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INTRODUCTION

Compounds or groups of compounds rec-
ognised as priority substances include [(EZ)-
2-Chloro-1-(2,4-dichlorophenyl)ethenyl] diethyl
phosphate, widely known as chlorfenvinphos
(CFVP). Chlorfenvinphos is an organophospho-
rus insecticide, a category of very toxic environ-
mental pollutants. Technical chlorfenvinphos,
composed of a sum of E and Z isomers, contains
90% of this compound (Sosnowska et al., 2013).
CFVP is used as an insecticide with minor toxici-
ty towards mammals. Its effects consist in inhibit-
ing the activity of acetylcholinesterase, one of the
more important enzymes for the central and pe-
ripheral nervous system (Sigurnjak et al., 2020).
Chlorfenvinphos exhibits a moderate bioconcen-
tration potential, as indicated by the value of log-
KOW = 3.81‒4.22 (depending on the isomer). In the 

case of organic substances with logKOW below 4.5, 
it is assumed that the affinity for the lipids of an 
organism is insufficient to exceed the bioconcen-
tration factor (BCF = 2000). The level of CFVP 
bioconcentration in plants, which is a ratio of the 
substance concentration in the organism and the 
water, is 36.6‒661.0 depending on the organism 
and the conditions (Koranteng et al., 2018).

Conventional wastewater treatment technol-
ogies such as coagulation, sedimentation, filtra-
tion or biological decomposition are insufficient, 
as indicated by the presence of CFVP in samples 
collected from liquid (groundwater, surface wa-
ter, sea water, wastewater) and solid media (bot-
toms, sewage sludge) all over the world (Bar-
bieri et al., 2021). The Directive (2013/39/EU 
2013) indicates the necessity to develop new 
technologies for eliminating priority substances 
and priority hazardous substances. One of the 
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more interesting methods for priority substance 
elimination includes advanced oxidation pro-
cesses (AOPs).

Due to the high investment and operating 
costs as well as the risk of generating oxidation 
by-products, the use of AOPs is recommended 
for the final stage of wastewater treatment (4th 
or 5th degree of treatment) (Ameta, 2018). The 
common feature of AOPs involves using the oxi-
dation potential of hydroxyl radicals (•OH). Reac-
tions conducted in the presence of these radicals 
are non-selective, and the oxidation potential E0 
is 2.80 V. Numerous processes that generate •OH 
are known, such as photocatalysis (TiO2/UV) 
or ultraviolet light-assisted ozonation (O3/UV) 
(Rayaroth et al., 2023). According to recent lit-
erature reports, oxidation by sulfate radicals also 
draws major interest, as these are characterised by 
a higher oxidation potential (E0 = 2.50–3.10 V) 
than •OH radicals (Honarmandrad et al., 2023).

Sulfate radicals are generated by the effects 
of various energy sources (e.g. heat, UV light) on 
initiators such as sodium persulfate (Na2S2O8) or 
following the reactions of transition metal ions 
(e.g. Fe2+, Co2+). Conventional activation meth-
ods based on UV light or heat currently appear 
very cost-ineffective due to the energy crisis 
and its consequent rise in the prices of electric-
ity (Delardas and Giannos 2022). It is therefore 
justified to apply alternative activation methods 
such as modified AOPs in order to use renewable 
energy sources, including visible light (Vis). Such 
modifications also include the use of sugars (e.g. 
glucose, sucrose) as the source of electrons nec-
essary to activate persulfates. The advantage of 
using visible light is primarily the availability of 
an inexpensive and renewable energy source. On 
the other hand, sugars exhibit no toxic effects on 
living organisms and cost nearly twice as little as 
e.g. Fe2+ ions (Zawadzki, 2019).

In advanced oxidation processes, it is not only 
the investment and operating costs or the pollut-
ant degradation efficiency that determine the ef-
fectiveness of AOPs. It was revealed that a phe-
nomenon characteristic for advanced oxidation 
processes is the risk of generating toxic oxidation 
by-products (Alderete et al. 2021). This occurs e.g. 
under technical conditions, where sometimes it is 
impossible (e.g. due to costs) to control the pro-
cess in order to avoid the generation of oxidation 
by-products. Oxidation by-product generation 
may be caused by a high pollutant concentration 
or an insufficient oxidative dose, a low oxidation 

potential, and a reduced likelihood of oxidative 
radical and pollutant molecule collision. Despite 
the high efficiency of AOPs in degrading numer-
ous pollutants, the oxidation by-products require 
particular attention, as they are often more toxic 
and hazardous than the initial compounds (Lellis 
et al., 2019). It is reported that CFVP by-products 
include, for example: 2-hydroxy-1-(2,4-dichlo-
rophenyl) vinyl diethyl phosphate; 2,4-dichloro-
benzoic acid; dicarboxylic acid; 2,4-dichlorophe-
nol; triethyl phosphate; 4-hydroxybenzoic acid 
(Roselló-Márquez et al., 2021).

The post-process solution toxicity assess-
ment can be performed based on commercial 
toxicological biotests, such as: MICROTOX® 
(bacteria Aliivibrio fischeri), DAPHTOXKIT® 
(crustaceans Daphnia magna) or ARTOXKIT M® 
(crustaceans Artemia salina) (Foszpańczyk et 
al., 2018). Toxicity tests are also conducted us-
ing the freshwater fish Danio rerio (Cabascango 
et al. 2021) and duckweed Lemna sp. (Growth 
Inhibition Test) (Foka Wembe et al., 2023). The 
estrogenic and androgenic activity of intermedi-
ate products is also assessed by means of in-vitro 
YES (Yeast Estrogen Screen) and YAS (Yeast 
Androgen Screen) tests utilising the yeast Sac-
charomyces cerevisiae.

As part of this study, the toxicity of post-
process solutions was analysed using the bacteria 
Aliivibrio fischeri (MICROTOX® biotest) and the 
embryophyte Lepidium sativum (garden cress). 
The MICROTOX® biotest was selected because 
of the Aliivibrio fischeri bacteria’s sensitivity to a 
broad spectrum of toxic substances and contami-
nations. Further advantages of the test include: 
the short time required for analysis, well-defined 
protocols, repeatability and sensitivity (Rueda-
Márquez et al., 2020). The contact of the bacte-
ria with pollutants leads to reactions that result in 
bioluminescence inhibition (Abbas et al., 2018). 
Phytotoxicity tests using garden cress were se-
lected, as biological tests utilising plants are rec-
ognised in literature as a useful tool for water and 
wastewater quality control, particularly in cases 
of potential water reuse for irrigation, e.g. in ag-
riculture (Mahmoudi et al., 2022). The primary 
advantages of using garden cress include: the 
broad availability of seeds, the low test cost and 
the availability of various test parameters (germi-
nation rate, stem growth, root growth).

The novelty of this work can be found in the 
comparative toxicity analysis of post-process 
solutions obtained following commonly applied 
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processes, such as O3, O3/UV and TiO2/UV, as 
well as in the innovative persulfate activation 
process by means of visible light for degrading 
a pesticide – chlorfenvinphos. The results of tox-
icity testing for O3 (Pandis et al., 2022), O3/UV 
(Dong et al., 2022) or TiO2/UV (Lambropoulou et 
al., 2017) processes are known. Other methods of 
chlorfenvinphos treatment are also known, such 
as electrochemical oxidation (Mora-Gómez et al., 
2022) combined with post-process solution tox-
icity assessment, though available research de-
votes no attention to processes involving visible 
light. Nevertheless, little information is currently 
available on the toxicity of post-process solutions 
obtained by PS/Vis. Although methods for degra-
dation and toxicity evaluation of pollutants using 
ozone or titanium(IV) oxide are known, few pub-
lications have focused on the toxicity evaluation 
of the innovative process of visible-light activa-
tion of persulfate. In particular, there is a lack of 
studies on evaluating the toxicity of post-process 
solutions using persulfate to remove chlorfen-
vinphos. As the studies show, CFVP is still iden-
tified in the environment despite the ban on its 
use. There is an urgent need for its removal and 
monitoring, which is well documented, for ex-
ample by the Directive 2013/39/EU of the Euro-
pean Union. Failure to improve AOPS processes, 
for example through the toxicity assessments will 
result in further deepening of this serious envi-
ronmental problem. Therefore, the primary aim 
of this paper was to investigate the post-process 
solution toxicity and to inspect the technological 
parameters that determine the environmentally 
safe treatment of chlorfenvinphos-polluted solu-
tions. The work will familiarise the readers with 
an important source of information on the param-
eters that influence chlorfenvinphos degradation 
in various advanced oxidation processes as well 
as regarding the toxicity of post-process solu-
tions, which constitutes valuable knowledge and 
will help researchers who tackle similar issues in 
developing the appropriate treatment plans for in-
dustrial wastewater containing pesticides, includ-
ing chlorfenvinphos.

MATERIALS AND METHODS

Materials

The object of study included model solutions 
prepared based on deionised water with an added 

chlorfenvinphos standard (CFVP) with a purity > 
95% and a concentration of 50 µg/L. The pesti-
cide concentration is within the range of typical 
environmental concentration. For example, in 
Poland, chlorfenvinphos was identified at 32 
surface water samples out of 137 measurement 
points in Silesia (Chief Inspectorate for Envi-
ronmental Protection 2016). CFVP concentra-
tions ranged up to 47.4 µg/L. Chlorfenvinphos 
was also identified in Portuguese surface wa-
ters at a concentration of 31.6 µg/L (Cerejeira 
et al., 2003) and offshore waters around Eng-
land and Wales at a concentration of 30.8 µg/L 
(Environment Agency, 1997). The serious need 
to eliminate CFVPs was indicated in the study 
(Kowalska et al., 2004). It was shown that the 
concentration of CFVP in influent wastewa-
ter from the pesticide plant was more than 1.5 
mg/L, whereas in the treated outflow was 65.0 
μg/L. Incomplete removal of chlorfenvinphos 
results in its identification not only in raw or 
treated wastewater, but also in surface water 
and other environmental samples around the 
world. Therefore, 50 μg/L was taken as the typi-
cal environmental concentration of CFVP. The 
CFVP removal was conducted by means of oxi-
dation radicals (sulfate, hydroxyl) initiated by 
sodium persulfate (Na2S2O8) and ozone (O3). 
The Na2S2O8 purity was ≥ 99%. The photoca-
talysis process was conducted in the presence of 
commercial titanium dioxide (TiO2 P-25) with 
a purity of 99.5%. The specific surface area of 
TiO2 is 35‒65 m2/g. The chemical reagents and 
materials used during the experiment were pro-
duced by Sigma-Aldrich (Poznań, Poland).

Instruments and analytical methods

The analytes were subjected to HPLC chro-
matographic analysis by means of a Perlan Tech-
nologies (Warsaw, Poland) model 1200 UV de-
tector in accordance with PN-EN ISO 11369 (ISO 
11369 1997). Where necessary, particulate matter 
(e.g. of the photocatalysts) was separated from the 
samples by means of a filtration device through a 
0.45 μm cellulose acetate filter (Microlab Scien-
tific Co., Ltd., USA). The chromatographic analy-
sis was preceded by separating the compound by 
means of solid phase extraction (SPE) in CHRO-
MABOND® C18 ec columns. The total organic 
carbon was determined by high-temperature 
combustion with IR detection in accordance with 
PN-EN 1484:1999 (PN EN 1484 1999).
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Advanced oxidation experiments

The oxidation was conducted continuously 
over a time of up to 45 min. The experimental 
conditions, i.e. the temperature (T = 295.0 K), at-
mospheric pressure (p = 1011.0 hPa), reaction ves-
sel volume (V = 0.5 L) and reaction vessel shape 
(cylindrical borosilicate glass beakers) remained 
constant during each experiment. The reaction 
mixture volume was 0.4 L. The pH = 6.0, which 
is the pH typically found in wastewater, was used 
as the limiting model reaction. Environmentally 
and especially in terms of operating costs, it is not 
justified to lower or increase the pH. The initial 
CFVP concentration (C0[CFVP]) was set to 25‒200 
µg/L. The ozonation was conducted by means of 
an Eltom (Warsaw, Poland) ZY-H103 ozonator 
with a power of 20 W. The ozone dosage was de-
termined at 50‒125 mg/L. The TiO2 dosage was 
25‒100 mg/L. The oxidation by persulfates (SPS) 
was conducted using sodium persulfate (Na2S2O8) 
at a concentration of 1‒10 mM. The oxidation by 
Na2S2O8 was assisted with a glucose addition at a 
concentration of 100 mM. The experiments using 
a UV lamp utilised a Grech (Maao, China) CUV-
510 lamp with a power of 10 W (l = 254 nm). 
The experiments using a Vis lamp as the source of 
visible light utilised a Thorlabs Inc. (New Jersey, 
USA) QTH10/M tungsten lamp with a power of 
10 W. The lamp emitted radiation with a wave-
length λ = 400‒710 nm. All the experiments were 
conducted independently and repeated thrice. 
Mean values with standard deviation were used 
for the data analysis. The CFVP removal effi-
ciency (R) was calculated based on formula (1) 
(Ahmadi et al., 2020).

 𝑅𝑅 = 𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

∙ 100 (1) 

𝐺𝐺𝐺𝐺 = (𝐺𝐺𝑆𝑆∙𝑅𝑅𝑇𝑇)
(𝐺𝐺𝑇𝑇∙𝑅𝑅𝐶𝐶)

∙ 100 (2) 

O3  
hv
→  O2 +O (3) 

O3 + O →  2 O2 (4) 
O + H2O →  2OH• (5) 
 

 (1)

where: R – removal efficiency [%], C0 – initial 
concentration of CFVP [-], Ct – concen-
tration of CFVP at t time [-].

Toxicity measurements

Defining the potential risk related to the tox-
icity of post-process solutions towards plants and 
bacteria was the dominant aspect of this work. 
Living organisms are exposed to chlorfenvinphos 
when it is directly or indirectly released into the 
environment. Chlorfenvinphos enters into the 
surface and ground water as a result of surface 
runoff from arable land, farmlands or their vicin-
ity. The surface runoff determines the transport 

of chlorfenvinphos particularly from locations 
of its unsecured or inappropriate storage, areas 
of animal husbandry, and where deposits of the 
substance are undergoing removal (Larsbo et al., 
2016). Chlorfenvinphos can penetrate into the at-
mosphere following its use in agriculture as an 
aerosol sprayed by ground application. In this 
manner, only a part of the compound reaches its 
target directly. Only 1% of the sprayed pesticide 
is delivered into the intended target (Kumar et 
al., 2015). The remaining part is released in an 
unintended manner and enters the surface and 
ground water as well as the atmosphere (Akyil et 
al., 2016). Toxicity tests in reaction mixtures be-
fore and after advanced oxidation processes were 
conducted using the bacteria Aliivibrio fisch-
eri (MICROTOX® biotest) and the dicotyledon 
embryophyte Lepidium sativum (phytotoxicity 
tests). The bioluminescence inhibition of the bac-
teria Aliivibrio fischeri was measured using the 
Microtox 500 analyser (Tigret Sp. z o.o., Warsaw, 
Poland) after 5 and 15 min of exposure and then 
compared to the control sample (2% NaCl). No 
significant differences were found between the 5 
and 15 min times, therefore an exposure time of 
5 minutes was selected for the data analysis. The 
aqueous solution toxicity was determined based 
on a toxicity classification system in accordance 
with known guidelines (Dudziak 2017). The tox-
icity classification is presented in Table 1.

The phytotoxicity testing on Lepidium sa-
tivum was conducted in accordance with ISO 
11269-2 (ISO 11269:2-2012 2012) and the OECD 
guidelines (OECD 2006). Before commencing 
the toxicological testing, the germination rate of 
seeds left in the dark at a temperature of 21 °C 
was inspected. Seeds with a germination rate ex-
ceeding 90% were selected for further testing. The 
phytotoxicity test was carried out on 20 seeds laid 
out on Petri dishes covered with filter paper. The 
tests were conducted in a dark space, at ambient 
temperature (25 °C), for 72 hours. Control tests 
were performed parallel to the main tests. The 

Table 1. Toxicity classification system for aqueous 
solutions (Dudziak 2017)

Inhibition of 
bioluminescence [%] Toxicity classification

< 25 Non-toxic

25–50 Low toxicity

50.1–75 Toxic

75.1–100 High toxicity



81

Journal of Ecological Engineering 2025, 26(7) 77–92

inhibition or stimulation was determined based 
on the stem and root growth measured relative 
to the control samples. The test was performed 
twice for each of the reaction mixtures. Based on 
the number of germinating seeds in a sample and 
the control sample as well as the average plant 
root growth in the main test and the control test, 
germination index (GI) calculations were per-
formed with reference to the roots per formula (2) 
(Czop et al., 2016).

 

𝑅𝑅 = 𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

∙ 100 (1) 

𝐺𝐺𝐺𝐺 = (𝐺𝐺𝑆𝑆∙𝑅𝑅𝑇𝑇)
(𝐺𝐺𝑇𝑇∙𝑅𝑅𝐶𝐶)

∙ 100 (2) 

O3  
hv
→  O2 +O (3) 

O3 + O →  2 O2 (4) 
O + H2O →  2OH• (5) 
 

 (2)

where: GI – germination index [%], GS – num-
ber of germinated seeds [-], RT – average 
length of plant roots in the test sample 
[mm], GT – number of total seeds [-], RC 
– average length of plant roots in the con-
trol sample [mm].

RESULTS AND DISCUSSION

Advanced oxidation experiments

Ozonation

Organic compound degradation in the pres-
ence of ozone occurs following a direct or indi-
rect mechanism. Both the reactions occur simul-
taneously, therefore it is difficult to separate them 
and determine the specific degradation mecha-
nisms. Generally, low pH (< 4) facilitates direct 
pollutant oxidation by ozone. On the other hand, 
higher pH is conducive to indirect oxidation by 

•OH (Beltrán and Rey, 2018). The lower the pH, 
the lower the hydroxyl radical generation rate. 
Reactions with •OH are dominant at higher pH, 
therefore this test maintained a pH close to neu-
tral (pH = 6.0).

The O3 dose has a significant influence on 
CFVP degradation. Figure 1 demonstrates that 
after 45 minutes the CFVP removal was set to 
44−62%. The higher the ozone dose, the shorter 
the time required for the CFVP degradation. The 
increase of the dose in the reaction system leads to 
an increased likelihood of CFVP molecule colli-
sions with the rising concentrations of O3 and the 
•OH radical (Han et al., 2022). Reactions of pol-
lutant molecules with •OH radicals occur primar-
ily by the removal of H from C-H, N-H or O-H 
bonds or its addition to C=C bonds. The greatest 
removal level was achieved at an ozone dose of 
125 mg/L, though 100 mg/L was selected as the 
economically feasible dose. The differences be-
tween these doses were insignificant. On the one 
hand, increasing the ozone dose also increases the 
degradation efficiency, but on the other it carries 
the potential risk of increased oxidation by-prod-
uct generation (Pulicharla et al., 2020).

Influence of UV light in O3 process

Figure 2 demonstrates that after 45 minutes 
the CFVP removal was set to 62−80%. The great-
est removal level was obtained at an ozone dose 
of 125 mg/L, though the differences between 
the 100 mg/L and 125 mg/L doses were negli-
gible. CFVP degradation is a result of numerous 

Figure 1. Effect of initial ozone dose on CVFP removal in O3 process 
(C0[CFVP] = 50 µg/L; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 0– 45 min)
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reactions, but in the case of AOPs the two-stage 
model is the most frequently cited one (Cuerda-
Correa et al., 2020). It consists primarily in the 
photoinduced homolysis of ozone molecules fol-
lowed by hydroxyl radical generation through a 
reaction of water with atomic oxygen. The •OH 
radical generation mechanism in the O3/UV pro-
cess is presented in formulas (3–5) (Sofia 2020).
 O3 → O2 + O (3)

 O3 + O →  2O2 (4)

 O + H2O → 2OH• (5)
The combined ultraviolet-assisted ozonation 

process (O3/UV) generates more •OH radicals, 
while the reaction itself occurs at a broader range 
of pH (Sgroi et al. 2021). Yang et al. (2024) in-
dicated an optimal reaction value of pH = 6.7. 
Combining ozonation and UV yields an efficient 
method of pollutant degradation (Jabbari et al., 
2020).

Effect of TiO2 dosage

In the photocatalytic process conducted 
in the presence of TiO2 it is necessary to pro-
vide radiation with the appropriate wavelength, 
carrying energy higher than the band gap en-
ergy. The minimum energy required for activa-
tion equals the band gap energy and amounts 
to Eg = 3.02 V for TiO2 in the form of rutile 
and Eg = 3.20 V for TiO2 in the form of anatase 
(Armaković et al., 2023). TiO2 can be activated by 
the energy of light with a wavelength l = 400 nm, 

therefore it is necessary to supply lamps that 
emit ultraviolet radiation within l = 300–388 
nm (Al-Nuaim et al., 2023). Semiconduc-
tor excitation results in electron transfer from 
the valence band (VB) to the conduction band 
(CB). An electron hole is formed, which cor-
responds to the generation of redox potential 
on the photocatalyst molecule surface (Macedo 
et al., 2022). The photocatalyst is activated by 
the effects of the UV radiation, while numer-
ous reactions lead to the formation of electron 
holes that react with water molecules, resulting 
in •OH radical generation.

At a dose of 50 mg/L, the CFVP removal lev-
el after 20 min of reaction time was set to 20%. 
Extending the reaction time to 45 min resulted in 
an increase of the efficiency to 42% (Figure 3). 
Garg et al. (2019) conducted bisphenol A degra-
dation at doses ranging within 20‒175 mg/L. On 
the other hand, refinery wastewater tests utilised 
a dose of even 700 mg/L (Aljuboury and Shaik, 
2021). Therefore, the TiO2 dose was doubled (100 
mg/L), and consequently the CFVP degradation 
was set to 34% after 20 min, and 56% after 45 
min. A dose of 75 mg/L was adopted as optimal 
given the negligible differences in the CFVP re-
moval. Generally, the photocatalyst dose applied 
for the CFVP degradation was not significantly 
different from doses used in the removal of other 
organophosphorus pesticides. For example, the 
study by Sharma et al. (2016) used a catalyst 
dose of 160 mg/L for the degradation of parathion 
methyl and parathion. Mirmasoomi et al. (2017) 

Figure 2. Effect of initial O3 dose on CVFP removal in O3/UV process 
(C0[CFVP] = 50 µg/L; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 0– 45 min)
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applied a dose of 100 mg/L for diazinon degra-
dation. It should be noted that the application of 
higher photocatalyst doses can lead to negative 
phenomena resulting in reduced degradation effi-
ciency. For example, these include TiO2 molecule 
agglomeration or rapid photocatalyst molecule 
sedimentation. Esmaili et al. (2018) demonstrated 
that increasing the catalyst dose can reduce light 
penetration in a solution in the heterogeneous 
photooxidation process. This therefore substanti-
ates a reduction in the TiO2 dosage.

Effect of different PS concentration in PS/Vis

The CFVP degradation was conducted by 
means of sulfate radicals (SO4•− ). SPS activation 
results from the synergistic interaction of vis-
ible light and glucose. Exposing the solutions 
to visible light leads to glucose decomposi-
tion, electron transfer from the sugar towards 
the SPS (SPS activation) and the oxidation of 
glucose into SPS-activating products (Cai et 
al., 2019). The PS dose has a significant influ-
ence on CFVP removal. Figure 4 demonstrates 

Figure 3. Effect of initial TiO2 dose on CVFP removal in TiO2/UV process 
(C0[CFVP] = 50 µg/L; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 0– 45 min)

Figure 4. Effect of initial PS dose on CVFP removal in PS/Vis process 
(C0[CFVP] = 1.0 mg/L; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 0– 45 min)
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that after 45 minutes the CFVP removal was 
set to 69−87%. The greatest removal level was 
obtained at a SPS dose of 5 mM (45 min). Ap-
plying a higher dose leads to a lower CFVP re-
moval level due to the molecule aggregation or 
oxidation of the sulfate radicals by other oxi-
dative compounds, e.g. S2O8

2- (Lv et al. 2022). 
This phenomenon is characteristic of various 
processes, with the participation of both SO4•−  
and •OH radicals. In the study by Rizal et al. 
(2021), a SPS concentration of over 30 mM 
resulted in lower methylene blue decolourisa-
tion efficiency. As concluded by Saien and Ja-
fari (2022), a higher SPS dose leads to a lower 
treatment efficiency due to a reaction between 
the sulfate anion and hydroxyl radicals.

Influence of CFVP concentration

The influence of the initial CFVP concen-
tration (C0[CFVP]) was determined for O3, O3/UV, 
TiO2/UV and PS/Vis processes using optimal 
parameters adopted in prior experiments. Fig-
ure 5 reveals that after 30 minutes the CFVP 
removal was set to 12%−92%, depending on 
the C0[CFVP] and the process itself. An increase 

in C0[CFVP] disturbs processes involving oxida-
tive radicals. Regardless of the process, the 
phenomenon of decreased degradation efficien-
cy occurs together with the increasing CFVP 
concentration. This phenomenon is typical of 
nearly all oxidation processes (Kocijan et al., 
2022), including advanced oxidation processes 
(John et al., 2020). It is a consequence of the in-
creasing pollutant molecule concentration and 
the lower likelihood of oxidative radical colli-
sion with the pollutant molecules (Mortazavian 
et al., 2019). For example, Hanafi and Sapawe 
(2020) observed a reduction in the Remazol 
Brilliant Blue dye degradation efficiency in the 
NiO/UV process from 90% to 36% after a ten-
fold increase of the dye concentration. In AOPs 
involving light, the most likely reason for this 
is that the light cannot penetrate into solutions 
at high concentration, which ultimately leads to 
a lower oxidative radical production (Muthu-
kumar et al., 2021). As regards processes us-
ing persulfates, Liu et al. (2018) and Han et al. 
(2020) also noted a similar phenomenon.

Figure 5. Effect of initial CFVP concentration on CVFP removal in (a) O3, (b) O3/UV, (c) TiO2/UV and (d) PS/
Vis processes (ozone dose = 100 mg/L; TiO2 dose = 75 mg/L; SPS dose = 5 mM; V = 0.4 L; T = 295.0 K; pH = 

6.0; t = 10– 30 min)
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TOC removal

A high removal efficiency does not always cor-
respond to total pollutant mineralisation. Oxida-
tion processes are often accompanied by oxidation 
by-product generation. Oxidation by-products can 
be characterised by a toxicity greater than the orig-
inally removed compounds (Rayaroth et al., 2022). 
Determining the remaining total organic carbon 
(TOC) content can therefore be the basis for the 
further enhancement of the processes. Figure 6 
presents the effects of %TOC removal over a time 
of 30 minutes. The highest %TOC removal effects 
are provided by the PS/Vis process. This is a result 
of the higher oxidation potential of the SO4•−  radi-
cal compared to •OH as well as the longer half-life 
of the SO4•−  radical. The oxidation potential of •OH 
is 1.8 V−2.80 V, whereas for the SO4•−  radical it 
is 2.5 V−3.1 V, and the half-life of •OH is < 1 µs, 
which for SO4•−  is 30‒40 µs (Li et al., 2019; Xia et 
al., 2020). The obtained results proved better rela-
tive to those obtained by Aimer et al. (2019), where 
the degradation of dimethoate involved electroly-
sis and oxidation by sulfate radicals generated by 
thermal methods. About 40% of %TOC removal 
over a time of 120 min was obtained by electroly-
sis compared to just 10% by oxidation involving 
sulfate radicals generated by thermal methods. On 
the other hand, the studies by Žabar et al. (2016) 
yielded about 54% of TCP (3,5,6-trichloro-2-pyr-
idinol) mineralisation efficiency after 120 minutes 
of photodegradation by TiO2/UVA.

Evaluation of toxicity

The tools applied to control the post-process 
solution quality included biological tests with 

bacteria (Aliivibrio fischeri) and plants (Lepidium 
sativum). The choice was motivated by the differ-
ent sensitivity of the organisms to external condi-
tions. Generally, Aliivibrio fischeri are more sen-
sitive than Lepidium sativum (Tongur and Yıldız, 
2021). The primary advantages of biological tests 
with Lepidium sativum include the availability of 
various methods of toxicity assessment, e.g. root 
and stem growth measurement as well as cost effi-
ciency (Rueda-Márquez et al., 2020). On the other 
hand, tests with Aliivibrio fischeri are characterised 
by sensitive reactions and low costs, and are also 
environmentally friendly (Zhang et al., 2023).

Toxicity tests with Aliivibrio fischeri

As shown in Figure 7, both the TiO2/UV 
and PS/Vis processes result in a reduction of 
toxicity to safe levels (low toxicity). However, 
only by PS/Vis is it possible to obtain a sample 
characterised by no toxicity (< 20% relative to 

Figure 6. TOC removal during different AOPs 
(C0[CFVP] = 50 µg/L; ozone dose = 100 mg/L; TiO2 

dose = 75 mg/L; SPS dose = 5 mM; V = 0.4 L; T = 
295.0 K; pH = 6.0; t = 30 min)

Figure 7. Inhibition of bioluminescence during different AOPs (C0[CFVP] = 50 µg/L; ozone dose = 100 mg/L; TiO2 
dose = 75 mg/L; SPS dose = 5 mM; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 30 min)
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the Aliivibrio fischeri bacteria). As suggested 
by Miralles-Cuevas et al. (2017), an inhibition 
higher than 30% is still considered toxic. As also 
presented, in AOPs involving ozone, the sample 
toxicity increases and is higher compared to the 
control sample containing only CFVP. Ozone is 
one of the strongest oxidisers, and it is applied for 
water disinfection (Gorito et al., 2021). This is the 
likely reason for the negative biological effect of 
the sample. Furthermore, ozonation generates a 
broad range of carbonyl disinfection by-products, 
including carboxylic acids, aldehydes, ketones 
and aldo-keto acids. In the case of CFVP degra-
dation, these can include toxic aromatic acids or 
esters, as well as toxic 2,4-dichlorobenzoic acid 
or triethyl phosphate.

Toxicity tests with Lepidium sativum

The post-process solution toxicity was also 
evaluated by means of Lepidium sativum. The 

results were compared to a control sample (deion-
ised water) and a sample synthetically polluted 
with CFVP (50 µg/L) (Figure 8). Comparably to 
the toxicity results with Aliivibrio fischeri, ozo-
nation and O3/UV resulted in the highest toxic-
ity towards plants, as could be deduced from the 
low %GI (Figure 9). The photocatalytic reaction 
yielded a higher %GI than O3 and O3/UV (56%). 
However, only the PS/Vis process was capable of 
reducing the phytotoxicity of the initial solution 
to a non-toxic level (GI = 79%). The performed 
tests confirm that in the case of a higher %TOC 
residue, the toxic effect of the sample is retained 
even after 30 minutes of AOP conduction. The 
Lepidium sativum seeds exhibited higher germi-
nation indices (GI) after exposure to the effects 
of the post-process solutions relative to the tox-
icity towards Aliivibrio fischeri, which could be 
related to the various generated by-products (Fer-
nandes et al., 2020).

Figure 8. Growth of Lepidium sativum during different AOPs (C0[CFVP] = 50 µg/L; ozone dose = 100 mg/L; TiO2 
dose = 75 mg/L; SPS dose = 5 mM; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 30 min)
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Comparison with other pesticides removal 
technologies

Table 2 shows that the proposed method is 
an interesting alternative for CFVP elimination 
compared to previous studies performed by other 
researchers. As evidenced, the PS/Vis process has 
a high potential for CFVP degradation, especial-
ly where the dye concentration is not very high 
(up to about 100 µg/L). This shows the benefit 
of the PS/Vis process, which targets wastewater 
treatment as the next purification step. Energy-
efficient equipment, relatively short reaction time 
(30.0 min) and low reagent consumption are ad-
vantages of this method. After 30 min in PS/Vis, 
CFVP degradation was found to be 90%. This time 
was shorter than in (Lapertot et al., 2006; Oliveira 
et al., 2014), where 94−97% of the pesticide was 
removed after 50–60 min of reaction. The pro-
posed method is characterized by low power of the 
radiation source (10 W compared to 500 W in the 
study (Roselló-Márquez et al., 2021) and 1000 W 
in the study (Fernández-Domene et al., 2019). The 
advantage of the process studied is a pH close to 
neutral (pH = 6.0), which is important from an en-
vironmental and operating cost perspective. Com-
pared to other processes, such as the Fenton process 
(Oliveira et al., 2014), a low pH (pH = 3.0) is not 
required, which is in favor of the PS/Vis process.

CONCLUSIONS

This study compared four advanced chlorfen-
vinphos oxidation processes: O3, O3/UV, TiO2/UV 
and PS/Vis. In order to obtain samples with the 

lowest possible toxicity, a selection of the basic 
process parameters determining the environmen-
tally safe treatment of chlorfenvinphos-polluted 
solutions was performed (O3 dose, TiO2 dose and 
SPS dose). Based on the conducted tests, it was 
demonstrated that the PS/Vis process is character-
ised by the highest CFVP degradation efficiency. 
As a result, CFVP reduction at a level of 55−90% 
was achieved at a concentration of 5 µg/L to 200 
µg/L under the following conditions: SPS dose = 
5 mM; V = 0.4 L; T = 295.0 K; pH = 6.0; t = 30 
min. Even in the case of optimal process condi-
tions, each of the processes exhibited a residue of 
TOC, which may suggest the generation of oxi-
dation by-products. Identifying the residual TOC 
may be the basis for the further enhancement of 
AOPs. The post-process solution toxicity was an-
alysed using Lepidium sativum (garden cress) and 
the bacteria Aliivibrio fischeri. The TiO2/UV and 
PS/Vis processes provide a reduction of toxicity 
to safe levels (low toxicity). Only the PS/Vis pro-
cess yields an environmentally safe sample char-
acterised by a bioluminescence inhibition < 20% 
relative to the Aliivibrio fischeri bacteria. Simi-
lar results were obtained for Lepidium sativum. 
The divergent toxicity results relative to various 
organisms can be related to different generated 
by-products. This substantiates the necessity to 
conduct toxicity tests on various organisms with 
different sensitivity. The experimental testing 
demonstrated that optimal process conditions re-
sult in the highest efficiency of CFVP degradation 
and improved biological safety. It was found that 
the PS/Vis process can be a valuable alternative to 
O3, O3/UV and TiO2/UV.

Figure 9. Germination Index of Lepidium sativum during different AOPs 
(C0[CFVP] = 50 µg/L; ozone dose = 100 mg/L; TiO2 dose = 75 mg/L; SPS dose = 5 mM; V = 0.4 L; T = 295.0 K; 



88

Journal of Ecological Engineering 2025, 26(7), 77–92

Table 2. Efficiency of Chlorfenvinphos degradation in removal technologies 
Pesticide Process Conditions Efficiency [%] Literature

Chlorfenvinphos PS/Vis

Run time = 30 min;

SPS dose = 5 mM;

V = 0.4 L;

T = 295.0 K;

C0 = 25 µg/L;

pH = 6.0

Type of lamp = tungsten

Lamp power = 10 W

90 This study

Chlorfenvinphos Fenton

Run time = 60 min

[H2O2]:[Fe2+] = 32.6

T = 303.15 K

C0 = 100 mg/L

pH = 3.0

97
(Oliveira 

et al. 2014)

Chlorfenvinphos
Biodegradation in medicinal 

plants

Run time = 30 min

Vegetation = Calendula Officinalis and 

Tagetes Patula

C0 = 100 µg/L

Amount of flower samples = 0.5–1 g

26

(Calendula 

Officinalis)

33

(Tagetes Patula)

(Puiu et al. 

2017)

Chlorfenvinphos

Visible-light driven

photoelectrochemical

degradation in the presence 

of WO3 nanosheets / 

nanorods

Thermal treatment (annealing) of 

nanostructured electrodes = 873.15 K

Run time = 360 min

pH = 1

C0 = 20 mg/l

T = 293.15 K

The bias potential (vs. SCE) = +1 V

Type of lamp = Xe lamp

Lamp power = 1000 W

95

(Fernández-

Domene 

et al. 2019)

Chlorfenvinphos
Photodegradation by using

WO3 nanostructures

Thermal treatment (annealing) of 

nanostructured electrodes = 873.15 K

Anodization in electrolyte: 1.5 M 

CH4O3S; 0.05 M H2O2

Run time = 1 440 min

The bias potential (vs. SCE) = +1 V

C0 = N/D

T = room temperature

Type of lamp = Xe lamp

Lamp power = 500 W

95

(Roselló-

Márquez 

et al. 2021)

Chlorfenvinphos Photo-Fenton

pH = 2.7 – 2.8

Run time = 50 min

H2O2 = 400 mg/L

Fe2+ = 20 mg/L

C0 = 50 mg/L

[H2O2]:[Fe2+] = 20

Lamp = 30 W/m2

94
(Lapertot 

et al. 2006)

Chlorfenvinphos Gamma-irradiation

γ-irradiation a 60Co = 3 kGy

C0 = 5.0 µg/mL

pH = 6.2

60–81
(Khedr et al. 

2019)
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