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Abstract

This chapter is a review of literature concerning the fate of chloro-s-triazine herbicides,
particularly atrazine, in the environment. It addresses the distribution of such
herbicides and their metabolites in the soil and in water bodies, including the
conditions that affect their transport mechanisms. The biodegradation pathways
regarding the microbial degradation are presented as well as modification mecha-
nisms of the compounds in plants capable of tolerating their action. Studies on the
influence of the compounds on animal and human physiological processes and health,
that is distribution of atrazine in the animal organisms, effects on the regulatory
platform in the liver, possible carcinogenesis and endocrine disruption risks are
assessed. Toxicity tests used for evaluation of the toxicity of the compounds are
critically reviewed. Possible methods for atrazine degradation, including advanced
oxidation procedures (AOP techniques), are outlined.

Keywords: atrazine, s-triazine, fate in the environment, influence on animal and hu-

man physiological procesess, toxicity tests, methods of degradation

1. Introduction

Since the 1960s, the use of chemicals to control weed emergence and growth has steadily
increased mainly in areas of land utilised for agriculture [1,2], but also along roads and railways
[3] as well as in urban areas [4].

Many of the applied herbicides are compounds that are relatively water soluble and can thus
be transported to bodies of surface water or leach into ground water resources [5].

I NT E C H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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Among herbicides, the chloro-s-triazine derivatives, and atrazine in particular, are the most
heavily used worldwide, and are often therefore, detected in rivers, lakes and groundwater [6].
The main representants of the triazine herbicides are shown in Figure 1.
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Figure 1. The main triazine herbicides.

Triazine herbicides belong to a category classified as persistent organic compounds [7] since
they resist biological and chemical degradation.

Their persistence in natural bodies of water has led to a search of a way to degrade them into
environmentally compatible compounds. The following techniques have been evaluated:
photocatalytic decomposition on semiconductors [8-10], other advanced oxidation processes
(AOPs) [10,11-13], homogeneous photocatalysis [14,15], photosensitised reactions [16,17] or
photolysis by high energy UV radiation [11,16,18]. For major sources of pollution, that is
wastewater from agricultural industries and pesticide manufacturers, in which the concen-
tration of pesticides may reach levels as high as several hundreds of mg/dm?, technologies for
degradation that are low cost and relatively simple to implement have been proposed and
developed [19]. Since degradation methods do not lead generally to full mineralisation of these
herbicides, attention should also be paid to the toxicity tests of the resulting mixtures.

Herbicides, toxic by definition to some plant species, may display toxic effects to other species
after short- or long-term exposure. The transformation products of herbicides represent an
issue of emerging importance since in some cases they pose a greater threat to the environment
than the parent molecules [20].

Low-level contamination of drinking water supplies is perceived as a serious potential health
problem since many herbicides have been suspected of functioning as potential endocrine
disruptors, that is substances interfering with the body’s endocrine system and resulting in
adverse developmental, reproductive, neurological and immunological effects in both humans
and wildlife [21,22]. Potential carcinogenic effects have been investigated in the laboratory as
well as epidemiological studies [21-23].
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This chapter is a review of recent literature concerning the fate of atrazine in the environment,
the influence of atrazine on animal and human physiological processes, toxicity tests for
triazine herbicides and methods used for atrazine degradation.

2. The fate of atrazine in the environment

Atrazine, a white crystalline compound, is a selective herbicide. Its solubility in water is 33
mg/dm? at 22°C, pH=7 [24]. Atrazine is usually applied in a water spray at a concentration of
2.2 to 4.5 kg ha [25] before the weed emerges.

Atrazine inhibits the photosynthesis of most plants. Its mode of action involves competitive
inhibition for plastoquinone binding to the Qg protein (32-kDa protein) in photosystem II, thus
disabling the electron transport chain in the light-dependent reactions of photosynthesis
[26,27].

Atrazine has been shown to have a high affinity for soil organic matter, its sorption correlating
positively with organic carbon content [28]. The study also revealed that the sorption of
atrazine on organic soil matter lowers its availibility to the biota.

Atrazine can be transported through the soil. Two distinct processes contribute to this
transport: transport through the soil matrix,which is a slow process, and movement through
large pores, which is much faster [29]. Correira et al. [30] evaluated the mobility of atrazine on
Ultisol red clay soils, typical for humid moderate and tropic regions and concluded that the
soils have a low sorption capacity for atrazine, which results in a high potential for leaching
and runoff.

Many groups have studied the influence of organic matter in soil on atrazine sorption. Ben
Hur et al. [31] examined the effects of dissolved organic matter (DOM) on atrazine sorption in
soil. He reported that the higher the content of soluble organic matter the higher the atrazine
affinity to the soil solid phase.

The role of humic substances in atrazine sorption on soils has been investigated in several
studies. Several mechanisms of interactions of atrazine with humic organic matter have been
hypothesised, such as proton transfer, electron transfer, hydrophobic interactions between
humic material and atrazine, but no explicitely conclusive data have resulted mainly due to
the large heterogeneity in humic materials [32,33].

In soils, atrazine degradation proceeds mainly via the microbial activity of soil microorgan-
isms. The resulting hydroxylated and dealkylated intermediates can even be mineralised by
some microorganisms to carbon dioxide. The sequence of such degradation as proposed by
Sadowsky et al. [34] and de Souza et al. [35] is demonstrated in Figure 2.

Atrazine is tolerated by some plants. The detoxification of atrazine occurs through hydrolysis,
non-enzymatic hydroxylation, enzyme-mediated N-dealkylation or conjugation with cystein
or glutathion [36].
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The ability of atrazine to undergo hydrolytic modification is connected with C, plants. C, plants
are characterised by their initial incorporation of CO, into an anion of a 4-carbon organic acid;
the anion is transported into specialised cells in which CO, is regenerated and enters the
conventional C; pathway of the Calvin cycle. The ability of C, plants to perform hydrolytic
modification has been shown to be closely correlated with their atrazine tolerance.

The results of Chang et al. [37] demonstrated that poplar (Populus deltoides) cuttings could
absorb atrazine and metabolise it through hydroxylation and dealkylation into less toxic
compounds.

In a growth chamber study, Lin et al. [38] examined the uptake and conversion of *C-atrazine
by several grass species to examine efficacy of the so-called vegetative buffer strips. Multispe-
cies vegetative buffer strips have been recommended as a potentially cost-effective conserva-
tion practice to reduce non-point source pollution of adjacent waterways. The study was
conducted to compare atrazine degradation profiles in soil rhizospheres from different grasses
and correlate the rates and degradation profiles with microbial activity.

The plants treated included seven grasses: orchardgrass (Dactylis glomerata L.), tall fescue
(Festuca arundinacea Schreb), smooth bromegrass (Bromus inermis Leyss.), switchgrass (Panicum
virgatumy), Illinois bundle flower (Desmanthus illinoensis), perennial ryegrass (Lolium perenne L.)
and eastern gamagrass (Tripsacum dactyloides). All of the plant species significantly enhanced
atrazine degradation, with eastern gamagrass showing the highest capability for promoting
the biodegradation of atrazine in the rhizosphere (more than 90% of atrazine was degraded in
the plant’s rhizosphere compared with 24% in the control). N-dealkylation of atrazine was
strongly correlated with increased enzymatic activity in 3-glucosidase and dehydrogenase,
which are microbial parameters used for the assessment of soil quality.

Results suggested that the efficacy of vegetative buffer strips in removing herbicides from
surface runoff is related to the ability of plant species to promote rapid herbicide degradation.
The authors also concluded that the microbial parameters widely used for the assessment of
soil quality are promising tools for evaluating the overall degradation potential of various
vegetative buffer designs for atrazine-soil remediation.

Atrazine uptake by green algae and diatoms was investigated by Tang et al. [39]. To inhibit
the photosynthetic process of freshwater algae, atrazine must be absorbed intracellularly, the
sorption is a prerequisite for its action at the chloroplast membrane.Tang et al. determined
atrazine bioconcentration and uptake for eight freshwater green algae and diatoms. The results
show that atrazine uptake was extremely rapid in all species examined, with nearly 90% of
total uptake occurring within the first hour of exposure. Within each division, different species
had different bioconcentration capacities, yet the accumulation of atrazine was consistently
higher in green algae (5.43-12.73 ng/mg) compared to that in diatoms (0.33-1.69 ng/mg).
Atrazine concentrations in the algal cells were much higher than in the medium, although the
total amount of atrazine taken up by algae was small relative to the total atrazine in solution
(1-3%). The ability of algal cells to accumulate atrazine was highly correlated with algal cell
biovolume and surface area, and a strong relationship was observed between sensitivity to
atrazine and bioconcentration, cell biovolume and surface area. In general, higher bioconcen-
tration factors were associated with increased atrazine sensitivity.
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Figure 2. The major atrazine degradation pathways according to Sadowsky et al. [34] and de Souza et al. [35]. ATR -
atrazine, DEA — desethyl atrazine, HA — hydroxyatrazine, DIA — desisopropyl atrazine, DIHA — desisopropyl hydrox-
yatrazine, DDA — didealkyl atrazine, AM — ammeline.
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Triazine herbicides are considerably soluble in water and can therefore leach to ground waters
or be washed to surface waters, which is why they are among the most often detected
xenobiotics in aquatic ecosystems as shown by many studies such as those summarised by
Scribner et al. [40].

The study conclusively shows that not only triazine herbicide themselves are found in
significant amounts but also that their degradation products have been repeatedly detected;
due to the persistence of the compounds, their concentrations in surface waters in agricultural
areas remained elevated not only soon after application, but throughout the subsequent
summer and into the autumn. Atrazine was shown to occur at the highest frequency (82.1%)
and in the highest detectable concentration with a mean of 1.36 pug/L, whereas others were
detected at significantly lower frequencies as well as concentrations, for example cyanazine
was detected in only 47.2% of samples with a mean detectable concentration of 0.61 ug/L.

The study summarises results from monitoring both surface water bodies, such as reservoirs
and streams, and ground water; the findings can be outlined as follows.

2.1. Reservoirs and streams

To ensure more accurate geographic and seasonal interpretation of the triazine and triazine
metabolites sampling data, 147 stations in the Midwestern US were sampled in 1989, on 53 of
them the sampling was conducted during the 1990s and 2002.

The data revealed that high concentrations of herbicides and their degradation products are
mobilised with rainfall, then transported to streams with runoff. The majority of this trans-
portation takes place during the first rainfall and runoff after the application of herbicides.
Subsequent runoff tends to produce lesser peaks in concentration. Because of these flushes,
the detections of herbicides in larger Midwestern streams tends to be seasonal with higher
percentages of detections in spring and early summer and lower percentages in autumn and
winter. Measurable amounts of atrazine occurred in 91% of the pre-application samples,
providing an indication of its persistence in surface waters.

Three-dimensional images of the distribution of atrazine concentrations in Perry Lake during
1992 showed that recently applied atrazine is mixed with atrazine applied the previous year
as water moved through the reservoir (Figure 3). Relations between atrazine and the degra-
dation product, desethyl atrazine, indicated whether the atrazine in the reservoir had been
flushed off the fields immediately prior to sampling or whether it remained present from the
preceding year. Changes in atrazine concentrations in the reservoir resulted from several
factors, including herbicide application, which fuelled and reset the system, and precipitation,
which drove the system by flushing atrazine into the reservoir and determining the residence
time of water in the reservoir. Concentrations varied between the main inflow and the public
water supply intakes located at the opposite ends of the reservoir. The concentration range in
the outflow varied much less than concentrations in the upstream parts of the reservoir because
of mixing.

The frequency of occurrence, concentrations (both annual average and peak) and quantities of
pesticides in streams or reservoir outflows is related to the magnitude of the herbicide used in
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the upstream drainage areas. In most cases, the annual loss of herbicides to streams represents
about 5% of the amount applied. Pesticide losses are also affected by soil type, climate, land
cover, other basin characteristics and management or application techniques.

A: Pre-application survey " B: First flush survey
March 30-April 10, 1992 June 16-25, 1992

C: Summer survey D: Autumn survey
August 3-4,1992 September 16-22,1992

<0.5 1

T T e ]
2 3 : 5 5

E: Pre-application survey
March 25-29, 1993

Figure 3. Three-dimensional computer images of atrazine concentrations in Perry Lake, northeastern Kansas as pre-
sented by Fallon et al. [41].

Triazine concentrations on the coloured scale are in pg/l.

2.2. Ground water

The study summarises an investigation of samples collected from 131 municipal wells in
Iowa from 1995 to 1998. It compares the occurrence of herbicide degradation products with
the occurrence of their parent compounds in ground water. An important finding of this
study was the high frequency with which degradation products were detected in ground
water. During 1995, more than one herbicide compound was detected in samples from 44
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of the wells. Atrazine is the only herbicide for which the parent compound was found more
often than any of its degradation products. This could be because of the greater environmen-
tal stability of atrazine compared to the other s-triazine parent compounds under investiga-
tion (simazine, propazine, cyanazine). Aquifer types presumed to have the most rapid
recharge rates were those most likely to contain detectable concentrations of herbicides,
indicating that groundwater age could be an important factor in explaining these varia-
tions in herbicide contamination.

As a continuation of the Iowa study, groundwater wells were sampled and analysed for 21
herbicides and 24 herbicide degradation products during 2001. The frequency of detection
increased from 17%when only herbicide parent compounds were detected to 53% when both
herbicide parent compounds and degradation products were found.

The groundwater samples collected during these studies consistently revealed that triazine
herbicide degradation products were found more frequently than their parent herbicide; the
frequency of herbicide detection was, in part, affected by a more sensitive analytical method.
The study accentuates that groundwater age could be an important factor in explaining
variations in herbicide contamination.

3. Influence of atrazine on animal and human physiological processes and
health

The environmental pollution caused by pesticides has become a widespread problem. The
high use of these chemicals has caused an increasing concern over their acute and chronic
health effects. Persistent pollutants can contaminate organisms at all trophic levels, and may
cause severe damage to the organisms through metabolites contained in contaminated bodies
of water. The patterns of accumulation and effect of xenobiotics depend on the organism itself,
on the properties of the compound, on the quantity of the compound present in the particular
part of environment, and — last but not least — on the balance between bioassimilation and
metabolic plus excretion rates [42].

Laboratory studies are usually based on tests of LDy, (lethal dose) values. An LDs, value
represents the individual dose required to kill 50 % of a population of the animals tested (e.g.
rats, mice, fish). LDs, values gives a measure of acute toxicity, thus determining the threshold
concentration of the xenobiotic to classify acute hazards of the substance for the purposes of
legislation.

To evaluate the impact of a pollutant on an organism the detection of biological effects is
needed; such detection involves identifying morphological, molecular, biochemical, or
physiological biomarkers [43].

Orally ingested atrazine is readily absorbed by the gastrointestinal tract. Experiments have
shown that 20% of the dose administered orally to rats was excreted in feces within 72 h;
the remaining 80% was detected in the bloodstream. After 72 h, 65% of the dose was
eliminated in urine and the remaining 15% was detected in tissues such as the brain, liver,
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kidneys, and lungs [44]. High concentrations of atrazine were found in the liver and kidneys
of male mice [45]. This bioaccumulation is probably due to the ability of the substance to
interact with the phospholipid components of biomembranes. The interaction prevents the
excretion of atrazine until the substance undergoes a degradation leading to a higher
solubility in aqueous solutions.

Since the liver is one of the target organs for atrazine, effect on the regulatory platform in the
mechanism of liver homeostasis have been investigated. Kalmar and Greensmith [46] descri-
bed the adaptation mechanism of the response to cellular stress, especially the oxidative stress,
which is based on an activation of expression of heat shock proteins (HSPs); this mechanism
helps a wide range of organisms from bacteria to mammals to survive environmental chal-
lenges and adapt to them. It may underlie the defence abilities of organisms to resist the small-
molecule inducers of the heat shock response (HSR). This adaptation mechanism may be
connected with so-called gap junctional intercellular communication and its role in the combat
of liver-toxic compounds. As shown by Vinken et al. [47], gap junctions, that is aggregates of
intercellular channels that permit the direct cell-cell tranfer of ions and small molecules, play
a central role in the development of tissues as well as in the so-called bystander effect mes-
saging cell death. They have also been shown to be the platform of communication between
hepatocytes. The deletarious effects of toxic compound on the gap junctions are often accom-
panied by the triggering of oxidative stress in the tissue followed by the heat shock response.

A comprehensive survey of investigations on the health risks of triazine herbicides with respect
to carcenogenesis is provided in a review by Jowa and Howd [21]. They collected the results
of more than 200 studies on animals (rats, mice, dogs) as well as of human epidemiological
studies on exposed populations, including occupational and residential risks. The data on
occupational risk came from employees who underwent exposure during manufacturing; the
residential risks were assessed from the data on the use of contaminted water and pesticide
usage in corn crop production. The survey can be summarised as follows:

* The significant amount of research into the mechanism of mammary tumor formation in
rats has investigated triazine effects on the estrus cycle. Both the in vivo and in vitro data
suggest that atrazine and simazine disrupt ovarian cycling and that this mechanism can
induce mammary tumors in the SD rat strain (SD rat = Sprague-Dowley rat, an outbred of
alpino rat used extensively in medical research). This alteration of the estrous state through
hormonal induction and estrogen mediated responses is associated with the incidence of
mammary tumors in SD rats.

* Another suggested mechanism for chloro-s-triazine-mediated carcenogenicity is that it may
be due to increased levels of estrogen and lower testosterone from the effect of chlorotriazine
on aromatase activity. However, the induction of aromatase activity has not been established
as a consistent effect. Moreover, long term reproductive studies have not provided partic-
ular evidence of feminisation of male rats (an expected concomitant of aromatase induction
that would be demonstrated as developmental changes or mating success). The increase of
pituitary tumors in rats is thought to be related to the mechanisme of estrogen mediated
responses.
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* Effects observed in experimental animal toxicity tests are assumed to be relevant to humans
unless there is adequate evidence to the contrary. In the case of rat mammary tumors
induced by atrazine and related chloro-s-triazine compounds, including metabolites, there
is ample contrary evidence, since reproductive cycling in rodents is drastically different
from that of humans. Differences between rodents and humans also exist in reproductive
senescence. Thus, examination of the mechanistic basis for carcinogenicity of chloro-s-
triazines has led to the deduction that the tumorigenic mechanism in rats is not relevant to
humans.

* The epidemiologic studies have not indicated association of chloro-s-triazines with mam-
mary carcinogenesis in humans. Evidence of assiociation with the occurence of other cancers
is rather weak.

* There is little evidence that atrazine and its congeners are mutagenic. Putative human
carcinogenic activity of triazines mediated through endocrine disruption has not been
established by the observation of any direct binding to estrogen receptors or a competitive
inhibition involving these receptors; there is the exception of some suggestive evidence that
atrazine may interact with the GPR30 estrogen receptor (currently denoted as GPER) which
is an integral membrane protein with a high affinity for estradiol though not for other
endogeneous estrogens. There is no evidence that chloro-s-triazines behave like estrogens
in their interaction with estrogen-sensitive tissues. Also, there was no increase in prolactin
release with atrazine exposure.

* Hormonally active xenobiotics including atrazine have been identified as endocrine
disrupting chemicals. These chemicals exert hormone-like activity in vertebrates and
exposure to these compounds may induce both short- and long-term deleterious effects
including functional alterations that contribute to decreased reproduction and fitness.There
is clear evidence that the chloro-s-triazines have an endocrine influence, and that this
influence is likely to be relevant to humans. Changes in circulating endocrine hormones
have been observed regardless of rat strains in relation to all the triazines and it is a basis
for assuming this to be a relevant endpoint for human risk assessment.

4. Toxicity tests for triazine herbicides

Water pollution consisting of toxic compounds represents a major cause of the failure of
biological treatment plants, resulting in noncompliance with discharge permit limits. Experi-
mental studies using nonspecific models at laboratory level are extensively used to predict the
potential hazards of chemical and industrial waste regarding the environment, especially
aquatic systems. These toxicity evaluation models have the advantage of generating quickly
reproducible data at relatively low cost. The criteria of toxicity generally taken into consider-
ation are death or changes in mobility, reproduction, growth, physiological functions,
behaviour and genetic information.

Microbial tests have been widely used in toxicity screening procedures due to factors such as
short exposure time, ease of handling and reproduciblity. In 1979, Bulich [48] proposed a
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specific test for rapid assessment of the toxicity of aquatic samples using the light emitting
bacterium Vibrio fischeri (former Photobacterium phosphoreum). This non-pathogenic marine
bacteria emits light as part of cellular respiration, the light can be measured as luminescence.
Vibrio fischeri have demonstrated high sensitivity across a wide variety of toxic substances. The
organism’s response to toxicity is observed as a change in luminescence. In 1982, the system
was developed commercially under the trade mark Microtox™ (Berckman Instruments Inc.)
This test is now widely accepted as a standard bioassay [49] used also for chloro-s-triazine
herbicide [1,50]. During the test, the “effective concentration” (EC,) is detected; the EC, is an
analogue to lethal dose LD,, and represents the concentration at which the light emitted by the
microorganisms is reduced by a specific percentage. Usually, EC,,, EC,, or EC5, is determined
[1]. Kross et al. [1] determined the EC,,, EC,, and ECj, values for atrazine, desethyl atrazine
and desisopropyl atrazine, the values are summarised in Table 1. The data show that the lowest
concentrations necessary for a toxic effect are connected with atrazine, the concentration being
almost an order of magnitude less than the toxic concentrations of the atrazine metabolites. Of
the two atrazine metabolites, desisopropyl atrazine was found to be more toxic.

Nevertheless, as concluded by Lapertot et al. [51], Microtox® is basically inappropriate for
surveying the toxicity of herbicides such as atrazine because V. fischeri is not a photosynthetic
organism, and is not therefore by definition properly sensitive to herbicides, which are toxic
in the short term, specifically to photosynthetic species.

Compound
Atrazine Desethyl atrazine Desisopropyl atrazine
EC,

5 min 13.0 (5-20) 70.0 (37-100) 44.0 (22-75)
15 min 14.4 (0-32) 101.0 (75-125) 63.0 (43-92)
30 min 17.5 (0-37) 134 (120-160) 75.0 (56-102)

EGC,

5 min 25.8 (15-35) 180.0 (130-220) 107.0 (74-155)
15 min 22.6 (7-37) 193.0 (160-220) 109.0 (88-155)
30 min 24.0 (5-45) 220.0 (200-250) 116.0 (96-150)

EGC;,

5 min 30 670 350
15 min 20 550 300
30 min 10 550 280

Table 1. Concentration of pesticides and metabolites inducing a toxic response in photoluminescent bacteria.

Parentheses indicate 95% confidence intervals for concentrations. For EC5, data were extracted from a graphical

representation. Data from Kross et al. [1].
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For the aquatic environment, toxicity tests based on photosensitising aquatic organisms are
considered more relevant. One of these organisms is a species of green alga, Raphidocelis
subcapitata, a sensitive and environmentally relevant model. Klementova et al. [52] performed
growth inhibition test in reaction mixtures of atrazine and atrazine degraded in photocatalytic
reaction with UV light in the presence of immobilised TiO, as photocatalyst. All atrazine
samples displayed dose-response relationships and the highest tested concentration (10
mg/1) of the initial atrazine concentraion treatments reached more than 80% inhibition (Figure
4). The study was focused on the comparison of the toxicity of the parent compound solution
and the reaction mixtures after different irradiation times (photodegradation progress). The
toxicity of samples to algae decreased exponentially with the time of irradiation in the presence
of TiO, up to 3 h for both IC;; and IC,, values calculated for growth rate inhibiton and yield
(Figure 5). After 3 h of irradiation the decrease in toxicity slowed down, this effect being more
pronounced in IC,, values.There is a trend towards increasing variability between replicates
in atrazine samples irradiated for longer time periods, which is particularly pronounced in
samples irradiated for 3 and 5 h (less than 10% of the original amount of atrazine is present in
the irradiated mixture), where the samples cause a moderate stimulation in lower concentra-
tion treatments (up to 550 ug/l of the initial atrazine concentration).

The results observed in the study for the non-irradiated atrazine samples are comparable
with the results of Van der Heever et al. [53] who reported ICs, 385 ug/l, even though lower
IC;, values for the same species were reported by Weiner et al. [54] and Pérez et al. [55]
(48.77 pg/l and 196 pg/l, resp.)

The photochemical degradation on semiconducters such as TiO, has been established as an
efficient tool for its removal from drinking and waste waters [8,9,18,56]. However, the toxicity
of the mixtures of photodegradation products arising under distinct irradiation conditions is
still subject to current research since there is evidence that degradation products of some
compounds may elicit higher toxicity than the parent compound [20,57]. A decrease in the
toxicity of atrazine after photocatalytic degradation has been described using Microtox
bacterial bioluminiscence assay [18,58]. The data presented by Klementova et al. [52] show a
similar trend with a significant decrease in toxicity to algae after 1 h (or longer) periods of
irradiation when more than 65% of atrazine is degraded. The results indicate no formation of
by-products with equal or higher toxicity to algae than the parent compound atrazine.

A study of a toxicity test was performed on another model relevant to the aquatic environment,
RTgill cells [52]. In the study, cell viability was assessed using the combination of three
fluorescent dyes that determine different cytotoxic mechanisms: Alamar Blue, which indicates
the metabolic activity, carbon fluorescein diacetate acetoxymethyl ester, which is used for
monitoring of cell membrane integrity, and neutral red, which indicates the energetic state of
a cell and is used as an indirect criterion of the lysosomal membrane integrity. Experiments
with fish RTgill cells showed no toxic effects for either atrazine or its reaction mixtures after
photocatalytic degradation of atrazine in the presence of TiO,.

The results of the study seem to correspond with the in vivo ecotoxicity data for atrazine
reported in the US EPA Ecotox Database in which EC/LC;, of atrazine for rainbow trout in
acute tests exceeded 10 mg/1 [59].



Triazine Herbicides in the Environment
http://dx.doi.org/10.5772/60858

140 - Oh 140 - 0.5h
120 - 120 -
100 - 100 - § 3
80 - g 3§ 018 80 - M '
60 - ) ¥ 60 - 2
40 - ] 40 i $
20 - i 20 - 3
0 '_!_I_! T T T T T T T T 1 O é T é T T T T T T T 1
-20 - i -20 -
-40 - -40 -
B D D D QDO D O C S T S A NS SRR NS N
PSRN N S P RN PN S
RPN NS D A N R RN
140 - 1h 140 2h
120 - 120 -
100 i 4 100 - . !
80 - 5 1 80 - e
60 - 60 - 2
S 40 - i 40 - $
8 20 1 20 - ®
5
g 0 T T % L T T T T ] 0 9 T T T T 1
X 20 - é é -20 -
-40 - -40 -
P @ P O °§°° S (b,bs S P @ P q,,\o <o°°° \\,\0 n_,’b%g QQQQ
N
140 - 3h 140 - 5h
120 120 -
100 [ ] 100 -
80 - g
J 80 -
60 -
40 60 - i
28: T T T i ] ] 1 28 ] %
" & 1
-20 - PE—
Blad : SRR AE 28 08 5
60 - -20
-80 -40 -
S e - A \II IR NI NS B D D DA DL OO
P @ P A N O V@ PPN RS
N an o ,\'\ n;b ,\QQ N Q) o \'\ ‘b(b ,\QQ

Initial atrazine concentration prior to irradiation [ug/l]

Figure 4. Inhibition of algal growth by atrazine samples with increasing duration of irradiation on TiO,. The graphs
show the initial atrazine concentrations [ug/l] in the non-irradiated sample (0 /1), which is the theoretical maximum
concentration of atrazine itself in the irradiated samples. Closed symbols show growth rate inhibition, open symbols
yield inhibition and error bars standard deviation (N=5). Figure from Klementova et al. [52].

Wan et al. [60] reported acute LCs, values of atrazine 15 and 13 mg/l for 1- and 2—-4-day
exposures, respectively, for the same species. However, in the study of Waring and Moore [61]
atrazine caused a significant reduction in gill Na+K+ATPase activity in Atlantic salmon (Salmo
salar) smolts at environmentally relevant concentrations (2-10 pg/l). In a study by Prasad et al.
[62], atrazine altered the hemocyanin metabolism, hydromineral balance, and gill function in
crabs (Oziotelphusa senex senex). Exposure to 5 pg/l of atrazine led to osmotic disfunctions in
mummichog fish larvae (Fundulus heteroclitus) and exposure to 40-80 ug/l resulted in behav-
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Figure 5. Decrease of atrazine toxicity to green alga Raphidocelis subcapitata with the duration of irradiation on TiO,.
The graph shows the logarithms of estimated inhibitory concentrations [ug/l] based on the nominal initial atrazine
concentration in the non-irradiated sample (0 /), which is the theoretical maximum concentration of atrazine in the
irradiated samples. Diamonds show growth rate inhibition and squares yield inhibition. Error bars denote standard
deviation of the Hill’s model fitting. Figure from Klementova et al. [52].

ioural and growth changes in red drum larvae Sciaenops ocellatus) [63]. Therefore, further
experiments with fish embryos might provide additional insights into the toxic effects of
atrazine and it photodegradation products.

5. Methods for atrazine degradation

The presence of chemically resistant and biorecalcitrant organic comtaminants in freshwater
(surface water and ground water) attracts attention to developing technologies promoting easy
and cost-effective degradation of these compounds. Among techniques for the treatment and
purification of polluted waters, those based on advanced oxidation processes (AOP) are
considered most promising. The AOP techniques are characterised by the “in situ” production
of hydroxyl radicals (or other oxidative species. The production of hydroxyl radicals can be
achieved in several ways, the most commonly used are Fenton process, photo-Fenton process,
photodissociation of ozone or hydrogen peroxide and especially heterogeneous photocatalysis
on semiconductors.

Also, some photosensitising reactions combining heterogeneous photocatalysis and photo-
sensitisation have been used as AOPs.

Degradation can be achieved by UV photolytic processes that use low-wavelength high-
energetic light.
5.1. Homogeneous photocatalysis, Fenton and photo-Fenton reaction

The Fenton reaction is the reaction of a mixture of ferrous ions and hydrogen peroxide
providing hydroxyl radicals as shown in Eq. 1.
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Fe** + H,0, — HO® + Fe®" + OH~ 1)

In this process, part of the radicals are consumed in the oxidation of ferrous ions, which results
in the quick consumption of the added photocatalyst, ferrous ions.

In the photo-Fenton process, the ferrous ions are formed in situ photochemically, as shown
in Eq. 2, the reaction of the ferrous ions with hydrogen peroxide proceeds as in the Fenton
reaction (Eq. 1)

Fe*" + H,O—% 5 Fe?* + HO" + H* )

The efficiency of Fenton type processes is influenced by several operating parameters such as
the concentration of hydrogen peroxide, pH and the intensity of UV radiation. The main
advantage of the photo-Fenton process is its ability to use sunlight for photochemical activa-
tion, thus avoiding the high costs of UV lamps. The disadvantages of the process are the low
pH values required (to avoid iron precipitation) and the necessity of iron removal after the
treatment. These processes have been used efficiently for different classes of pollutants
including atrazine [64].

The photocatalytic action of metals such as ferric, copper and manganese ions on the degra-
dation of triazine herbicides without the addition of hydrogen peroxide was also investigated
[65]. The study revealed that cupric and manganese (II) ions exhibited only small activities,
and only in high concentrations (1*10° mol/l), whereas ferric ions positively affect the degra-
dation at concentrations as low as 1.5*10° mol/l, and with increasing concentration of these
ions the degradation rate significantly increased. The dependence of the rate constants of the
degradation on the initial ferric ions concentration based on the data presented by Klementova
[14] is given in Table 2. In all reaction mixtures of s-triazine studied, that is atrazine, propazine,
simazine, significant photoreduction of ferric ions to ferrous ones was observed in spite of the
saturation of the mixtures with the air; the steady state concentrations of ferrous ions were
established in less than 10 min of irradiation and reached 22%, 70% and 85% of the initial
concentration of added ferric ions for atrazine, propazine and simazine, respectively. This
supports the conclusion that photoreduced metal ions act as a catalycally active form in the
homogeneous photocatalytic degradation of triazines [14,65].

Initial concentration
Rate constant
of added ferric ions

(mol/1) (minc®)
1.5%10¢ 3.0710*
1.0*10° 9.0*10
6.6*10° 1.7¥103
1.0*10* 4.8*10°
1.6*10* 1.3¥10

Table 2. Dependence of the rate constant of atrazine in homogeneous photocatalytic degradation on the concentration
of the ferric ions added.
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5.2. 0,/UV, H,0,/UV techniques

Degradation techniques involving combination of H,O,/UV or O,/UV often combined with
photocatalysis in homogenenous as well as heterogeneous arrangement were applied to
promote the degradation and mineralisation of many organic biorecalcitrant compounds
including triazine herbicides [66-70].

5.3. Heterogeneous photocatalysis on semiconductors

Semiconductor photocatalysis uses solid catalytic systems while the substrate to be degraded
is dissolved or dissipated in the solution (or gaseous phase) around the catalyst. Five distinct
steps in the process of degradation of a reactant are, therefore, distinguished:

a. The transfer of liquid or gaseous phase reactant to the catalytic surface by the diffusion
b. The adsorption of the reactant on the catalyst surface

c. The reaction of the adsorbed molecules

d. The desorption of products

e. The removal of products from the interface region by diffusion

The photocatalytic reaction occurs in the stage in which the reactant is adsorbed by the catalyst
surface; the activation of the reaction is triggered by incident photons.

Proper activation by irradiation depends on using an appropriate wavelength range corre-
sponding to the band gap energy of the particular semiconductor (Figure 6).

e’ conduction i
A band 0, -0,
reduction
band gap excitation recombination
y valence ;. s
e Fand H,0 or OH™ —» OH

oxidation

Figure 6. Scheme of oxidation species production in photocatalysis on semiconductors.
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The activation generates a pair of charge carriers, a hole and an electron; the charge carriers
then react either with water molecules (), or with the dissolved oxygen (), in a series of reaction
leading to production of hydroxyl radicals as shown in Egs. 3-8.

h*+H,0— HO" +H" 3)
hW*+OH — HO" (4)

0, +e” =05 (5)

O +H" — HO; (6)

2HO; — H,0, +0, 7)
H,0,+0; - HO*+0, +0OH"~ (8)

Various metals oxides were used in semiconductor photocatlytic reactions. The most fre-
quently used is TiO, [15,71, 72] but also other materials such as ZnO, CeO,, WO, as well as
semiconductor composites, doped or modified semiconductors [73-76].

The disadvantage of the photocalatysis on semiconductors lies in the fact, that though many
catalysts were proposed, it is generally admitted that only TiO, gives reasonable results in
pollutant degradation; unfortunately, photons required for overcoming the energy gap and
thus initiating the photocatalytic process in TiO, must have a wavelength of less than 385 nm,
which practically excludes the sun as a low-cost energy source since this radiation represents
only about 5% of the sunlight ultraviolet and visible range reaching the earth’s surface.

Doping a semiconductor with precious metals such as gold, platinum, silver or palladium may
reduce the band gap but increases the cost of the catalyst.

Another option is a binding of sensitiser molecules on the catalyst. An example is a study of
Granados-Oliveros [76] in which porphyrin derivatives with different metal centers were
adsorbed on TiO, surface. Their delocalised macrocyclic structure, strong absorption in the
visible region and excited state energy enabling electron transfer to the catalyst conduction
band seem to make them very attractive for investigation though less likely candidates for
large-scale usage.

Photocatalytic degradation of s-triazine herbicides on TiO, has been studied by many authors
[15,52,71, 77-79]; atrazine was found to be degraded mainly to desethyl atrazine and desiso-
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propyl atrazine; the hydroxy derivatives of these compounds as well as of the parent com-
pound atrazine were present in the reaction mixtures. It means that photocatalytic degradation
leads to the same compounds that have been distinguished as metabolites of atrazine biode-
gradation.

5.4. Photolysis

Photolysis means direct photochemical degradation with short-wavelength radiation which
has enough energy to break bonds in a molecule.

The reaction includes only one reactant, the molecule that undergoes photolysis; therefore the
reaction follows the first order kinetics.

To achieve a photolytic decomposition, highly energetic radiation is necessary, usually
radiation of 254 nm is used.

The photolytic degradation of triazines has been studied by several authors [11,80,81]. The
studies were focused on the kinetics of the degradation; analyses of products revealed that
dechlorination is the main degradation pathway. Klementova and Piskova [80] reported on
the basis of an analysis of dissolved organic carbon (DOC) that photolytic degradradation leads
to the partial mineralisation of atrazine — about 20 % of DOC was mineralised in 90 min of
irradiation at the intensity of 1.22*10” einstein/min.

6. Conclusions

Chloro-s-triazine herbicides, namely atrazine, have been shown to be distributed in the soil
and water environment. Their biodegradation is slow and leads to dealkylated and hydroxy-
lated derivatives, which — though seemingly have less deleterious effects on organisms —
persist in the environment even longer than the parent compounds.

The harmful effects of triazine compounds on the health of humans appear to lie in their action
as endocrine disruptors; evidence of possible carcenogenic or mutagenic effects on humans is
rather weak but cannot been conclusively excluded.

AOP photochemical methods have proven to be a promising tool in disposing of these
pollutant in contaminated bodies of water.
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