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Abstract For 50 years, farmers around the world have
relied on the herbicide atrazine—one of the triazine family
of herbicides—to fight weeds in corn, grain sorghum, sugar
cane, and other crops. Although prohibited in the European
Union because of widespread contamination of waterways
and drinking water supplies, it is still one of the most
widely used herbicides in the world. Atrazine and some of
its degradation products are among the most commonly
found xenobiotics in groundwater and soils in the world. It
is also an endocrine disruptor that causes abnormal repro-
ductive development and immune suppression in wildlife.
The purpose of this study was to identify the degradation
products of atrazine. Fenton reaction treatment, a hydroxyl
radical oxidation process recently developed for the deg-
radation of aqueous pesticide waste, was applied to the
degradation of atrazine. Classical and modified Fenton
reactions have been used as Advanced Oxidation Process
treatment methods. A HPLC method was developed and
optimized for the identification of resulting degradation
products. In general, very good atrazine degradation effi-
ciencies were achieved by both of the methods used. The
degradation products, such as oxalic acid, urea, formic
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acid, acetic acid, and acetone, were identified by HPLC
with a photodiode array detector.
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Introduction

Nowadays, large amounts of different types of pesticides
are used in agriculture. Their environmental impact is not
fully known and apparent in some cases. In the agricultural
application of pesticides, sorption, bioaccumulation, or
their degradation can occur [1]. The impact of pesticides on
climate change is also observed [2].

Atrazine is the most used triazine herbicide. It can get
into surface and groundwater from soil constituents, where
it persists for a longer period because of its slow degra-
dation in water [3]. Atrazine exhibits toxic effects on
aquatic organisms. In very small quantities, it can act as an
endocrine disruptor of the hormonal system and also as a
carcinogen of type C [4]. The most common method of
atrazine exposure is the consumption of contaminated
water. According to the EC legislation (Council Directive
91/271/EEC of 21 May 1991 concerning urban wastewater
treatment as amended, Directive 2000/60/EC of the Euro-
pean Parliament, and of the Council of 23 October 2000
establishing a framework for Community action in the field
of water policy as amended) as well as to the relevant
Slovak legislation [Parliamentary Act No. 364/2004 Coll.
on water as amended, Government Ordinance No.
296/2005 Coll. on surface, waste, and specific moisture
(water) as amended] atrazine can be classified as a priority
pollutant. In 2002, consumption of atrazine in the Slovak
Republic amounted to 84.964 kg per year. Maximum
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consumption was recorded in the Trnava region (22.489 kg
per year) and the minimum in the Zilina region (3.476 kg
per year) [5]. Currently, atrazine belongs to the list of
dangerous substances relevant to the Slovak Republic,
which was developed within the document for reducing
water pollution especially by toxic and noxious substances.

Several analytical works have focused on the determi-
nation of atrazine in soils, sediments, water, and fruits [6-9].
It was usually analyzed by sensitive analytical methods such
as gas or liquid chromatography [8, 10—14]. Electroanalyt-
ical methods are known to meet the demand for minimal
sample treatment and low consumption of organic solvents
[6, 15]. The electrochemistry of atrazine and other triazines
has been studied with mercury electrodes, and voltammetric
methods have been developed for determination of these
compounds [15, 16]. Very few reagents, such as p-amino-
benzoic acid, ethyl cyanoacetate, and picric acid, have been
reported for the spectrophotometric determination of atra-
zine [7, 17].

In the field of the treatment of wastewater containing
organic compounds, there is a trend to treat water by bio-
logical processes. However, there are many pollutants that
are toxic or biologically recalcitrant [18, 19]. In this case, it
is possible to use Advanced Oxidation Processes (AOPs).
Most of the AOPs are based on the generation of hydroxyl
radicals, OH, which are able to oxidize almost all organic
compounds. The biggest drawback of these procedures is
their high costs, except for the Fenton reaction [20, 21].
There are a lot of different AOPs for the degradation of
atrazine. Thus, for the TiO,/O; system, the efficiency
reached 98% [22, 23] and for the photo-Fenton reac-
tion 89% [24]. The Fenton reaction has also been used for
the degradation of atrazine [21, 25, 26]. Complete miner-
alization of atrazine was reached by a modified Fenton
reaction (Fenton-like reaction, FLR) [27, 28].

250 4

The Fenton reaction is based on the reaction of hydrogen
peroxide with Fe*" salts in acidic conditions. Its suitability
for water treatment led to a wide range of applications [29,
30]. In wastewater treatment, it is possible to use a Fenton
reaction for partial or complete oxidation of biologically
recalcitrant and toxic compounds. The efficiency of the
Fenton reaction can be increased by using its modification.
The new FLR AOP system FeO/HZOQ/HZSO4 utilizes zero-
valent iron (Fe?) directly in the Fenton reaction [31].
Generally, the better efficiency of this system is based on
the gradual generation of Fe*" cations from Fe” during the
reaction time (Eq. 1) with a subsequent Fenton reaction
(Eq. 2):

Fe’ + H,S0, — Fe*™ + SO} + H, (1)

(2)

It is also important to note that results can be improved
by the addition of small portions of hydrogen peroxide
during the reaction time [29].

Fe*™ + H,0, — Fe** + OH™ + -OH

Results and discussion

Regarding the mechanism of the degradation reaction of
atrazine by FR/FLR reactions, we can reach conclusions on
the basis of HPLC data for the following products and
intermediate products. The standard chromatogram of atra-
zine with a retention time of 12.67 min is demonstrated in
Fig. 1. As shown in Fig. 2, after 5 min a wide series of
reaction intermediates was observed, such as oxalic acid,
formic acid, acetic acid, and acetone (Table 1). The forma-
tion of these products are presented in simplified Scheme 1.
The transformation pathways depicted in Scheme 1 sum-
marize many primary, secondary, and tertiary intermediates
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Fig. 1 Standard chromatogram of 0.15 mol dm ™ atrazine
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Fig. 2 Chromatogram of degradation products by FR after 5 min
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Acetone 2.73 2.82 2.65 192, 260
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[32, 33]. All of them can be sorted into two groups of
intermediates. The first group presents very reactive and
unstable radical intermediates that can react by decomposi-
tion reactions. The second group contains less reactive and
thus relatively stable intermediates that can be further

degraded by radical intermediates (including hydroxyl radi-
cals formed during Fenton reaction) or can be hydrolyzed to
the more stable intermediates or final products such as ace-
tone, acetic acid, oxalic acid, or formic acid. Scheme 1 shows
that the total mineralization to CO, and H,O is also proposed.
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Because of the great stability of the s-triazine moiety of
atrazine, on the other hand, many different dealkylated,
dechlorinated, and hydroxylated new triazine intermediates
should be formed [21], but our attention was focused on the
small fragments of the degradation process that were
identified by HPLC. It has been suggested that 2-hydroxy-
4,6-diamino-s-triazine is the most stable final triazine
product [21].

In Figs. 3 and 4, we observed different degradation
products of atrazine by FR and FLR. This difference is
caused by varied oxidation powers of emerging products.
Degradation of atrazine by the modified system Fe’/H,O./
H,SO, is somewhat different from a typical FR; the reac-
tion intermediates are oxalic acid, urea, formic acid, acetic
acid, and acetone (Table 1). An increase of acetone con-
centration depends on the atrazine concentration in the
system (Figs. 2, 3).

In the next step, we were concerned with the degradation of
the reaction intermediates of atrazine. After complete degra-
dation of atrazine, we observed a decrease of the acetone
concentration, which was degraded to formic acid with a
retention time of 2.04 min (Fig. 5). Subsequently, we focused
on studying the influence of the hydrolysis of generated
products after the Fenton reaction (Fig. 6). When we com-
pared degradation products in the chromatograms in Figs. 5
and 6, a small concentration increase of some products was
observed (urea, formic acid, and acetic acid).

Radical processes of both Fenton and Fenton-like reac-
tions are major degradation pathways in the first short-time
part of the reaction followed by the hydrolytic reactions
to form small organic molecules such as formic and
acetic acids in the second long-time part of the reaction.
These facts are of great importance for real polluted
environmental systems. It seems that both acetamide and
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Fig. 3 Chromatogram of degradation products by FR after 24 h
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Fig. 4 Chromatogram of degradation products by FLR after 24 h
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Fig. 5 Chromatogram of degradation products by FR after 72 h
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Fig. 6 Chromatogram of degradation products by FR after 72 h and the next 72 h standing

formamide were also formed in the second long-time
reaction part from appropriate acids and ammonia. Very
similar UV spectra of both of these compounds make their
correct identification difficult. The small shifts of retention
times of the studied degradation products might have been
caused by an insufficient time for the post-analysis washing
of the stationary phase by the mobile phase with initial
composition or by column aging.

In this article, besides the classic Fenton reaction the
new modified Fenton AOP system FeO/HZOZ/HZSO4 was
firstly used for the degradation of atrazine.

Conclusions

In our study, degradation products of atrazine were iden-
tified by HPLC after application of the Fenton reaction
and modified Fenton reaction. Atrazine was gradually

dissolved, and two different degradation pathways were sug-
gested. The new modified Fenton AOP system Fe®/H,0/
H,S0, was firstly used for the degradation of atrazine.

Our results show that both Fenton and Fenton-like
reactions are able to degrade atrazine to toxicologically
inactive small organic molecules such as oxalic acid, urea,
formic acid, acetic acid, and acetone, or are able to min-
eralize atrazine to form CO, and H,O.

Experimental

Chemicals and reagents

Ferrous sulfate heptahydrate (FeSO,4.7H,O, purity 98%),
hydrogen peroxide (H,O,) 30% solution, sulfuric acid

(H>SOy4) 5% and 20% solution, sodium hydroxide (NaOH)
20% solution. All used chemicals were purchased from
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Lachema (Brno, Czech Republic) except for the atrazine
standard (Agrovita, Ivanka pri Dunaji, Slovak Republic)
with a purity of 98%.

Instrumentation

Each experiment was carried out in a 500 cm® Erlenmeyer
flask. All solutions were prepared in deionized water.
Stirring of the reaction mixture was performed using
a Teflon-coated bar at approximately 300 rpm with a
magnetic stirrer (MMA, Germany). The reaction tempera-
ture was 25 °C. All pH measurements were carried out by a
digital ion pH meter (Ion Activity Meter MS-20). The
degradation products of atrazine were identified by HPLC
(Young Lin Instruments, YL9100 HPLC system, South
Korea) with a photodiode array detector (PDA, Young Lin
Instruments, YL9160, South Korea).

Sample preparation: degradation of atrazine by Fenton
reaction (FeSO,7H>0 and H>0-)

The following procedure was used for the degradation of
atrazine: 10 mg of atrazine was added to an Erlenmeyer
flask (500 cm?) containing 300 cm?® of deionized water. To
this solution with intensive stirring the necessary amount of
FeSO4-7H,0O and H,O, in the primary ratio (H,O,: FeS-
04 = 875:500 mg dm_3) were added. The reaction times
for these experiments were 5 min, 24, and 72 h. After 72 h,
the reaction mixture was left standing for 72 h and neu-
tralized by 20% NaOH. After filtering off the resulting
precipitate, degradation products of atrazine in the filtrate
were determined by HPLC. For all different reaction times
used, all samples for HPLC analysis were prepared by the
neutralization and filtration of the given reaction mixture.
All reactions were carried out under daylight.

Sample preparation: degradation of atrazine
by modified Fenton reaction (FeO/HzOQ/H2S04)

To compare the efficiency of the degradation of atrazine,
the modified Fenton reaction procedure was also used:
10 mg of atrazine was added to an Erlenmeyer flask
(500 cm®) containing 300 cm® deionized water. To this
solution with intensive stirring 0.05 cm® concentrated
H,SO, was added, and then approximately 3 g of activated
Fe shavings (technical shavings were cleared by soap,
washed by distilled water, activated by 20% H,SO,, re-
washed by deionized water, and immediately used in the
reaction). After the induction time (10 min), the necessary
amount of H,0O, (0.8 cm® 30% H,0,) was added. The
reaction time for the experiment was 24 h. Then the
reaction mixture was neutralized by 20% NaOH. After
filtering off the resulting precipitate, degradation products

@ Springer

of atrazine in the filtrate were determined by HPLC. All
reactions were carried out under daylight.

HPLC analysis

The degradation products of atrazine were analyzed by
HPLC with a PDA detector, using a reversed phase column
(GraceSmart, RP-18, length 150 mm, ID 4.6 mm). The
spectra were recorded from 190 to 900 nm, and chro-
matograms were monitored at 200, 210, 222, and 235 nm.
The temperature of the column oven was set to 25 °C. The
sample was dissolved in water and injected into the HPLC
column. Methanol:water was used as the mobile phase for
analysis, while the ratio of these two phases was gradually
changed during the analysis from 10:90 to 90:10. The flow
rate was 1 cm® min~'. The injection volume was held
constant at 10 mm>. The multi-wavelength detector can
monitor the degradation products of atrazine continuously
between 190 and 900 nm, which enables the UV and vis-
ible regions to be monitored simultaneously. The spectra
were recorded and stored in the HPLC spectrum library.
The criteria for the identification of degradation products of
atrazine were established by comparison of the retention
time and spectrum of an unknown compound with
standards.
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