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Atrazine is one of the most used pesticides, although it is extremely toxic for living organisms. In spite of that, the
control, removal, and elimination of this agrochemical are still deficient in water treatment plants (just over 25%).
For this reason, the main objective of this study was to evaluate atrazine degradation efficiency in aqueous
solution using the photo-Fenton system assisted by a light-emitting diode (LED) lamp. The degradation results of
30 mg L atrazine evidenced that our approach presented an efficiency of approximately 98% in only 240 minutes
of reaction, and the observed mineralization was 60% of total organic carbon (TOC). Several byproducts were
identified (such as HA, DEA, DIA, HDEA, HDIA, and HDEDIA), and the degradation mechanism followed
dechlorination and hydroxylation pathways that produce HDEDIA or ammelide. In this way, the photo-Fenton
system under an LED lamp showed to be highly efficient at removing atrazine from aqueous solutions, offering
several advantages compared to the traditional system, such as lower energy consumption and more
environmentally friendly features.
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1. Introduction

Pesticides are among the most widely used organic
chemicals in the world due to their importance to food
production and agriculture. As a consequence, these
compounds are the organic contaminants most frequently
found in soil, surface water, and potable water. [1] Atrazine
(ATZ; 2-chloro-4-ethylamine-6-isopropylamine-s-triazine) (see

Table S1, Supplementary Material), is a triazine herbicide
extensively employed to control weeds in corn, sorghum and
sugarcane cultivations. [2] It is especially toxic to the aquatic
environment with long-lasting effects [3]. It is classified as one
of the most consumed pesticides in the United States, China,
and many European countries [4]. In Latin America, it is one of
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the two most used herbicides, and in the Brazilian market of
agricultural poisons, ATZ is the third most sold [5].

The widespread and inappropriate use of pesticides has
caused adverse environmental impacts on ecosystems and
harmful effects on human health. The Environmental
Protection Agency (EPA) has classified ATZ as a carcinogenic
chemical and an endocrine disruptor [6-10]. Since atrazine
presents moderate aqueous solubility, high mobility, and a
long half-life (about 250 days) [11], it can be transported by
runoff to surface and underground water reservoirs (such as
rivers, lakes and subsurface reservoirs), far from the source of
contamination [12]. Due to the possible harmful effects of
ATZ, some countries, e. g. Germany, the European Union, and
some states in the United States such as California, have
banned its use [13-15].

Due to the adverse environmental impacts caused by
pesticides, a significant amount of research works has been
carried out aiming the creation of solutions to eliminate
atrazine from water [16]. Conventional methods for water
treatment, such as adsorption, sedimentation, and filtration,
do not efficiently remove or degrade contaminants such as
ATZ [17]. The biologic method is ineffective for ATZ
degradation due to the high resistance to biologic degradation
[18]. Besides, pesticide solutions are often prepared in water
at very high concentrations in the form of emulsions or foams
where the pesticides are not dissolved. In this way, the
treatment method needs to consider this [19].

Considering the limitations of biological processes and
physical-chemical treatments, advanced oxidation processes
(AOPs), such as photocatalysis, Fenton [20], photo-Fenton [21]
and Hz02/03 [22] have been proposed as promising
alternatives to the conventional water treatments due to their
efficiency in the generation of hydroxyl radicals (HO"). These
highly reactive species can oxidize almost all organic
compounds and inactivate a wide range of microorganisms. It
is reported that the AOPs have been used successfully for the
elimination of dyes and pigments, in the treatment of landfill
leachate, surface freshwater, potable water and urban
wastewater effluents, among others.

Fenton's process is a homogeneous process of catalytic
oxidation that uses a mixture of hydrogen peroxide and
ferrous ions. [23] In acidic conditions, the addition of hydrogen
peroxide to an aqueous medium containing an organic
substrate and ferrous ions generates a complex redox
reaction. The ferrous ions initiate and catalyze the
decomposition of H20,, which results in the production of
hydroxyl radicals, HO" [24].

In photochemical processes, the light source is a relevant
aspect. In recent years, different sources have been reported,
such as sunlight and UV radiation, especially with low and
medium pressure mercury lamps. The use of these sources
has increased the efficiency of photo-Fenton treatments, but
their high operational cost associated with high energy
consumption, the toxicity of mercury lamps, and low
availability of adequate sunlight are major drawbacks [25]. In
this scenario, the use of artificial light with low power
consumption, long lifespan and ecofriendly nature is required.
This need has encouraged the search for new sources of
radiation such as light emitting diodes (LEDs), which are more
efficient than mercury lamps and not harmful to the
environment. Thus, LEDs consist in a promising alternative to
mercury lamps and solar radiation to assist photochemical
degradation processes. LED semiconductor technology is a
directional light source with maximum intensity at a
perpendicular angle to the surface emission [26]. Although at
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a relatively high cost, LEDs present several advantages
compared to traditional lamps since they do not overheat and
have a longer useful life, lower energy consumption, and
higher luminous efficiency [27]. Also, LEDs exhibit lower light-
scattering effects, which is desirable for the treatment of
turbid water commonly present in real matrices [28].

In recent years, many authors have investigated the
degradation of pollutants such as ATZ through AOPs. Studies
have shown the complete degradation of ATZ with mercury
lamps and a 99% degradation efficiency using electro-Fenton
process. Alternatively, 98% and 94% ATZ degradations have
been achieved by using photocatalysis/ozonation [29] and
using electrochemical methods [11], respectively. The
efficient degradation of ATZ using Fenton and photo-Fenton
processes has been extensively reported [31-34]. However,
there is a lack of studies towards ATZ degradation that
employ UV-Vis LED as the source of radiation, although its use
has been reported for the successful elimination of
contaminants such as acetamiprid, [35] antipyrine, [36] and
diclofenac [37].

The main objective of this study was to evaluate the
experimental conditions for the degradation of ATZ (radiation
incidence, Fe2* and H,0, concentrations) in a UV-Vis LED-
based photo-Fenton approach through a 23 full factorial
design followed by high-performance liquid chromatography
(HPLC) analysis. Furthermore, mineralization was performed
as well as the identification of oxidation byproducts by using
ultra-performance liquid chromatography tandem mass
spectrometry (UPLC/MS).

2. Results and Discussion

2.1 Optimization of the experimental conditions

In this study, an ATZ aqueous solution at a concentration
of 30 mg L' was used to establish comparisons with previous
studies [38, 39]. Besides, this concentration corresponds to
ATZ maximum solubility in water under the investigated
conditions [40]. The degradation efficiency usually depends
on various factors, such as the characteristics of the lamp, the
concentration of contaminants and the concentration of
Fenton's reagents. For this reason, the ATZ degradation
efficiency was optimized by using a 23 full factorial design.
The evaluated variables were the concentration of FeZ* ions
(X1), the concentration of H,02 (X2), and the use of reflector
(X3) in a photo-Fenton degradation system. With this type of
design, it was first possible to calculate the main effects of
each factor as well as their interactions.

The experimental response is represented by a linear
polynomial model. The experimental matrix and the results
are shown in Table 1 and Table S2 (Supplementary Material).
The obtained responses are well adjusted to the linear model
with a regression coefficient R2 = 0.99757. From the
experimental design, it can be observed that the degradation
of ATZ is especially influenced by the concentration of ferrous
ions, which presented a positive effect on the ATZ
degradation. The second most important factor was the H;0,
concentration, which also presented a positive effect on the
evaluated response.

The increase in H202 concentration contributes to an
increase in the ATZ degradation rate. However, the interaction
terms X1X3 ([Fe2*] and reflector) and X1X2Xs ([Fe2*], [H202] and
reflector) have negative effects, which means that the effect
of the reflector does not have a significant contribution on the
ATZ degradation efficiency. As evidenced by the obtained
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results, the use of the reflector increased the degradation
efficiency by less than 1% (when the reflector was used, the
degradation of ATZ just increases from 98.3% to 99.3%). In
addition to not greatly enhancing the degradation efficiency,
the use of a reflector would increase the cost of the system.
Hence, it was decided not to use the reflector in subsequent
tests. The Pareto chart in Figure 1 displays the significance
of the main and interaction effects.

Table 1. (a) Levels of coded factors for the 23 full factorial

design. (b) Experimental design matrix and obtained
degradation percentages (reaction time: 30 min)
(a)
e
[Fe*] (mg L) Xi 10 30
[H202] (mg L") Xz 100 300
Reflector (qualitative) X3 Without With
b
Assay . " Variz):(l:les - Response
1 10 100  Without 69.8+0.01
2 30 100  Without 94.1£0.15
3 10 300  Without 80.4+0.78
4 30 300  Without 98.5+0.59
5 10 100 With 82.9+0.65
6 30 100 With 98.3+0.15
7 10 300 With 92.940.11
8 30 300 With 99.3+0.04
(1)Fe* 1629
(2H:0; |
we (%9

(3)Reflector -

36,3

1by2 17,0

Standardized Effect Estimate (Absolute Value)

Fig. 1. Pareto chart for the effects resulting from the 23 full
factorial design employed for the optimization of ATZ (30 mg
L") degradation through the proposed photo-Fenton approach.

Table 2. ANOVA results for the linear model for ATZ degradation.
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Fig. 2 shows that the percent ATZ degradation increases
with the concentrations of Fe2* ions and H20,. The removal of
ATZ was maximum when the concentrations of FeZ* and H,0;
were 30 mg L 300 mg L7, respectively, and these conditions
were employed in all further degradation experiments. The
comparison between the actual and the predicted values for
ATZ degradation is presented in Fig. 3. There was a great
similarity between the actual and predicted values. The
statistical significance of the linear model was assessed by
analysis of variance (ANOVA), whose results are presented in
Table 2. It is frequently reported that increasing the
concentration of FeZ* can lead to faster reactions. However,
this was not observed in all reactions of this study.

) uonepeibed

Fig. 2. ATZ degradation percentage as a function of Fe?* and
H202 concentrations.

2.2 ATZ degradation

The kinetics of ATZ removal was investigated up to 240
minutes under optimized conditions for the UV-Vis LED-based
photo-Fenton system. Additionally, other processes that could
have contributed to the degradation process (H202/LED and
LED-induced photolysis) were assessed (Fig. 4).

Analysis of variance

Source

d.f.a Sum of square Mean square F-value Pr>F
Fe2* 728.1 1 728.1 3951.9 5E72
H202 326.6 1 326.6 1772.9 1E70
Reflector 2421 1 2422 1314.6 4E10
X1 by X3 252.0 1 2521 1368.4 3E
Lack of Fit 2.5 1 2.5 13.3 6E0

Pure Error 1.5 8 0.2
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Fig. 3. Comparison of the experimental and predicted
values for ATZ degradation.

2.2 ATZ degradation

The kinetics of ATZ removal was investigated up to 240
minutes under optimized conditions for the UV-Vis LED-based
photo-Fenton system. Additionally, other processes that could
have contributed to the degradation process (H,02/LED and
LED-induced photolysis) were assessed (Fig. 4).
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Fig. 4. Degradation profile for UV-Vis LED-based photo-Fenton,
H202/LED, and LED-induced photolysis.

Using the UV-Vis LED-based photo-Fenton process, ATZ
degradation was almost complete (> 98%), showing high
efficiency at 30 min with a degradation of >80% and these
results are comparable with the literature. Several authors
have reported different removal processes for ATZ through
AOPs. Chan and Chun et al., [21] investigated the degradation
ATZ by using Fenton’s reagent as a function of reagent
concentrations in a batch reactor. The results demonstrated
that the pesticide degradation rates were dependent on the
initial concentration of Fe2* e H,0, and were between 15-98%.
Acero et al. [16] evaluated the degradation kinetics of ATZ (4-
5 pM) and identified its degradation products by using O3 and
03/H20,, reaching efficiencies of 60% after 30 minutes. Lutze
et al. [64] studied the efficiency of SO4* ~ to degrade ATZ,
identified its products and performed a kinetic study. The
results showed 70% of ATZ degradation after 35 minutes. Luo
et al. [56] investigated ATZ degradation by comparing four
AOPs, namely UV photolysis, hydrogen peroxide,
peroxymonosulfate (HSOs), and persulfate (S;0s%) using a
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low-pressure mercury UV lamp (254 nm). The results showed
a 50% efficiency for ATZ removal. Despite these studies, it is
difficult to compare results because researchers carry out
experiments in different conditions. However, degradation
rate achieved in this study (>98%) showed that the UV-Vis LED
may substitute mercury lamps with similar efficiency.

To evaluate the effect of direct photolysis and H202/UV-
Vis (280-700 nm) on degradation two experiments were
carried out under optimal conditions. In Figure 4, it is possible
to observe the effect of these approaches on ATZ
degradation. Direct photolysis exhibited a low influence on
ATZ degradation, which was approximately 20% at 240 min.
The UV radiation source significantly influence the quantum
yield for the photodecomposition of ATZ. The quantum yield
of decomposition of ATZ by UV irradiation at wavelengths
between 200 and 300 nm has been reported to be 0.045 to
0.038 at range concentration from 3 to 33 pM [65]. Indeed, the
ATZ percent removal by using H202/LED was similar to the
efficiency obtained in direct photolysis. These results were
expected because the photolysis of H20, occurs at
wavelengths lower than 310 nm [66] and the radiation source
used in this work (A = 280 to 700 nm) does not have enough
energy to produce HO- from H20; photolysis. This fact showed
that the use of Fenton's reagent represents a significant
increase in the degradation rate of ATZ.

The kinetic study was performed by using SigmaPlot 12.0
software, and the variation of ATZ concentration as a function
of time is presented in Fig. 5. It can be noticed that the
degradation process was fast during the first 30 minutes and
then slowed down. The velocity law that presented the best fit
was related to a two-step pseudo-first-order kinetics with k1ops
= 0.1445 and k2.s = 0.0476 min'. These constants are
comparable to those reported by Chan and Chu [21] and
Kassinos et al. [40]. However, kops values are greater than most
of the kinetic coefficients found in the literature for
degradation of ATZ. From kops, the half-life of ATZ was found
to be approximately 8.6 min (Table S3).

1.0
0.8 A
—®— Photo-Fenton LED (30mg L)
o — Fitting 2 steps first order
EO.G 1 y=al P Mygba)
< R2=0.9980
N
=04 1
<
0.2
‘\\\A
0.0 - - St . s o .
0 50 100 150 200 25(
Time (min)

Fig. 5. Kinetic profile for degradation of ATZ employing the
proposed UV-Vis LED-based photo-Fenton approach.

2.3 Mineralization of atrazine

The Total Organic Carbon (TOC) content of the initial ATZ
solution (30 mg L") was determined as 13.22 mg L, which is
very similar to the theoretical value of 13.33 mg L". The TOC
content after ATZ removal using the UV-Vis LED-based photo-
Fenton for 240 min was found to be 7.93 mg L (Fig. 6), which
corresponds to 60% of the initially measured TOC. Thus, it can
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be inferred that 4.74 out of 8 carbon atoms remained in the
solution, that is, only 3 carbon atoms from the ATZ side chains
were completely mineralized.

The mineralization of 40% for the ATZ aqueous solution is
an important result since it consists in a high rate of
mineralization in comparison to the literature for AOPs. For
instance, a 40% mineralization efficiency was reached for a
TiO,/03 system [41, 42], whereas the photo-Fenton reaction
presented a mineralization of 60% [43]. The Fenton reaction
has also been used for the degradation of ATZ, whose levels
reached 50% [44]. Alternatively, Malpass et al. [45] performed
the degradation of ATZ (20 mg L") via an electrochemical
process and obtained 46% TOC removal [45]. McMurray et al.
[46] studied the photocatalytic degradation of ATZ (20 mg L)
and obtained 40% TOC removal [46].

Despite the time of treatment, there is still a 60% organic
carbon content, which is typical for organic compounds with
a short carbon chain. Besides, 80% hydrogen peroxide was
consumed after 20 minutes, and this probably affected the
mineralization. However, Fe2* concentration has been
described as arelevant factor, and it was previously evidenced
that sequential Fe?* addition over the reaction time can
improve mineralization and give promising results. [31, 47, 48]
Regarding the mineralization of ATZ, it was found that a
kinetic expression with two first-order steps fit well with the
experimental data (R2> 0.99) (Fig. 6). This corresponds to a
fast degradation step during the first minutes of reaction,
followed by a much slower one.

\} .
\\}\c 50 100 150 200 250

Time: {min)

8- }E}\}

7 T T T

TOC ATZ (mg L")
=

T T T T T T T T
0 50 100 150 200 250
Time (min)
Fig. 6. Degradation of TOC for ATZ and corresponding kinetic
profile.

The development and use of LEDs as an alternative source
of radiation to mercury lamps have proven to be effective for
the degradation and mineralization of various organic
pollutants [28]. In spite of that, an even higher effectiveness
could be achieved if improvements in radiant efficiency and
output power were considered. This would increase the
energy efficiency of LEDs, making this technology cost-
effective comparing to traditional systems.

2.4 LEDs as a source of radiation in advanced oxidation
processes.

The advantages of LEDs over conventional mercury lamps
are the absence of filling gas and mercury, no heating and
quick start time, small size (which facilitates the design of
reactors), much longer life (3,000 h at 250 nm; 26,000 h at
365 nm), monochromatic emission in a range of wavelengths
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for a specific performance (210-400 nm) and low voltage
requirements of 6—30 V [49]. This allows LEDs to be powered
by batteries or solar cells, which enables the construction of
portable devices. Small chip sizes provide flexible variability
for the LED matrix design (line, plane, surface, three-
dimensional models), which produces two conceptual reactor
designs with enclosed or covered LED arrays [50]. The
development of advanced LED-based oxidation technologies
for water treatment requires the selection of a LED with a
suitable emission wavelength, long service life, and passive
cooling (for high power LEDs). The preferable emission
wavelength should be as wide as possible (UVA, NUV, or even
visible range) due to considerably higher wall plug efficiency
(WPE) values and lower costs for LED with longer
wavelengths. Chen et al. published a detailed review on the
fundamentals, types, performance, matrix and reactor designs
for UV-Vis LEDs. Considering these important requirements,
we will focus on the efficiency of degradation using LEDs and
energy consumption as key parameters for the use of such
radiation sources in AOPs [49].

2.4.1 Energy considerations

According to the International Union of Pure and Applied
Chemistry (IUPAC), energy consumption is an essential
parameter for the evaluation of the efficiency and viability of a
water treatment technology. Therefore, the obtained ATZ
degradation data were analyzed in terms of electric power
consumption (Ego) to determine the energy cost related to the
proposed UV-Vis LED-based degradation system. The
electrical energy per order Ego (kWh m3) is defined as the
number of kilowatt-hours (kWh) of electrical energy required
to reduce the concentration of a pollutant and is calculated by
using the following equation [51]:

Pxtx1000
V+60xlog (CC—;)

M

Ego =

where P is the power input (kW) of the wall to derive the lamp;
t is the irradiation time (h); V is the volume (L) of the solution
in the reactor; C; and Cs are the initial and final contaminant
concentrations, respectively.

Through the use of equation 1, the Ego value for the
degradation of 30 mg L' ATZ with the UV-Vis LED-based
photo-Fenton approach was calculated to be equal to
6.17 kWh m3, which is significantly lower than the values
reported in the literature for photo Fenton degradation of this
pesticide (Table 3). The Ego value obtained for the developed
degradation strategy evidences the outstanding efficiency of
the photo Fenton method for the treatment of water
contaminated with ATZ, since the values of Ego required to
remove this pesticide from industrial wastewater through AOP
at a reasonable cost should be between 2.5-5 kWh m3 [52,
53].

2.5 Degradation intermediates

Byproducts derived from the degradation of pesticides
may have lower toxicity to the ecosystem compared to their
main chemicals [38, 28]. However, in some cases, they may
present greater risks to the environment. Therefore, it is
extremely important to identify the intermediaries generated
in the degradation process. It has been reported that
byproducts from ATZ contain s-triazine rings that are resistant
to further degradation [40]. Figure 7 shows the
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chromatograms obtained during ATZ degradation. The
retention time (tg) of 10.7 minutes corresponds to the studied
pesticide. It is clear that this peak decreased fast in the first
minutes and completely disappeared at 240 min. However,
the degradation of ATZ resulted in the formation of
intermediate species since additional peaks could be
observed in the chromatograms. After 5 minutes of irradiation,
peaks ascribed to the presence of intermediates were
observed at tgr = 2 to 8 minutes, which gradually decreased
until 240 minutes of reaction.

Table 3. Electricity consumption in different reactors reported
in the literature for the treatment of water contaminated with
ATZ.

Treatm Trzat Remo IIE(E‘:,
Type of ent vilu val of ( h Refere
AOP time me ATZ 5 nce
mi) Y
Anodic 76
oxidation 300 1.5 45 0 ’
(AO - H202)
Electro- 60.
Fenton (EF) 300 15 61 3 [56]
Photoelect 30
ron-Fenton 300 1.5 99 4'
(PEF).
AOP with 33
plasma- 30 2.5 60 2' [57]
assisted

*ATZ removal after 90 min

After 240 minutes of irradiation, peaks could still be
observed between 2 and 3 minutes, which are also related to
intermediates generated from ATZ degradation.
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Fig. 7. Chromatograms of ATZ degradation under optimized
conditions up to 240 min.

To identify the intermediates resulting from ATZ
degradation, the UPLC/MS conditions were optimized to
obtain a good resolution, a stronger herbicide signal, and
shorter analysis times. Under selected condition, all analytes
could be separated, and an appropriate resolution was
obtained between the peaks of 2-hydroxy-atrazine (HA),
diisopropyl atrazine (DIA), desethylatrazine (DEA), atrazine-
desethyl-2-hydroxy (HDEA), atrazine-desisopropyl-2-hydroxy
(HDIA) and atrazine-desethyl-desisopropyl-2-hydroxy
(HDEDIA or Ammelide). Their primary ions were observed at
[M+H], m/z = 216 for ATZ, m/z = 198 for HA, m/z = 188 for
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DEA, m/z = 174 for DIA, m/z = 170 for HDEA, m/z = 156 for
HDIA and m/z = 128 for HDEDIA (Fig. S1, Supporting
information). The generation of these byproducts must be
avoided because triazole derivatives exhibit a wide range of
embryotoxic effects. For instance, it has been found that the
exposure to triazole can induce skeletal defects, craniofacial
malformations and hydrocephalus in rats, including cases of
teratogenicity [54, 55].

Two mechanisms for ATZ degradation have been
described in the literature [56): (1) dechlorination-
hydroxylation followed by dealkylation and subsequent
deamination, and (2) dealkylation as a first step and then
deamination and/or dechlorination-hydroxylation. The first
mechanism has been reported more frequently, with 2-
hydroxytrazine and compounds as major hydroxylated
intermediates. According to the results of UPLC/MS from the
present study, it is evident that the main byproducts of ATZ
degradation with the UV-Vis LED lamp were DIA and DEA. With
this piece of information in mind, a route for ATZ degradation
can be proposed (Fig. 8). Firstly, oxidation of the side chains
takes place to form dealkylated species such as DIA and DEA.
Next, dichlorination and hydroxylation reactions yield species
such as HDEA and HDIA. Finally, the replacement of the amino
groups by hydroxyl molecules takes place, resulting in the
species HDEDIA or ammelide, followed by a further
deamination step to give cyanuric acid (intermediate not
identified).

The obtained results could be attributed to the chemical
hydrolysis of ATZ that produces hydroxyatrazine in highly
acidic or basic solutions. Alkaline hydrolysis likely involves a
direct nucleophilic displacement of CI- from the two positions
of atrazine by OH-, while acid hydrolysis may be a result of
protonation of a ring or chain nitrogen atom followed by C-ClI
bond cleavage by water. That may be the cause of faster
hydrolysis of ATZ in alkaline medium compared to acidic
medium [57].

3. Material and Methods

3.1 Reagents

ATZ (99.1%) was purchased from Sigma Aldrich (USA).
Hydrogen peroxide (50% v/v) and hydrochloric acid were
acquired from Neon (Brazil). Acetonitrile (HPLC grade), iron
sulfate heptahydrate (Fe(S04) -7H20) and potassium bisulfite
(KHSO3) were purchased from Merck, Vetec and Biotec,
respectively.

3.2 Instrumental methods

For the identification and quantification of ATZ, it was
used the method previously described by Jacomini et al. [58],
with modifications. A high-performance liquid chromatograph
equipped with a diode array (DAD) UV detector (Shimadzu-
Prominence) was employed.as C18 column (particle size of
4.6 pm and 150 mm) was used as a stationary phase. The
mobile phase was HPLC grade acetonitrile and ultrapure
water in a 40:60 (v/v) ratio, with a flow rate of 0.8 mL min™.
Analyses were performed under isocratic conditions with an
injection volume of 20 pL, a column temperature of 40 °C and
at the wavelength of 222 nm, allowing short chromatographic
series with retention times of 10.7 min (ATZ). The analytical
curves for a concentration range between 1.0 and 30 mg L™
showed R2 values of 0.9987 in different days of work. The limit
of detection and the limit of quantification were found to be
0.4 mg L"and 1.3 mg L respectively.
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Oxidation products were identified using a UPLC/MS
(Acquity and Xevo TQD - Waters chromatograph with an
electrospray ionization source (ESI)). A C18 reverse phase
column (Agilent; 2.1 mm- 50 mm, 1.7 mm particle size) was
used for separation. A 5 pL sample aliquot was injected with
an ammonium acetate/acetonitrile eluent at a flow rate of 0.1
pL min'. A TQD Xevo precision mass was used under positive
ESI in full scan mode. The operating parameters of ESI were:
spray voltage = 1.2 kV, capillary temperature = 350°C, decay
potential = 5V, collision energy = 50 V and exploration range
(m/z) = 100 to 810 a.m.u. Before use, the mass spectrometer
was calibrated using the tuning solutions recommended by
the manufacturer. To find the appropriate conditions for the
separation of the studied compounds, C18 column was used
and several mobile phases were evaluated. The final results
showed that the best mobile phase was composed of
acetonitrile:water using a gradient mode as follows: 0-6 min a
ratio of 97% H20:3% ACN; 6-8 min the proportion of 0%
H,0:100% ACN; and 8-8.1 min of 0% H,0: 100% ACN at 97%
H20:3% ACN, which provided the determination of 2-hydroxy-
atrazine (HA), Desisopropyl atrazine (DIA), Desethylatrazine
(DEA),  Atrazine-desethyl-2-hydroxy = (HDEA), atrazine-
desisopropyl-2-hydroxy (HDIA), Atrazine-desethyl-
desisopropyl-2-hydroxy (HDEDIA or Ammelide) and ATZ.

Two colorimetric methods were used to determine FeZ*
and H20, concentrations [59] with a UV-Vis Cary 50
spectrophotometer (Varian). TOC-L Shimadzu analyzer was
used to monitor Total Organic Carbon (TOC). An analytical
curve was obtained with aqueous standards of potassium
hydrogen phthalate in the range between 5 and 200 mg L.
Under these conditions, a typical 2% RSD was observed with
R2=0.990 [60].
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3.3 ATZ degradation assays

The ATZ degradation was performed using a 30 mg L™
aqueous solution of the pesticide at pH 3 in order to avoid the
precipitation of iron hydroxides. The experiments were carried
out at room temperature (25 °C) in a cylindrical borosilicate
reactor (Fig. 9) with length of 8 cm and capacity of 250 mL. A
LED lamp was positioned 3 cm above the reactor. The light
emitted by the LED lamp was in the 280-700 nm range (Fig.
S2, Supporting information), with a power output of 50 W and
4500 Lumen. The photon flux rate estimate of the lamp toward
the solution was measured according to the literature [61-63]
by using a ferrioxalate actinometer and was determined to be
equal to 2.3x10¢ Einstein min-.

Chromatographic experiments were performed by
collecting 2 mL samples of the irradiated solution after each
radiation interval, followed by mixing with 0.2mL of
potassium bisulfite to stop the reaction and HPLC analysis to
determine ATZ concentration. Each experiment was
performed in triplicate; the error bars in the figures represent
the standard error of the mean. TOC measurements were
conducted in triplicate for each point with 35 mL of the
samples. Samples were analyzed immediately after irradiation
and 3.5 mL of potassium bisulfite (28%, m/v) were used to
quench residual hydrogen peroxide and stop the degradation
reaction.

3.4 Experimental design

To evaluate the effect of different parameters in the photo-
Fenton LED treatment, a 23 full factorial design was carried
out. The studied variables were H,0; concentration (mg L,
X1), Fe2* concentration (mg L7, X2) and use of reflector (X3). A
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total of 16 randomized photo-Fenton-LED degradation
experiments were performed. The levels considered for the
experimental design are listed in Table 1a. Each assay was
performed in triplicate, and the evaluated response was the
ATZ concentration determined in duplicate by using HPLC.
The coefficients of the polynomial model were calculated by
using Statistica 13.0 software.

L, |
&

| =

Fig. 9. Schematic diagram of the LED reactor (1: magnetic
stirrer, 2: glass reactor, 3: quartz plate, 4: LED lamp, 5: cooling
fountain).

4. Conclusions

In this study, the efficiency of a photo-Fenton process in
acid medium was demonstrated, using UV-Vis LED as the
energy source to eliminate ATZ (30 mg L") and its byproducts
from aqueous solutions. The UV-Vis LED lamp increased the
generation of strongly oxidant HO- radicals that efficiently
degradated ATZ under optimum operating conditions ([H,02]
=300 mg L7, [Fe2*] = 30 mg L"). Mineralization was measured
by employing TOC analysis, and the removal of organic carbon
reached 40% at 240 minutes. Furthermore, the degradation by-
products were detected by using UPLC/MS, and the results
evidenced that the mechanism of ATZ degradation followed
firstly dichlorination and hydroxylation steps to form species
such as HDEA, and then the replacement of the amino groups
by hydroxyl moieties, which results in HDEDIA or ammelide
molecules.

The proposed UV-Vis LED-based photo-Fenton
degradation system is a potential alternative to degrade
pollutants such as atrazine in wastewater. One of the main
advantages of the system was the high degradation efficiency
and mineralization as a result of the usage of UV-Vis LED as
energy source. Furthermore, the presented approach showed
to be cost-effective and ecofriendly, which enhances their
potential of application in wastewater treatment.

Supporting Information
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Table S1. Physical-chemical properties and ATZ
chemical structure.

Table S2. Matrix of the 23 full experimental design with
degradation percentage values (reaction time: 30min).

Fig. S1. UPLC/MS chromatogram of ATZ for the
identification of degradation intermediates.

Fig. S2. Emission spectrum of the LED lamp.

Table S3. Kinetic data of degradation of ATZ by using
the proposed UV-Vis LED-based photo-Fenton approach
(reaction time: 240min).
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