixture until
the pH reached 9–10, resulting in the formation of a black precipitate. This black precipitate,
representing magnetic biochar, was then separated from the water using an external magnet,
washed several times with deionized water until the supernatant reached a neutral pH, and
finally dried at ambient temperature. The resultant material was further characterized and
investigated as a potential adsorbent for tertiary/quaternary treatment.

2.5. Toxicity Evaluation

Standardized assays with Pseudomonas putida and Vibrio fischeri were used to assess the
toxicity of the target compounds and their possible degradation products in water treated
by AOPs. In the Pseudomonas putida growth inhibition test, the inhibitory effect of water
samples was determined by comparing cell growth with varying dilutions of test samples
to the cell growth of a culture obtained under the same conditions but without test samples.
The percentage of growth inhibition (I%) was calculated based on growth in different
sample concentrations compared to the control without the sample (ISO 10712:1995) [42].
The toxicity of water samples towards the luminescence inhibition rate of Vibrio fischeri
culture was measured using the LUMIStox 300 Bench Top Luminometer with LUMIStherm
thermostat and LUMISsoft4 PC software (Hach-Lange GmbH, Düsseldorf, Germany,) based
on the standard method ISO 11348-1:2007 [43]. The luminescence intensity of Vibrio fischeri
was determined by mixing varying concentrations of the sample with reconstituted bacterial
suspension and sodium chloride solution, as prescribed by the standard. After exposing
Vibrio fischeri to the untreated and treated samples for 30 min, the inhibition of luminescence
was calculated as the percentage of inhibition effect (H%) based on luminescence values in
different sample concentrations and control.

2.6. Instrumental Analysis

After UV-AOPs treatments, a mixture of sunscreen agents was extracted from the reac-
tion solutions using a liquid–liquid extraction with hexane prior to the chromatographic
analysis. For the detection of the 4-MBC and EHMC, a gas chromatography with mass spec-
trometry (Agilent Technologies 7890A Gas chromatograph/5975C Mass spectrometer (GS-
MS), Santa Clara, CA, USA) with a DB-5MS capillary column ((30 m × 25 µm × 0.25 µm)
J&W Scientific, Santa Clara, CA, USA)) was used. The chromatography conditions were
optimized for this study based on a procedure outlined in the literature [44,45]. The chro-
matography conditions were as follows: the oven was set initially at 70 ◦C (0 min), then
ramped up to 250 ◦C at a rate of 30 ◦C/min (for 5 min), and finally to 280 ◦C at a rate
of 30 ◦C/min (0 min). The ion source temperature was maintained at 230 ◦C, while the
quadrupole temperature was maintained at 150 ◦C throughout the analysis in electron
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impact mode (70 eV). The transfer line temperature was set at 280 ◦C, and a solvent delay
of 4.50 min was implemented. Splitless injection was employed with an injection volume
of 2 µL. The analysis was conducted in SIM/SCAN mode. The quantitation ion (m/z) for
4-MBC was 254 with confirmation ions (m/z) 171 and 128, while for EHMC, the quantitation
ion (m/z) was 290 with confirmation ions (m/z) 178 and 161. The recovery was in the range
of 86% to 114% with relative standard deviations (RSDs) <15%. The method detection limit
(MDL) was determined to be 50 ng/L.

The pH value of the water was measured using a pH/ION 735 instrument (Model
04520006; WTW, Weilheim, Germany). Water electrical conductivity was measured using an
electroconductometer (Hanna Instruments, Model HI 933000; TX, Cluj-Napoca, Romania).
Total organic matter content in natural water samples was determined by measuring total
organic carbon (TOC) and dissolved organic carbon (DOC) using a TOC analyzer Elemen-
tarLiqui TOC II (Model 35072028; Elementar, Langenselbold, Germany). UV absorbance at
254 nm was determined by measurement using a CINTRA 1010, GBC Scientific Equipement
spectrophotometer. Specific UV absorbance (SUVA) was calculated based on UV254 and
DOC values, according to the standard method [46]. The concentration of anions in natural
water was determined using the ion chromatography system Dionex IC 3000 (Santa Clara,
CA, USA).

The multi-point BET-specific surface areas, mesopore volumes, and micropore volumes
of both the pristine biochar and the magnetic biochar were determined using the Autosor-
biQ Surface Area Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The
specific surface areas were computed by utilizing the multi-point Brunauer–Emmett–Teller
(BET) method, while the determination of meso and micro pore volumes was accomplished
using the desorption Barrett–Joyner–Halenda (BJH) isotherms and the t-test method, re-
spectively. X-ray diffraction (XRD) patterns were collected using a Philips PW automated
X-ray powder diffractometer located in the USA. Fourier transform infrared (FTIR) spectra
of the magnetic nanoparticles were obtained using an infrared spectrophotometer: the FTIR
Nexus 670, manufactured by Thermonicolet in the USA. The point of zero charge (pHpzc)
of the magnetic nanoparticles was determined by following the method outlined by Šolić
et al. [47].

3. Results and Discussion
3.1. Degradation of Sunscreen Agents in Ultrapure Water by UV-Driven AOPs

To better elucidate the behavior of UV filters during the different AOPs, the physico-
chemical characteristics of the target contaminants subjected to the water treatment are
provided in Table 2 and used for further discussion. Figure 1 illustrates the degradation
of sunscreen agents using various processes, including the application of H2O2, PMS,
and UV-C photolysis alone as control processes, and a combination of UV irradiation
with oxidant agents. Additionally, the figure shows the results of the investigation of the
synergistic effect of combined H2O2 and PMS activated under the UV-C light in order to
evaluate whether the interaction between the two oxidants can enhance the degradation of
target contaminants.
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Table 2. The physicochemical properties of 4-MBC and EHMC.

Compound Information Chemical Structure *

4-MBC 1

Molecular formula:
Molecular weight:
Density:
logKow:
Boiling point:
Solubility in water:
Vapor pressure:

C18H22O
254.37 g/mol
1.064 ± 0.06 g/cm3

5.92
357 ◦C
1.3 mg/L at 20 ◦C
1.0 × 10−3 Pa at 25 ◦C
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tion of anions in natural water was determined using the ion chromatography system 
Dionex IC 3000 (Santa Clara, CA, USA). 

The multi-point BET-specific surface areas, mesopore volumes, and micropore 
volumes of both the pristine biochar and the magnetic biochar were determined using the 
AutosorbiQ Surface Area Analyzer (Quantachrome Instruments, Boynton Beach, FL, 
USA). The specific surface areas were computed by utilizing the multi-point Brunau-
er–Emmett–Teller (BET) method, while the determination of meso and micro pore vol-
umes was accomplished using the desorption Barrett–Joyner–Halenda (BJH) isotherms 
and the t-test method, respectively. X-ray diffraction (XRD) patterns were collected using 
a Philips PW automated X-ray powder diffractometer located in the USA. Fourier trans-
form infrared (FTIR) spectra of the magnetic nanoparticles were obtained using an in-
frared spectrophotometer: the FTIR Nexus 670, manufactured by Thermonicolet in the 
USA. The point of zero charge (pHpzc) of the magnetic nanoparticles was determined by 
following the method outlined by Šolić et al. [47]. 

3. Results and Discussion 
3.1. Degradation of Sunscreen Agents in Ultrapure Water by UV-Driven AOPs 

To better elucidate the behavior of UV filters during the different AOPs, the physi-
co-chemical characteristics of the target contaminants subjected to the water treatment 
are provided in Table 2 and used for further discussion. Figure 1 illustrates the degrada-
tion of sunscreen agents using various processes, including the application of H2O2, PMS, 
and UV-C photolysis alone as control processes, and a combination of UV irradiation 
with oxidant agents. Additionally, the figure shows the results of the investigation of the 
synergistic effect of combined H2O2 and PMS activated under the UV-C light in order to 
evaluate whether the interaction between the two oxidants can enhance the degradation 
of target contaminants.  

Table 2. The physicochemical properties of 4-MBC and EHMC. 

Compound Information Chemical Structure * 

4-MBC 1 

Molecular formula: 
&&&&Molecular weight: 
&&&&Density:&&&&log
Kow:&&&&Boiling 
point:&&&&Solubility in 
water:&&&&Vapor 
pressure: 

C18H22O&&&&254.37 
g/mol&&&&1.064 ± 0.06 
g/cm3&&&&5.92&&&&357 °
C&&&&1.3 mg/L at 
20 °C&&&&1.0 × 10−3 Pa at 
25 °C  

EHMC 2 

Molecular 
formula:&&&&Molecula
r weight: 
&&&&Density:&&&&log

C18H26O3&&&&290.40 
g/mol&&&&1.005 ± 0.07 
g/cm3&&&&6.01&&&&193 °
C&&&&0.2 mg/L at  

* Data from ACD/ChemSketch; 1 reference [48]; 2 reference [49].
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tions: [4-MBC]0 = [EHMC]0 = 100 µg/L; [H2O2]0 = [PMS]0 = 0.03 mM (UV/H2O2 and UV/PMS);
[H2O2]0 = [PMS]0 = 0.015 mM (UV/PMS/H2O2); pH = 7.0 ± 0.3.

It is important to note that both the (E) and (Z) geometric isomers of the olefinic
UV filters need to be considered during water treatment. These compounds demonstrate
rapid photoisomerization between their (E) and (Z) forms, eventually reaching a pseudo-
equilibrium state [9]. Thus, the results obtained are presented as the sum of both geometric
isomers. The obtained results indicate that neither of contaminants were degraded (less than
5%) when treated solely with H2O2 and PMS (0.03 mM) or with a combination of oxidants
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([PMS]0 = [H2O2]0 = 0.015 mM). However, applying UV-C photolysis achieved significantly
higher efficiency in degrading UV filters (about 53% at a UV fluence of 1400 mJ/cm2)
compared to H2O2 and PMS alone or a combination of oxidants (PMS/H2O2). Moreover,
the combined action of UV irradiation and oxidant notably enhanced UV filter degradation
due to the activation of H2O2 and PMS and the generation of HO• and/or SO4

•− through
chain reactions that interact with organic contaminants (reactions 1–3) [50,51].

H2O2 + hv → 2HO• (1)

HSO5
− + hv → SO4

•− + HO• (2)

SO4
•− + H2O → HO• + SO4

2− (3)

HSO5
− + H2O2 → SO4

•− + 3HO• (4)

As shown in reaction (4), PMS and H2O2 can be activated not just through excitation
by UV irradiation (reactions 1–3) but also through their mutual reaction, leading to the
formation of SO4

•− and HO• radicals.
The reaction kinetics of PMS activation by H2O2 (k = 1.7 × 107 M−1s−1) are

slow [52,53]; however, combining them under UV-C light significantly enhances sunscreen
agent degradation compared to their isolated effect or UV-C-mediated activation.

The degradation efficacy of sunscreen agents in ultrapure water decreased according
to the following trend: UV/PMS/H2O2 > UV/H2O2 > UV/PMS, requiring significantly
lower UV fluence (200 mJ/cm2) compared to the UV photolysis alone. The obtained results
indicated that the simultaneous presence of SO4

•− and HO• in the reaction solution was
beneficial for improving the degradation efficiency of 4-MBC and EHMC. However, only
a few studies have explored this system’s application to wastewater treatment [53–55],
necessitating additional research to thoroughly understand the reactions involved and
assess its feasibility [52].

The pseudo-first-order kinetic model was employed to describe the degradation
kinetics of sunscreen agents during UV-based AOPs (Figure 2). The rate constants (k) were
determined based on fluence, calculated as the slope of the natural logarithm of the ratio
of initial to final concentrations of contaminants ([C]/[C0]) against UV fluence (mJ/cm2),
where [C0] and [C] represent the initial and final concentrations of sunscreen agents in the
water samples [56]. The degradation rate constant for sunscreen agents in ultrapure water
using UV-C photolysis alone was 0.501 ± 0.032–0.528 ± 0.028 × 10−3 cm2 mJ−1 (R2 = 0.997).
During the UV/H2O2, UV/PMS, and UV/PMS/H2O2 processes, the k values significantly
increased, ranging from 8.54 ± 0.6 to 17.8 ± 0.22 × 10−3 cm2 mJ−1 (R2 = 0.918–0.993).

The obtained results indicate that the highest k values were observed for EHMC degra-
dation by the UV/PMS/H2O2 system. The co-addition of PMS and H2O2 to the reaction
medium under UV-C light accelerated the contaminants reaction rate by 1.5 times compared
to the UV/H2O2 process and/or the UV/PMS process. The effectiveness of contaminant
removal in an AOP depends on the type and quantity of radicals, the reactivity of generated
radicals with the contaminant, and the nature of the degradation intermediates [53].

Considering that the investigation of the degradation of the contaminants was con-
ducted in a mixture, the potential influence of competition reactions should not be over-
looked, as this may arise during such an examination. Theoretically, more reactive pollu-
tants may scavenge ROS, reducing their availability for the oxidation of other pollutants.
Additionally, the degradation rates of organic compounds in UV-driven AOPs can vary
depending on their molecular structure. In the chemical structure of EHMC, a 2-ethylhexyl
group is present, which refers to a branched alkyl group, along with a 4-methoxycinnamate
group (cinnamate group or phenylacrylic acid), with a methoxy group (-OCH3) substituted
at the para position of the aromatic ring [57]. On the other hand, 4-MBC has a benzylidene
group and camphor structure, which consists of a bicyclic ketone comprising a fused cyclo-
hexane and cyclopentane ring system. EHMC degraded slightly faster, presumably due to
its ester functional group (C=O-O-R), which was more susceptible to photodegradation
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under UV-C irradiation compared to the ketone functional group of 4-MBC. The ester group
can undergo photolysis, leading to the cleavage of the carbon–oxygen bond and subsequent
degradation of the compound. Also, the reactivity of organic compounds can be influ-
enced by the presence of various substituents in their molecular structure. In the case of
EHMC, the ethylhexyl group and the methoxy group may increase the susceptibility of the
molecule to photodegradation through pathways such as hydrogen abstraction or electron
transfer reaction. 4-MBC contains aromatic rings in its structure, which can provide some
degree of stability against photodegradation. Aromatic compounds often exhibit resonance
stabilization, which can make them less reactive toward UV-induced degradation.
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Figure 2. 4-MBC and EHMC degradation rate constants in ultrapure water obtained during the UV-C
photolysis, UV/H2O2, UV/PMS, and UV/PMS/H2O2 processes.

The rate of free radical generation through UV/peroxide processes primarily depends
on the molar extinction coefficients (ε) and photolysis quantum yields (Φ) of peroxides.
The data revealed that the ε values for H2O2 and its dissociated form HO2

− were 19.6
and 229 M−1cm−1 were higher than those for HSO5

− (the monovalent form of PMS) and
SO5

2−, the divalent form of PMS (13.8 and 149.5 M−1cm−1, respectively). Furthermore, the
quantum yield of H2O2 photolysis at 254 nm was determined to be Φ = 0.5, whereas the
quantum yield of PMS photolysis at the same wavelength was measured as Φ = 0.52 [58].
Consequently, the slightly better performance of the UV/PMS/H2O2 system can be at-
tributed to the efficient absorption of UV light facilitating H2O2 and PMS photolysis, which
leads to an increased amount of ROS. It has also been noted that H2O2 tends to undergo
homolytic cleavage more readily than PMS, leading to the assumption that more hydroxyl
radicals were generated in the combined system, which was responsible for the degradation
of target contaminants [59,60].

3.2. Identification of Radical Species Involved in Sunscreen Agent Degradation by AOPs

To further explore the roles of HO• and SO4
•− in the degradation of sunscreen agents,

target pollutants were degraded by UV-driven AOPs in the presence of radical scavengers.
Methanol (MeOH) and tert-butyl alcohol (TBA) were employed as scavengers for HO•

and SO4
•− due to their high reactivity towards these species. Methanol exhibits a rapid
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reaction rate with both radicals. TBA reacts rapidly with HO• radical, which is three
orders of magnitude faster than with SO4

•− (reactions 5–8). Therefore, TBA was commonly
employed as a hydroxyl scavenger, whereas MeOH was utilized to efficiently quench these
two radicals by adjusting the appropriate dosage [57,61–63].

SO4
•− + MeOH → products

(
kSO4•−/MeOH = 1.1 × 107 M−1s−1

)
(5)

HO• + MeOH → products
(

kHO•/MeOH = 9.7 × 108 M−1s−1
)

(6)

SO4
•− + TBA → products

(
kSO4•−/TBA = (4.0–9.1)× 105 M−1s−1

)
(7)

HO• + TBA → products
(

kHO•/TBA = (3.8–7.6)× 108 M−1s−1
)

(8)

Figures 3 and 4 illustrate the quenching effect of MeOH and TBA on the degradation of
target contaminants by the UV/H2O2, UV/PMS, and UV/PMS/H2O2 systems compared
to the control treatments without MeOH and TBA addition. Other reactive species could
also be generated in UV-driven AOPs, including singlet oxygen (1O2) and superoxide anion
(O2

−), but cannot be quenched by the application of MeOH and TBA [61–63]. Although
1O2 and O2

−can also participate in oxidation processes, they do so with a significantly
lower oxidation potential and reactivity compared to HO• and SO4

•− radicals. Hence, in
this study, the emphasis was placed on identifying the main radical species of HO• and
SO4

•− in UV-driven AOPs.
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Figure 3. The quenching effect of MeOH and TBA on the degradation of 4-MBC in ultrapure water
using the (a) UV/H2O2, (b) UV/PMS, and (c) UV/PMS/H2O2 processes. Experimental conditions:
[4-MBC]0 = [EHMC]0 = 100 µg/L, [H2O2]0 = [PMS]0 = 0.03 mM, [MeOH]0 = [TBA]0 = 50 mM
(UV/H2O2 and UV/PMS); [H2O2]0 = [PMS]0 = 0.015 mM, [MeOH]0 = [TBA]0 = 50 mM and 200 mM
(UV/PMS/H2O2); pH = 7.0 ± 0.3.
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Figure 4. The quenching effect of MeOH and TBA on the degradation of EHMC in ultrapure water
using the (a) UV/H2O2, (b) UV/PMS, and (c) UV/PMS/H2O2 processes. Experimental conditions:
[4-MBC]0 = [EHMC]0 = 100 µg/L, [H2O2]0 = [PMS]0 = 0.03 mM, [MeOH]0 = [TBA]0 = 50 mM
(UV/H2O2 and UV/PMS); [H2O2]0 = [PMS]0 = 0.015 mM, [MeOH]0 = [TBA]0 = 50 mM and 200 mM
(UV/PMS/H2O2); pH = 7.0 ± 0.3.

The degradation of both sunscreen agents in the UV/H2O2 process significantly de-
creased from 91–93% to 14–22% after adding 50 mM of MeOH and TBA (Figures 3a and 4a).
The obtained experimental results indicate that both quenchers were effective HO• scav-
engers in the UV/H2O2 process, suggesting that generated HO• radicals were almost
completely quenched using 50 mM of MeOH and TBA (k value significantly decreased by
approximately 90%). Based on these results, HO• radicals play a key role in the degradation
of UV filters in the UV/H2O2 system. During the UV/PMS process, the addition of 50 mM
MeOH decreased the degradation efficiency of 4-MBC and EHMC from 86 to 72% and 44%,
respectively. In the presence of 50 mM TBA, the degradation of both compounds decreased
to 40–44% (Figures 3b and 4b). This notable distinction and the impact of quenchers imply
the involvement of both SO4

•− and HO• radicals in the degradation of sunscreen agents by
the UV/PMS process. Furthermore, the lower inhibition degree observed with the addition
of MeOH suggests the predominant involvement of SO4

•− radicals in the degradation
of 4-MBC by the UV/PMS process. Also, a series of tests were conducted to identify the
predominant radicals in the UV/PMS/H2O2 system (Figures 3c and 4c). The obtained
results indicate that the addition 50 mM MeOH/TBA does not significantly inhibit the
process, providing similar degradation efficacy as achieved during the UV/H2O2 and
UV/PMS processes. Increasing the amount of TBA (200 mM) in UV/PMS/H2o2 resulted
in a decrease in the degradation of target contaminants from 98% to 66%. However, under
the same conditions with the addition of MeOH, the degree of degradation decreased to
56% compared to the control process. Accordingly, HO• was slightly more significant in
UV/PMS/H2O2 system, although SO4

•− simultaneously contributes to the degradation of
target contaminants. To date, there are limited literature data discussing the simultaneous
use of PMS and H2O2 in combination with UV radiation for water treatment or focusing on
the identification of dominant radicals in such systems. Zhong et al. [54] found a predom-
inant presence of HO• in their study on the removal of chloramphenicol. However, it is
important to note that their study was based on an examination of an H2O2/PMS double-



Processes 2024, 12, 1156 12 of 23

oxidation system catalyzed by pipe deposits, so the results may not be directly comparable
to our study. Amanollahi et al. [53] observed a higher significance of HO• radicals during
the removal of ammonia nitrogen using a VUV/H2O2/PMS system, although they also
reported a notable contribution from SO4

•−.
The relative contributions of SO4

•− and HO• radicals in the sulfate-based AOPs can
be calculated using Equations (9) and (10) [64].

HO• contribution (%) =
k with HO•scavenger
k without scavenger

× 100 (9)

SO4
•−contribution (%) = 100 − HO• contribution (%) (10)

where [k with HO• scavenger] is the obtained pseudo-first-order degradation rate con-
stant with the scavenger added and [k with without scavenger] is the pseudo-first-order
degradation rate constant in the UV/PMS system. From the quenching experiments, the
contributions to the degradation of 4-MBC in the UV/PMS were as follows: SO4

•− ac-
counted for 68.5%, and HO• for about 31.5%. Hsieh et al. [40] investigated the dominant
radical species in the degradation of 4-MBC when using the UV/persulfate process. The
quenching experiment was performed by adding 1.26 mM TBA into the solution, suggest-
ing that HO• accounted for approximately 30%, while SO4

•− accounted for most of the
degradation of 4-MBC (~70%) as the major radical species in the UV/persulfate process.

3.3. Degradation of Sunscreen Agents in Natural Water by UV-Driven AOPs

Natural waters are complex mixtures that typically include natural organic matters
(NOM) and inorganic ions such as HCO3

−/CO3
2−, NO3

−, Cl−, etc., which can interact with
radicals, thus influencing the degradation of organic compounds [65,66]. The influence of
water matrix constituents on the oxidation of sunscreen agents remains poorly elucidated.
Traditionally, it has been assumed that these constituents adversely affect the reaction
system. Nevertheless, a few studies have indicated that the presence of water matrix
components can enhance the efficacy of sulfate-radical-based AOPs (SR-AOPs) while
reducing the efficiency of AOPs relying on hydroxyl radicals under real water treatment
conditions. Moreover, the composition of humic acid as a representative NOM varies
significantly depending on its source, which can introduce complexities in its impact on
the oxidation of the target compound. This influence may vary based on the source of
NOM, the oxidation method employed for the target compound, and the presence and
composition of various other water matrix components [19,64].

The investigation of the effect of UV-driven AOPs on the degradation of sunscreen
agents in natural water is shown in Figure 5. By applying the UV photolysis alone, the
degradation efficiency of target contaminants was up to approximately 45% at a UV fluence
of 1400 mJ/cm2. Seo et al. [9] investigated the degradation of eight organic UV filters,
including 4-MBC and EHMC, using a direct UV254nm photolysis in drinking water and
wastewater, where a similar the degree of degradation was obtained (about 38% at a UV
fluence of 1500 mJ/cm2 and pH 7).

The addition of oxidants H2O2 and PMS significantly improves the degradation
of sunscreen agents in natural water compared to UV photolysis alone, which can be
attributed to the photolytic decomposition of H2O2 and PMS. The degree of degradation
of sunscreen agents in natural water at the initial oxidant concentration of 0.03 mM and
with a UV fluence of 200–1400 mJ/cm2 during UV/H2O2 and UV/PMS ranged from
36 to 79% and from 45 to 92%, respectively. Similar results were obtained when PMS
and H2O2 were simultaneously added at a concentration of 0.015 mM in the combined
UV/PMS/H2O2 system. The presence of both PMS and H2O2 in the reaction medium led
to their simultaneous activation by UV light and the generation of both SO4

•− and HO•

radicals. However, the results indicated that in the UV/PMS/H2O2 process, the efficiency
of degradation (34–74%) was almost identical to that during the UV/H2O2 treatment. An
increase in the initial concentration of the applied oxidants (0.3 mM) resulted in a further
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increase in the degradation efficiency, amounting to 43–83% in the UV/H2O2 system and 53–
97% in the UV/PMS system. In the UV/PMS/H2O2 system, increasing the concentration of
oxidants to 0.15 mM resulted in the same degradation trend as observed in the UV/H2O2
process. Therefore, to evaluate the suitability of the combined UV/PMS/H2O2 process
for the treatment of natural water and to demonstrate the effectiveness of dual oxidation
activated by the UV light, further research should focus on examining the concentration of
oxidants and their molar ratio in the system.
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Figure 5. Degradation of sunscreen agents in natural water using different processes: UV
and UV-driven AOPs (a,b). Experimental conditions: [4-MBC]0 = [EHMC]0 = 100 µg/L;
[H2O2]0 = [PMS]0 = 0.03 and 0.3 mM (UV/H2O2 and UV/PMS); [H2O2]0 = [PMS]0 = 0.015 mM
(UV/PMS/H2O2); pH = 7.81 ± 0.23.

The presented results indicate that EHMC degrades somewhat faster than 4-MBC,
whereby a removal efficiency of EHMC of over 90% can be achieved by applying the
UV/PMS process (0.3 mM PMS; 1000 mJ/cm2). Additionally, the efficiency of target con-
taminant degradation was notably hindered in natural water compared to ultrapure water,
which can be attributed to interference from organic matter and inorganic ions. Neverthe-
less, the UV/PMS process enables a high efficiency of EHMC degradation, suggesting its
effectiveness and moderate resilience against the water matrix components’ influence. Seo
et al. [9] indicate that the application of UV/H2O2 (10 mg H2O2/L and the UV fluence of
100–1500 mJ/cm2) reduces 4-MBC and EHMC by approximately ≥ 90% in drinking water
and wastewater treatment.

The degradation rate constants of UV filters in natural water during the UV photolysis
were in the range of 0.417 ± 0.05–0.424 ± 0.02 × 10−3 cm2 mJ−1 (R2 = 0.986) (Figure 6). The ob-
tained k values for the UV/H2O2, UV/PMS, and UV/PMS/H2O2 processes were significantly
higher and ranged from 0.815 ± 0.08 to 2.36 ± 0.08 × 10−3 cm2 mJ−1 (R2 = 0.906–0.969).

The highest degradation rate was observed for EHMC degradation by the UV/PMS
process (0.3 mM PMS). It is assumed that SO4

•− radicals generated during UV/PMS are
responsible for the superiority of this process compared to the UV/H2O2 and combined
UV/H2O2/PMS processes. During the SR-AOPs, HO• radicals can also be generated under
elevated pH conditions by the reaction between SO4

•− and hydroxyl ions. During the
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treatment of natural water by UV/PMS under the above experimental conditions, both
SO4

•− and HO• radicals coexisted, enabling the degradation synergism. Although HO•

and SO4
•− possess similar redox potentials, their chemistry differs significantly. SO4

•−

tends to be more selective, primarily attacking the organics through the electron transfer
pathway. In contrast, HO• is nonselective, engaging in electrophilic addition to π bonds
of unsaturated hydrocarbons and aromatics, H-abstraction in aliphatic hydrocarbons,
and electron transfers in halogenated hydrocarbons. SO4

•− demonstrates higher energy
barriers and selectivity compared to HO•, largely due to steric hindrance associated with
its relatively larger molecular size [67]. On the other hand, it can be assumed that NOM
in natural water showed a larger inhibition on the UV/H2O2 process and the combined
UV/H2O2/PMS system than UV/PMS due to the lower rate constants of HO• with NOM
than SO4

•− [58].
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Figure 6. 4-MBC and EHMC degradation rate constants in natural water obtained during the UV-C
photolysis and UV-driven AOPs (a,b). Experimental conditions: [4-MBC]0 = [EHMC]0 = 100 µg/L;
[H2O2]0 = [PMS]0 = 0.03 and 0.3 mM (UV/H2O2 and UV/PMS); [H2O2]0 = [PMS]0 = 0.015 mM
(UV/PMS/H2O2); pH = 7.81 ± 0.23.

3.4. Evaluation of Water Quality Based on the Toxicity Assessment

Considering the often challenging task of detecting all potential transformation prod-
ucts (TPs), particularly in natural water rich in NOM, the utilization of toxicological
tests emerges as a valuable strategy. Toxicological tests aid in evaluating the presence
of potentially toxic TPs and the feasibility of certain treatments during drinking water
preparation [57]. Figures 7 and 8 present the results of toxicity assessment by Vibrio fischeri
and Pseudomonas putida in ultrapure water and natural water before and after applying
UV-based AOPs. Generally, before the application of the UV, UV/H2O2, UV/PMS, and
UV/PMS/H2O2 processes, toxicity was measured in all water samples, and the inhibition
on the tested species was negligible (<10%). However, it is necessary to note that an excep-
tion occurred during the evaluation of water quality after applying the UV/PMS/H2O2
process, where the inhibition was less than 2%. For this reason, the obtained results are not
presented in Figures 7 and 8. After the UV/PMS/H2O2 process was applied, the final TPs
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of the oxidative degradation of target contaminants and/or other constituents of the water
matrices did not exhibit significant toxicity towards the Vibrio fischeri and Pseudomonas
putida strain. In terms of techno-economic feasibility (oxidant consumption) and treated
water quality, the UV/PMS/H2O2 process can be an adequate alternative to both the
conventional UV/H2O2 treatment and the newer UV/PMS process for the degradation of
target contaminants in water.
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Figure 7. Toxicity evaluation by (a) Vibrio fischeri and (b) Pseudomonas putida during 4-MBC and
EHMC degradation in ultrapure water.

The highest inhibition rates were recorded during UV photolysis (600 mJ/cm2), reach-
ing 50% and 35% inhibition to V. fisheri and P. putida, respectively. The increase from
the initial inhibition indicates the potential formation of more toxic TPs during the UV
treatment, which are further degraded, resulting in a reduction in toxicity to 25% by V.
fischeri, i.e., to 18% by P. putida (1400 mJ/cm2). When applying both toxicity assays, in the
UV/H2O2 and UV/PMS systems, the toxicity level was lower (20%) and decreased faster
under lower UV fluence than during the UV treatment alone. The obtained results can be
attributed to the faster decomposition of generated oxidative TPs during these oxidation
processes compared to direct UV photolysis, which is also confirmed by the higher rate of
decomposition of target contaminants when using the UV-based AOPs (Section 3.1).

In natural water samples, a slightly higher inhibition was obtained using the V. fischeri,
suggesting that this test was more sensitive compared to P. putida (Figure 8). By applying
the V. fischeri test, the inhibition reached 40% during UV photolysis and UV-driven AOPs
(0.03 mM H2O2 and PMS), and the toxicity dropped to approximately 20% with an increase
in the UV fluence. However, a higher initial concentration of H2O2 of 0.3 mM resulted
in a significant increase in toxicity (70% in the intermediate stage of treatment), which
indicates the fact that more toxic intermediates are formed compared to UV/PMS (45%).
The reason for the sudden increase in toxicity, which then decreased to 30%, may also be a
consequence of the oxidative transformation of NOM present in natural water, whereby
more polar organic compounds can be formed that might exhibit toxicity towards the V.
fischeri strain. The highest degree of toxicity to P. putida was observed at a UV fluence of
600 mJ/cm2 (30%), which further decreased to 8–12% (1400 mJ/cm2), probably as a result
of further oxidative degradation of toxic intermediates.



Processes 2024, 12, 1156 16 of 23

Processes 2024, 12, x FOR PEER REVIEW 16 of 23 
 

 

to UV/PMS (45%). The reason for the sudden increase in toxicity, which then decreased to 
30%, may also be a consequence of the oxidative transformation of NOM present in 
natural water, whereby more polar organic compounds can be formed that might exhibit 
toxicity towards the V. fischeri strain. The highest degree of toxicity to P. putida was 
observed at a UV fluence of 600 mJ/cm2 (30%), which further decreased to 8–12% (1400 
mJ/cm2), probably as a result of further oxidative degradation of toxic intermediates. 

 
Figure 8. Toxicity evaluation by (a) Vibrio fischeri and (b) Pseudomonas putida during 4-MBC and 
EHMC degradation in natural water. 

Several authors have noted that AOPs at certain stages of treatment can result in an 
increase in water toxicity. This increase is often attributed to undetected TPs, which are 
primarily responsible for the observed rise in toxicity [68]. A similar development of 
toxicity as in our research (an increasing trend in the intermediate stages of treatment, 
which later decreases) during UV/H2O2 treatment was also indicated in other relevant 
studies based on the formation and successive decomposition of oxidation products, 
which exhibit a higher degree of inhibition than the parent compound [69]. The potential 
toxicity of 4-MBC and EHMC and the by-products that may arise from oxidative 
degradation using UV-based AOPs have not been thoroughly investigated. A study by 
Hsieh et al. [40] investigated toxicity using the Microtox® acute toxicity test (V. fischeri) 
after the application of the UV/persulfate process for the degradation of 4-MBC in water. 
The results indicate that the toxicity continuously increased during the first 20 min. of 
UV/persulfate treatment and then decreased after 30 min. They assumed that additional 
unidentified transformation products of 4-MBC were accountable for the rise in toxicity. 
In addition, the authors pointed out that before implementing UV/persulfate treatment in 
practical applications, it is crucial to carefully conduct investigations into the source of 
toxicity and perform ecotoxicological assessments. 

  

Figure 8. Toxicity evaluation by (a) Vibrio fischeri and (b) Pseudomonas putida during 4-MBC and
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Several authors have noted that AOPs at certain stages of treatment can result in
an increase in water toxicity. This increase is often attributed to undetected TPs, which
are primarily responsible for the observed rise in toxicity [68]. A similar development
of toxicity as in our research (an increasing trend in the intermediate stages of treatment,
which later decreases) during UV/H2O2 treatment was also indicated in other relevant
studies based on the formation and successive decomposition of oxidation products, which
exhibit a higher degree of inhibition than the parent compound [69]. The potential toxicity
of 4-MBC and EHMC and the by-products that may arise from oxidative degradation
using UV-based AOPs have not been thoroughly investigated. A study by Hsieh et al. [40]
investigated toxicity using the Microtox® acute toxicity test (V. fischeri) after the application
of the UV/persulfate process for the degradation of 4-MBC in water. The results indicate
that the toxicity continuously increased during the first 20 min. of UV/persulfate treatment
and then decreased after 30 min. They assumed that additional unidentified transformation
products of 4-MBC were accountable for the rise in toxicity. In addition, the authors
pointed out that before implementing UV/persulfate treatment in practical applications,
it is crucial to carefully conduct investigations into the source of toxicity and perform
ecotoxicological assessments.

3.5. Removal of Sunscreen Agents by Combined UV-Driven AOPs and Adsorption on
Magnetic Biochar

Magnetic biochar was utilized after the UV-driven treatments of natural water were
investigated. The specific surface area of the pristine biochar was 196.23 m2/g, with micro
and mesopore volumes of 0.116 cm3/g and 0.034 cm3/g, respectively. Following modi-
fication with magnetic nanoparticles, the specific surface area and micropore volume of
the biochar decreased to 116.31 m2/g and 0.071 cm3/g, respectively, while the mesopore
volume increased to 0.260 cm3/g. This indicates that the magnetic nanoparticles accumu-
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lated on the biochar surface during the precipitation process, resulting in the formation of a
mesoporous structure [70]. Similar observations were reported by Chen et al. [71], who also
noted a decrease in the specific surface area of biochar after modification with Fe3O4. Addi-
tionally, the average pore diameters of BC and MBC were measured at 3.01 nm and 9.76 nm,
respectively, further confirming the mesoporous structure of these materials (2–50 nm), as
defined by IUPAC classification [72]. In the XRD pattern of biochar, a peak at 22.58◦ was
assigned to a crystallographic plane of cellulose, while another peak at 29.2◦ was observed,
attributed to the (104) plane of calcite (CaCO3), indicating the presence of calcium carbon-
ate [73,74]. Additionally, two broad peaks centered at 2θ = 23.1 and 43◦ corresponding to
the (002) and (100) planes of graphitic carbon materials, respectively, were noted. The ab-
sence of sharp peaks in the XRD pattern of BC indicates the lack of a discernible crystalline
structure, suggesting that the biochar structures are entirely amorphous [75,76]. After the
modification of biochar with magnetite nanoparticles, crystal planes corresponding to (111),
(220), (311), (222), (400), (422), (333), and (440) with respective 2θ values of 18.4◦, 30.2◦,
35.7◦, 37.1◦, 43.4◦, 53.6◦, 57.2◦, and 63.1◦ were matched with those of magnetite, suggesting
the successful coating of the biochar materials with Fe3O4 nanoparticles [70,77]. The phase
identification and crystalline structures of magnetic biochar were assessed through XRD
analysis. Figure 9a illustrates the diffraction patterns of both unmodified and modified
biochar materials. The FTIR spectra of both the unmodified and magnetic biochar are
presented in Figure 9b. In both spectra, the peaks observed at 3430 cm−1 and 1630 cm−1

correspond to the stretching and bending vibrations of the -OH groups from physically
adsorbed water molecules. Additionally, in the unmodified biochar, the peaks observed at
1441 cm−1 were attributed to aliphatic C–H groups and C=C stretching in aromatic rings,
and the peaks at 882 cm1 were attributed to aromatic C–H bending vibration [78]. After the
modification of biochar with magnetite nanoparticles, new peaks appeared at 630 cm−1

and 580 cm−1. These peaks correspond to the stretching vibrations of the Fe–O bonds in
the crystalline lattice of magnetite, confirming the presence of magnetite nanoparticles as
well as the successful of coating of the biochar [70,79].
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UV-driven AOPs accompanied by adsorption on magnetic biochar were elucidated in
order to remove residual UV filters and possible transformation products from the water.
As mentioned in Section 3.3, using a lower concentration of H2O2 and PMS (0.03 mM)
in natural water enables approximately 79% degradation of UV filters in UV/H2O2 and
UV/PMS, and 74% degradation in the combined UV/PMS/H2O2 process at both oxidants
concentration of 0.015 mM. To remove residual 4-MBC and EHMC, potentially present
transformation products, and other constituents in natural water, adsorption on magnetic
biochar was applied for the first time after the UV-based AOPs. The adsorption of 4-MBC
and EHMC on magnetic biochar was examined over 240 min and the obtained results are
presented as changes in the concentration of 4-MBC and EHMC (Ct/Co) as a function of
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contact time (Figure 10). The results revealed that the adsorption equilibrium of UV filters
on magnetic biochar was achieved after 30 min of contact with this adsorbent.
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(a) UV/H2O2, (b) UV/PMS, and (c) UV/PMS/H2O2 in natural water. Experimental conditions:
[H2O2]0 = [PMS]0 = 0.03 (UV/H2O2 and UV/PMS); [H2O2]0 = [PMS]0 = 0.015 mM (UV/PMS/H2O2);
[adsorbent]0 = 0.3 g/L; reaction time 30–240 min; pH = 7.81 ± 0.23.

The adsorption mechanism underlying 4-MBC and EHMC on magnetic biochar can
be explained by considering the surface charge of this material (pHpzc), as well as the
pKa values of 4-MBC and EHMC. The pHpzc represents the pH at which the surface of
the biochar carries a neutral charge, indicating an equilibrium between the adsorption of
H+ and OH− ions [80]. The pHpzc of magnetic biochar in this work was determined to
be 6.7, suggesting that under the investigated conditions (pH = 7.8), the surface charge of
this material is predominantly negative. On the other hand, the pKa values of 4-MBC and
EHMC are pKa = 8 and pKa = 9, respectively, indicating that these pollutants, under the
experimental pH, are primarily in their protonated form. Hence, electrostatic interactions
between these pollutants and the magnetic biochar surface are established, significantly
contributing to their removal from water. In addition to electrostatic interactions, the
surface of magnetic biochar contains a large number of oxygen-containing functional
groups such as carboxylic, phenolic, and lactonic acids, as well as magnetic Fe-O, etc. [81].
Therefore, other interactions such as hydrogen bonding and π–π stacking are also involved
in the mechanism of removal of 4-MBC and EHMC using magnetic biochar. Specifically,
the functional groups on the surface of magnetic biochar can form strong hydrogen bonds
with C=O and -O- on the molecular structure of 4-MBC and EHMC, respectively, while
simultaneously acting as electron acceptors, forming π–π electron interactions with 4-MBC
and EHMC. Additionally, 4-MBC and EHMC can effectively bind with the hydrophobic
sites on the surface of magnetic biochar, thus facilitating hydrophobic interactions, which
are important driving forces for their absorption onto the magnetic biochar.

The given results imply that the coupling of AOPs and adsorption not only facili-
tates the removal of residual target contaminants but can also assist in the elimination
of oxidation by-products and other compounds found in the natural matrix. Since the
application of magnetic biochar provides easy separation from water, regeneration, and
reuse, the combined approach presents a promising and sustainable alternative in water
treatment. Moreover, biochar, as a green technology, offers the advantage of being de-
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rived from renewable biomass sources, making it an environmentally friendly option for
pollutant removal.

4. Conclusions

This study indicates the significant potential of applying UV-driven AOPs in water
treatment for the degradation of organic UV filters. Based on the experimental results, the
following main conclusions were derived:

i. Compared to UV photolysis alone, the addition of PMS and/or H2O2 significantly
improves the degradation of UV filters. The existence of the synergy of oxidants PMS
and H2O2 with UV activation significantly improves the degradation of UV filters in
ultrapure water.

ii. Specific quenching tests revealed that HO• played a key role in the UV/H2O2 process.
HO• and SO4

•− radicals were present jointly in the UV/PMS and UV/PMS/H2O2
systems, while SO4

•− predominantly contributed to the degradation in UV/PMS.
iii. The potential and benefits of the UV/PMS application were notable in the treatment

of UV filters in NOM-reach natural water, exhibiting lower and finally negligible
toxicity of treated water to V. fischeri and P. putida strains.

iv. In natural water, EHMC degrades faster than 4-MBC, with the highest degradation
rate obtained during UV/PMS due to more selective oxidation by SO4

•− radicals.
v. Combining UV-driven AOPs with magnetic biochar adsorption proved to be an

efficient and sustainable method for completely removing UV filters, TPs, and other
water matrix constituents. This approach not only ensures effective pollutant removal
but also offers an environmentally friendly and sustainable solution.
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