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Abstract

In this work, the photocatalytic degradation of the neonicotinoid insecticide aceta-
miprid was investigated using a UVA-LED radiation source and TiO, nanoparti-
cles in a batch slurry system. All experiments were performed with the same initial
acetamiprid concentration, amount of TiO,, and solution pH. The influences of three
parameters such as mixing rate, radiation intensity and hydrogen peroxide concen-
tration were studied using response surface methodology. An experimental design
was prepared using the software package Design-Expert. The obtained experimen-
tal results were tested with the kinetic model for the pseudo-first order reaction
and showed a good fit. The ANOVA analysis was used to obtain a linear model for
predicting the system behavior and to identify significant parameters. The experi-
mental results showed that the radiation intensity had the greatest influence on the
efficiency of the photocatalytic degradation of acetamiprid. The acetamiprid conver-
sions increase with increasing radiation intensity and hydrogen peroxide concentra-
tion and with decreasing mixing rate.

Keywords Heterogeneous photocatalysis - Acetamiprid - TiO, - DOE - UVA-LED
module

Introduction

The rapid growth of the world’s population is increasing the demand for food and
thus the need to make agriculture more efficient. Since the presence of pests reduces
agricultural food production, there is a need to use pesticides for pest control and
elimination. Pesticides are chemical substances or mixtures of substances used
in agriculture, forestry, horticulture, and health care to prevent, destroy, repel, or
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alleviate various types of pests such as insects, rodents, weeds, and disease-carry-
ing microorganisms such as fungi, bacteria, and viruses [1]. In addition, they can
be used as plant growth regulators, defoliants, desiccants and nitrogen stabilizers
to inhibit the process of nitrification, denitrification and evaporation of ammonia
[2]. Globally, the production and consumption of pesticides are increasing rapidly,
resulting in increased pollution, especially in water. Adverse effects of pesticides on
the environment arise from their toxicity, high mobility and stability in an aqueous
medium. The problem occurs because farmers often use very high doses of pesti-
cides to increase profits, but only a small percentage of the applied dose can protect
the agricultural product, while most of it is lost to the environment through evapora-
tion, hydrolysis, photolysis or microorganisms [3].

Neonicotinoids are a group of organic compounds used as insecticides or pes-
ticides to kill and repel insect pests. They have been in use since 1990 when imi-
dacloprid, the first neonicotinoid insecticide, was synthesized. The need for their
development arose in response to the growing resistance of pests to previously used
pesticides and due to concerns about high environmental concentrations and the
harmful effects of organophosphorus and carbamate insecticides [4]. Since then,
their development and use have increased rapidly due to their high selectivity for
target organisms, longevity of protection, ease of application, efficacy in controlling
arthropods, and relatively low toxicity to fish and mammals. Neonicotinoids now
account for about 25% of the global insecticide market and are used in more than
120 countries worldwide [5]. Besides imidacloprid, acetamiprid, thiacloprid, thia-
methoxam, clothianidin, dinotefuran, and nitenpyram are the most commonly used.
Neonicotinoids are systemic insecticides, which means that the plant takes them up
mainly through the roots, after which they spread to all parts of the plant through
xylem and phloem transport [6]. Insects then take these compounds into their bod-
ies by sucking plant juices or biting the leaves, where they have neurotoxic effects.
They affect nicotinic acetylcholine receptors (nAChRs), which are responsible for
the rapid transmission of neurons in the central nervous system and play an impor-
tant role in learning and memory [7]. They inhibit neuronal transmission, resulting
in neurobehavioral disorders that eventually lead to death.

Neonicotinoids have many properties that make them effective insecticides, but
those same properties also make them dangerous pollutants. After application,
they remain in plants and soil for a very long time, which provides long-term pro-
tection, but also makes them more likely to spread in the environment and enter
the food chain [8]. The use of neonicotinoids particularly threatens populations
of pollinating insects such as bees and bumblebees. Although pollinators such as
bees are not pests and are necessary for normal ecosystem functioning, neonico-
tinoids have the same neurotoxic effect on them as they do on target organisms.
Because they remain in the soil and plant tissues for long periods of time, large
numbers of pollinators encounter neonicotinoids over time. Direct exposure of
bees can lead to acute toxicity, but also to chronic effects on the nervous and
immune systems or on energy distribution. Neurotoxicity can affect their memory,
orientation, and ability to learn and adapt [9]. Bees become disoriented and less
active, making it difficult for them to gather food. At imidacloprid concentrations
of 0.5 ug kg™!, bees have been shown to fly much shorter distances and generally
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remain in the hive in the feeding area, with fewer interactions between bees in the
colony [6]. Although not directly leading to bee death, the behavioural changes
make it more difficult for bees to forage and maintain the hive, eventually leading
to colony collapse. Research has also shown that the number of microsporidium
infections in the digestive system of bees increases when hives are treated with
neonicotinoids, and interactions between pesticides and pathogens have long been
considered a major cause of global bee mortality [10]. A recent study found that
acetamiprid can have synergistic effects when combined with most other pesti-
cides, which then leads to lower expression of memory-related genes in honey
bees and subsequently causes memory loss [11, 12]. In addition to bees, neonico-
tinoids may also pose a threat to some aquatic organisms. They are easily washed
out of the soil by rain and enter surface waters, where they have neurotoxic effects
on aquatic invertebrates such as crayfish and aquatic insects [4].

Since conventional water treatment techniques are unable to completely
remove pesticides, work must be done to develop new, more efficient treatment
techniques. Advanced oxidation processes (AOPs) stand out as an effective solu-
tion for the degradation of organic materials in wastewater. Among them, pho-
tocatalysis stands out as an environmentally friendly technique that uses light
energy and a semiconductor photocatalyst to generate reactive hydroxyl radicals
that can completely mineralize organic materials [13]. The most used photocata-
lyst is TiO,. Nowadays, intensive work is being done to study and improve pho-
tocatalytic processes as they have many properties that make them desirable for
widespread use in water treatment: complete mineralization of organic molecules
to CO, and H,0, avoidance of secondary waste, operation at room temperature,
and low operating costs [14].

The selection of the appropriate radiation source is crucial for photocatalytic pro-
cesses and their efficiency. The most used photocatalysts such as TiO, and ZnO have
a band gap energy corresponding to the wavelength of the UV part of the spectrum.
This means that they can only absorb UV light and thus achieve photoactivation
[15]. These photocatalysts can also absorb photons in the visible part of the spec-
trum, but only after certain chemical or structural modifications [16]. Light sources
for heterogeneous photocatalysis can be divided into two categories: natural (solar
radiation) and artificial (UV lamps and LED sources). The use of solar radiation
for photocatalysis is inexpensive compared to the use of expensive artificial sources
that also consume electricity. The main disadvantage is that the sun is an unreliable
source of radiation as weather conditions change and solar radiation is not equally
available in all parts of the world. It also requires a large area and installation of
quite expensive equipment to be efficient [17]. Therefore, artificial sources are usu-
ally used. Artificial sources of radiation used in heterogeneous photocatalysis use
UV radiation to excite photocatalysts, since most semiconductor materials absorb
light in the UV part of the spectrum.

Of the conventional UV light sources, commercially available mercury lamps are
the most commonly used in practice. Although their use is widespread, conventional
mercury lamps have many disadvantages: they are relatively fragile, energy ineffi-
cient, contain highly toxic mercury, medium- and high-pressure lamps pose a risk of
explosion due to high operating temperatures, and cooling requires additional energy
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consumption. They also have a short life span (500-2000 h), which makes their use
quite unprofitable despite their relatively low price [18]. Therefore, attention is now
turning to safer and more energy-efficient sources of radiation, such as LED sources.

LEDs (light emitting diodes) are now increasingly used in photocatalysis in
place of conventional lamps. They are based on the principle of electrolumi-
nescence of semiconductors. Inside the LED there is a mounted semiconduc-
tor chip which is connected with two wires. The semiconductor chip consists
of two regions: the n region dominated by negative charge and the p region
dominated by positive charge. When a sufficient voltage is applied, the current
through the wire reaches the semiconductor. The electrons in the semiconductor
move in only one direction, from the n region to the p region. During the transi-
tion, the electron falls to a lower energy level and the excess energy is released
in the form of photons whose energy corresponds to the distance between the
energy levels [16]. UV LED sources are most commonly used for heterogeneous
photocatalysis.

LED modules have several key advantages over conventional lamps, most
notably in energy efficiency, i.e., the more efficient conversion of electricity into
light energy. Their service life is around 100000 h, which is up to 100 times
longer than some standard mercury lamps. Their small size allows them to be
incorporated into virtually any photoreactor configuration. Heat generation
is significantly lower than conventional lamps and they contain no toxic sub-
stances, making them completely safe to use [19].

LED modules are a relatively new source of radiation in heterogeneous pho-
tocatalysis. The first documented use for these “purposes” dates to 2003, and
since then their application for photocatalytic degradation of various compounds
has increased significantly year by year. LED modules are effective for the deg-
radation of organic compounds such as formaldehyde, bisphenol A, aniline, Cu-
EDTA complexes, some intensively used pesticides such as 2,4-dichlorophenol,
and the antibiotics sulfamethoxazole and trimethoprim [17, 20]. UVA-LED
modules are also used in photocatalytic disinfection, but their use is mainly lim-
ited to E. coli [21]. Their major limitation is the low radiant power, which is
why they can only be used at lower pollutant concentrations. When designing a
photoreactor, it is necessary to pay special attention to the light distribution to
ensure a homogeneous dispersal. The photocatalytic degradation efficiency of
some compounds, such as methanol, can be lower than when using conventional
mercury lamps if the irradiation within the reactor is not uniform [22]. Despite
minor shortcomings, the use of LED radiation sources in photocatalysis is still
relatively new and is expected to replace conventional lamps as the main radia-
tion source in practice after some further development.

In this work, the photocatalytic degradation of the insecticide acetamiprid
was studied in a batch reactor using the UVA-LED chip as the radiation source
and TiO, in suspended form as the photocatalyst. H,O, was used as an addi-
tional oxidant. A Design of Experiments (DoE) approach was used to gain a
better insight into the process. The effects of the operating parameters (mix-
ing rate, radiation intensity, and H,0O, concentration) were determined using
response surface analysis to derive a mathematical model that predicts the
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system behavior. The required number of experiments was achieved by using the
Box-Behnken experimental design.

Materials and methods
Materials

To prepare a starting solution, Mospilan 20 (a comercial product containing 20%
acetamiprid as the active ingredient) was dissolved in ultrapure water. The initial
concentration of acetamiprid was 10 ppm in all experiments. The pH of the initial
solution was adjusted to pH=6 with 0.1 M NaOH or HCI. Some experiments were
performed with the addition of appropriate volumes of 30% H,O, solution. Com-
mercial TiO, P-25 (75% anatase, 25% rutile), previously modified with UV-C light
for 2 h, was used as the photocatalyst [23].

Experimental setup

Experimental measurements were performed in a 250 mL batch reactor. A magnet
and a magnetic stirrer (MM—530) were used to achieve conditions for good mix-
ing of the working medium during the measurement and uniform illumination of all
parts of the suspended solution. A UVA -LED module connected to a voltage source
(DC Power Supply, Uni -trend UTP 3303) was used as the radiation source. By
adjusting the voltage applied to the module, the radiation intensity was controlled.
The complete experimental setup is shown in Fig. 1.

All experiments were performed in a reaction mixture with a volume of 200 mL.
After preparation, the initial solution was stirred for 30 min without the light source

Fig. 1 Experimental apparatus
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used to create conditions for equilibrium adsorption of acetamiprid on the photocat-
alyst surface. The change in acetamiprid concentration due to equilibrium adsorp-
tion was found to be insignificant in all experiments performed. Then the light
source was adjusted to the expected radiation intensity and the photocatalytic reac-
tion started. The duration of each experiment was 4 h. At defined time intervals,
1 mL samples were withdrawn from the reactor with a syringe and passed through
a filter before being added to the vials to remove residual suspended photocatalyst
particles. During the initial phase of photocatalytic degradation, when the great-
est changes in acetamiprid concentration were expected, samples for analysis were
taken at shorter time intervals (15 min) and after 1 h of reaction time, samples were
taken every 30 min to minimize the change in the total volume of working medium.
Before and after the reaction, the radiation intensity was measured using a radiome-
ter (UVP) and the corresponding sensor. After completion of the reaction, the pH of
the solution was determined again. The change in acetamiprid concentration during
photocatalytic degradation was monitored by high performance liquid chromatogra-
phy (HPLC) analysis.

Design of experiment (DoE)

Design of experiments (DoE) based on mathematics and statistics is a formal and
structured technique for studying any process whose performance is influenced by
several variables [24]. With this technique, it is possible to obtain useful informa-
tion from a small number of experiments, such as the interactions of the variables
under study and their optimal values. Moreover, DoE significantly reduces the num-
ber of experiments, reagent consumption and time. In this work, the effects of vari-
ous experimental parameters on the photocatalytic degradation of acetamiprid were
studied to determine their optimum values. Based on the study of related works in
which the effect of various parameters on the process of heterogeneous photocataly-
sis were investigated, the stirring rate of the reaction mixture, the radiation intensity
and the concentration of the added hydrogen peroxide were selected as the study
parameters [21, 25]. To determine the optimum values of the studied parameters,
the Box-Behnken factorial plan was used in combination with the response surface
methodology (RSM). The response surface methodology consists of a set of empiri-
cal techniques used to determine the relationship between a set of controlled experi-
mental parameters and a measured response. Using the software Design-Expert, a
suitable experimental design was constructed with different combinations of param-
eter values as shown in Table 1.

Once the experimental design was established, the exact values of the cutoff
values (— 1 and 1) and medians (0) for each parameter were chosen, as shown in
Table 2, using existing data from the scientific literature and considering the capa-
bilities of the experimental apparatus.
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Table1 Experimental design ¢4 Run  A:mixingspeed ~ B:LED  C:c(H,0,)
intensity
5 1 -1 0 -1
4 2 1 1 0
2 3 1 -1 0
11 4 0 -1 1
1 5 -1 ~1 0
8 6 1 0 1
9 7 0 -1 -1
12 8 0 1 1
7 9 -1 0 1
3 10 -1 1 0
6 11 1 0 -1
13 12 0 0 0
10 13 0 1 -1

Table 2 Experimental parameters and their levels

Parameter Units Minimum (— 1) Median (0) Maximum (1)
Mixing speed rot/min 200 400 600

LED intensity A% 30.5 31 31.5

c(H,0,) ppm 0 3 6

Results and discussion
Photocatalytic reaction kinetics

Knowledge of the kinetics of heterogeneous photocatalysis is essential for the
design of an efficient photocatalytic process. It gives us insight into the reac-
tion rate, which is one of the most important criteria for assessing photocatalytic
activity. The kinetics of photocatalytic degradation is most commonly described
by the Langmuir—Hinshelwood (L-H) kinetic model (Eq. 1). According to this
model, the rate of photocatalytic degradation, r, is proportional to the coverage
of the catalyst surface by molecules of the organic compound [3, 13].:

ry = kKCA/(1+KCA) )

Here k is the reaction rate constant (mol dm™> min™"), c, 1s the concentration of
the organic compound (mol dm~2), and K is the Langmuir adsorption constant (dm?
mol ™).

If the initial concentration of the organic compound is very low, it can be
neglected and Eq. (1) takes the classical form of
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r=Key 2
The kinetic model (Eq. 2) is fitted to the batch reactor model

dey

o Kcy 3)

The analytical solution of this ODE for the initial condition ¢, = 4 is given by:

C_A — ek’z

Ca0 @
Here k' is the pseudo first order rate constant (kK, Eq. 1) and c,, and c, are the con-
centrations of the organic compound at times O and t. The k' is used to describe the
rate of reaction under various experimental conditions.

A kinetic analysis of the results was performed assuming that the reactions can
be described by pseudo first order kinetics. Using Eq. (4) derived from the Lang-
muir—Hinshelwood kinetic model, a reaction rate constant k' (min~!) was estimated.
The normalized root mean square deviation (RMSD) was calculated for each experi-
ment as a criterion for the agreement of the experimental results with the assumed
kinetic model (Eq. 5).

o)
RMSD =

These values, as well as the conversion of acetamiprid obtained by HPLC analy-
sis, are shown in Table 3.

Table 3 Experimental results: total conversion of acetamiprid, estimated rate constants and matching
RMSD value for each experiment

Run Mixing speed LED intensity ¢(H,0,) Conversion/% k'/min~! RMSD
1 200 31 0 55.85 0.002 0.062
2 600 31.5 3 39.42 0.002 0.031
3 600 30.5 3 5.71 0.0001 0.022
4 400 30.5 6 8.39 0.0004 0.015
5 200 30.5 3 7.37 0.0003 0.021
6 600 31 6 15.66 0.0006 0.012
7 400 30.5 0 1 0.000003 0.007
8 400 31.5 6 38.36 0.002 0.032
9 200 31 6 16.56 0.0007 0.020
10 200 31.5 3 53.41 0.003 0.079
11 600 31 0 377 0.0002 0.017
12 400 31 3 18.93 0.0007 0.055
13 400 31.5 0 23.01 0.0009 0.019
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Influence of the process parameters

In the next part of this paper, the influence of the process parameters will be
explained.

Two experiments were performed with the same mixing rates of the reaction mix-
ture and added concentrations of hydrogen peroxide, while the third parameter stud-
ied (LED intensity) was different (R4 and R8, Table 3 and Fig. 2). LED intensity
was controlled with the value of voltage applied to the source: the higher voltage
means higher LED intensity at different voltage applied to the source. It can be seen
that at higher radiation intensity, the decrease in acetamiprid concentration was sig-
nificantly higher during the irradiation time of 4 h. This is confirmed by the large
differences in the total conversions of acetamiprid. At a higher intensity of UVA
irradiation, almost 40% of acetamiprid was degraded, while at a lower intensity the
degradation was almost 5 times less efficient. The reaction rate constant is an order
of magnitude higher in the higher intensity experiment. A higher rate constant also
implies a higher rate of degradation of acetamiprid and thus a higher conversion in
the observed time, which is consistent with the results obtained. The experimental
values agree relatively well with the assumed model, so that the photocatalytic deg-
radation of acetamiprid can be described as a pseudo-first order reaction. Based on
the results presented in Table 3, it can be observed that in all four experiments car-
ried out at the highest intensity or voltage (U=31.5 V), large conversions of aceta-
miprid were obtained (53.41, 39.42, 38.36 and 23.01%), while they did not exceed
10% at the lowest intensity. It can be concluded that the radiation intensity is the
most significant of the studied variables, i.e., it has the greatest influence on the rate
and efficiency of photocatalytic degradation.

® R1(200,31,0)
—— Model fit R1
® R2(600, 31.5, 3)
—— Model fit R2
© R3(600, 30.5, 3)
Model fit R3
® R4(400, 30.5, 6)
—— Model fit R4
R5(200, 30.5, 3)
Model fit RS
® R6(600, 31, 6)
—— Model fit R6
R7(400, 30.5, 0)
Model fit R7
@® R8(400, 31.5, 6)
—— Model fit R8
® R9(200, 31, 6)
—— Model fit R9
O R10(200, 31.5, 3)
—— Model fit R10
® R11(600, 31, 0)
—— Model fit R11
0.3 T T T T r . ® R12(400, 31, 3)
—— Model fit R12
0 40 80 120 160 200 240 © R13(400,315,0)
Time, min —— Model fit R13

Ca/Crg» -

Fig.2 Results of photocatalytic degradation of acetamiprid, comparison between experiments and pre-
diction model for all 13 runs
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The reaction mixture was homogenised with a magnetic stirrer to ensure good
mixing and uniform illumination of the solution. From the results presented in
Table 3, lower mixing favours the photocatalytic degradation of acetamipride (R1
vs R11), which is surprising since one might expect that with more intense mix-
ing, the external mass transfer resistance would be lower. At the lowest mixing rate,
the highest conversion of acetamiprid was obtained (55.85%) and the reaction rate
constant was 10 times higher than in the lowest rate experiment. It follows that in
the observed system, external diffusion was not a limiting step affecting the overall
rate of acetamipride photodegradation. It can be seen from Table 3 that in all experi-
ments carried out at the highest mixing speed, a very low conversion was obtained,
about 5%. The negative effect of high mixing speed on the degradation of aceta-
miprid can be attributed to the formation of a large vortex in the reaction mixture,
which leads to a varying thickness of the aqueous layer through which the incident
light must pass, resulting in uneven illumination of the solution. Due to the small
size of the reactor (volume of 250 mL), the developing vortex occupied most of its
volume. At lower mixing speeds, there was no large vortex, so the surface of the
solution was better and more evenly illuminated. It may be inferred that although
the purpose of mixing is to ensure an even distribution of radiation in all parts of
the solution, too high mixing speed may have the opposite effect, so care should
be taken to find the optimum mixing speed. It can also be assumed that in a reactor
with a larger total volume (and diameter) or in reactors with a large, irradiated sur-
face area, a faster mixing speed might prove more efficient.

The addition of a strong oxidant H,O, to the reaction mixture can increase the
number of hydroxyl radicals formed and thus enhance the photocatalytic degrada-
tion [25]. It can be seen from Fig. 2 and Table 3 (R8 and R13) that the addition of
peroxide leads to better degradation of acetamiprid, but the improvement is not as
pronounced as in the experiments in which the effect of radiation intensity and mix-
ing rate were studied. Higher values of reaction rate constant and conversion were
obtained in the presence of H,0,. Although the addition of peroxide improved the
degradation efficiency to some extent, its influence in these experiments was not as
pronounced as the influence of the other two parameters. One possible reason for
this is that the added H,0O, concentrations (3 and 6 ppm) are too low to have a sig-
nificant effect on the reaction efficiency. Since the addition of too much peroxide can
inhibit the reaction due to the scavenger effect, further investigation is needed to find
a suitable peroxide concentration to improve the process efficiency.

DoE analysis

Once the experiments were performed and the conversion values of acetamiprid for
each experiment were obtained, the results were entered into the program Design-
Expert to obtain the corresponding model and its 3D graphical representation from
which the optima for each parameter can be read. The following linear model was
obtained:

Conversion = 22.11077 — 8.57875 Mixing speed + 16.46625 LED intensity— 0.582500c(H,0,)
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Table 4 ANOVA results for response surface modelling

Source Sum of squares df Mean square F-value p-value

Model 2760.57 3 920.19 5.67 0.0185 Significant
A-Mixing speed 588.76 1 588.76 3.63 0.0893

B-LED intensity 2169.10 1 2169.10 13.36 0.0053 Significant
C-c(H,0,) 2.71 1 2.71 0.0167 0.9000

Residual 1460.98 9 162.33

Cor Total 4221.56 12

In addition, an analysis of variance (ANOVA) was performed, which is impor-
tant for determining the significance of the obtained model. Table 4 summarizes the
results of the ANOVA analysis. The results were evaluated using various descrip-
tive statistics such as sum of squares, degree of freedom (df), mean sum of squares,
F-value and p-value. The F-value of 5.67 implies that the model is significant.
p-value of less than 0.05 indicates that the model is significant which is desirable
as it indicates that the terms in the model have a significant effect on the response.
From the p-values for each parameter presented in Table 4, it was concluded that the
only significant parameter is radiation intensity. it is less than 0.05, which indicates
that the model is significant, which is desirable as it indicates that the terms in the
model have a significant effect on the response.

The graphical interpretation of the model describing the dependence of the con-
version on the three process parameters is shown in Fig. 3.

Conclusion

Response surface methodology in combination with Box-Behnken experimental
design was used to study the photocatalytic degradation of acetamiprid in a batch
reactor in the presence of TiO, under UVA -LED irradiation. The effects of vari-
ous operating parameters such as radiation intensity, stirring rate and addition of
H,0, on the acetamiprid photodegradation were investigated. Of all three param-
eters tested, radiation intensity has the greatest effect on photodegradation, with the
acetamipride degradation rate increasing with increasing radiation intensity. Higher
mixing rate does not lead to better photocatalytic degradation. This can be explained
by the formation of a strong vortex in the reactor and uneven illumination of the
reaction mixture, which reduces the efficiency of photocatalysis. The addition of
H,0, as an additional oxidant improves the reaction rate, but this effect is not as pro-
nounced as for the other parameters. To get a better insight into the effect of adding
H,0, as an additional oxidant, future experiments have to be performed in a larger
concentration range.
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Conversion

B: LED intensity

A: Mixing

Fig. 3 Graphical interpretation of model
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