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ABSTRACT
An elegant and eco-friendly photocatalytic degradation approach for the most commonly used
herbicide, Atrazine (ATZ); allowed a selective and partial degradation into atrazine-2-hydroxy
(Hydroxyatrazine, HAT), which was the sole obtained metabolite. The effect of tungstosilicates
and tungstophosphates as photocatalysts under 60min UV irradiation at two different wave-
lengths; 254 and 366 nm; was investigated by measuring the absorbance at 10-min intervals,
using 720-UV spectrophotometry. ATZ conversion ratewas the highestwhen irradiatingwith the
higher-energy 254 nmUV light. This resulted into 54%degradation in the presence of the silicon-
based α-Keggin dodecatungstosilicate [α-SiW12O40]4−, whereas 17% was decomposed in its
absence. The nature of the heteroatom as well as the structural type of the studied polyoxomet-
alates had a significant effect on the degradation percentage. Accordingly, 31% of ATZ was only
decomposed in presence of the phosphorus-analogue [α-PW12O40]4− whereas the cyclic super-
lacunary octatetracontatungstooctaphosphate [P8W48O184]40− increased the degradation to
41%.
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1. Introduction

The contamination of our water supplies as well as our
food chain by various persistent organic pollutants has
emphasized the attention of many researchers since
several decades [1–8]. Herbicides are phototoxic chem-
icals that have been identified as organic pollutants
due to their ubiquitous influence on the environment
and their ability to remain nondegradable for long
periods of time [9–12]. Atrazine, 6-chloro-N-ethyl-N’-(1-
methylethyl)-triazine-2,4-diamine (ATZ), was ranked as
the second mostly used agricultural herbicide [13–16].
Its usage has heavily intensified inmany countries espe-
cially in the Middle East region [17]. Moreover, this pes-
ticide was found to be an endocrine disruptor that can
affect reproduction and development [18]. It is highly
persistent in the environment, lasting from days up to
several years, due to the stability of the s-triazine ring
that doesn’t undergo any natural degradation. There-
fore, the use of this herbicide is restricted inmany coun-
tries nowadays [19]. The US Environmental Protection
Agency announced that the legal limit for ATZ in drink-
ing water is just 3 ppb [20]. In spite of these regulations,
ATZ have been reported to exceed the recommended
value in many countries [21–23].

UV irradiation has been an alternative technology for
water purification and treatment of various hazardous
contaminants in the presence of different catalysts.

Many studies have reported the use of ozone gas,
hydrogen peroxide, zinc oxide and titanium oxide as
photocatalysts for the degradation of Atrazine by both
oxidative and reductive pathways [24–27]. Accord-
ingly, the degradation of ATZ can produce 11 different
metabolites depending on the used degradation pro-
cess [28]. Table 1 summarizes the obtainedmetabolites
from different degradation processes. Our study adds
yet another approach, however unique, for the degra-
dation of ATZ using for the very first time a highly-
selective and discrete metal–oxo cluster facilitating the
degradation into only onemajormetabolite, atrazine-2-
hydroxy (HAT), which can be easily monitored.

Hence, metal oxide clusters, known as polyoxomet-
alates (POMs), have drawn the attention of many
researches as photocatalysts in various reactions of
both organic and inorganic pollutants [35–37]. It has
been found that these POMs offer many advantages
as homogeneous photocatalysts, mainly due to being
highly redox active [38–41]. Additionally, POMs expe-
rience strong light absorption in the UV region as well
as in the visible region for those containing molybde-
num and vanadium [42]. The irradiation of POMwith UV
light below 400 nm activates their oxidizing ability by
the formationofOH radicals that are able to decompose
a certain organic substrate, denotedhere by “S”, accord-
ing to the following scheme. Furthermore, the structural
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Table 1. Atrazine degradation products of some reported
degradation methods in the literature.

Degradation method Degradation product Reference

Photolytic, Sonolytic and
Sonophotolytic degradation
of ATZ

HIET, CVVT, OVAT, OIET,
CDIT, CDET, COEIT,
OOEIT, ODIT, ODET, CIAT,
CEAT, COIOET, OIMT,
ODDT, OIAT, OEAT, CDAT,
ODOIT, ODAT, CAAT and
Ammeline

[29]

Photocatalysis using TiO2
nanotube suspensions

EIST, OIET, HAET ADE, ODET
100

[30]

Photolytic by Electrodeless
Discharge Mercury Lamp

CEAT, HIET, CAIT, HAITM,
CAAT, HVET, HVAT

[31]

Microwave catalysis in mineral
micropores

HAT and DIAT [32]

Degradation of atrazine in
micropores of zeolites

HAT, DEAT, DIAT, DEHAT,
DIAHT, DEDIHAT

[33]

Photocatalysis using composite
graphene

*Not Identified [34]

UV/Microwave combined
method

HAT, DIHAT, DEAT, DIAT and
DEHAT

[27]

framework of the POMs is totally maintained during the
photoredox chemical reaction thus reversible electron
transfer occurs easily [43,44].

POM
hv→ POM∗

POM∗ + S → POM(e−) + Sox

POM∗ + H2O → POM(e−) + OH + H+

OH + S → oxidation products

2POM(e−) + (1/2)O2 + 2H+ → POM + H2O

The reported studyhere illustrates thephotocatalytic
effect of several tungstosilicates and tungstophos-
phates on the degradation of Atrazine in the presence
ofUV irradiations at either 254 nmor366 nm. Thenature
of the heteroatom present in the examined clusters as
well as the effect of tungsten atoms have been inves-
tigated in our work. The degradation product of ATZ
is also identified, as evident according to the following
reaction:

2. Materials andmethods

All chemicals were purchased from Sigma Aldrich and
were used without any further purification. The exam-
ined POMs (Figure 1); [SiW9O34]10− {SiW9}, [PW9O34]9−
{PW9}, [SiW12O40]4− {SiW12}, [PW12O40]3− {PW12}, and
[P8W48O184]40− {P8W48}; were synthesized according
to published procedures in the literature [45,46] and
fully characterized by FTIR spectroscopy to confirm
identity at the fingerprint region as well as purity
[47–50]. Standard solution of Atrazine was prepared in
acetonitrile solvent (HPLC-grade) at 20 ppm and stored

Figure 1. Polyhedral representation of the used POM photo-
catalysts. (A) XW9 (X = Si, P), (B) XW12 (X = Si, P), and (C)
P8W48. Colour code, polyhedra:WO6 (red), XO4 (greenor yellow)
(X = Si or P).

in dark at 0°C, nomore than 15 days. Aqueous solutions
of the mixture (Atrazine+ POM) were freshly prepared
by mixing the same mass (2.5mg) of the tested POM
salts in 25mL of 2× 10−5 M ATZ solution.

A custom-built photoreactor was used to study the
photocatalytic degradation of the herbicide. Two 8W
UV-Xenon lampswere used for irradiationwith different
emissions (254 and 366 nm) equipped with a circulat-
ing water flow thermostat. All experiments were con-
ducted in closed vials and repeated thrice. The variation
in the reaction mixture was monitored by measuring
the absorbance via full spectrum every 10min for an
hour using 720-UV spectrophotometry.

3. Results and discussion

Atrazine solution was irradiated at both wavelengths
separately for 60-min period in the absence of any pho-
tocatalyst and its full UV spectrum was measured. The
obtained results suggest that the wavelength has a sig-
nificant effect on the degradation percentage. 17% of
ATZ was degraded upon irradiation at 254 nm whereas
only 5% were being decomposed at 366 nm UV light.

Figure 2(a) represents the degradation percentage
of ATZ in the absence and presence of the examined
photocatalysts upon irradiation at 366 nmUV light. Bet-
ter results were obtained after irradiation using 254 nm
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Figure 2. (a,b) The degradation percentage of ATZ in the absence and presence of photocatalyst under UV irradiation at 366 and
254 nm, respectively.

Figure 3. (a,b) The variation in concentration of ATZ in the presence of {PW9} and {SiW9}, respectively, with irradiation time.

Figure 4. (a,b) The variation in concentration of ATZ in the presence of {PW12} and {SiW12}, respectively, with irradiation time.

(Figure 2(b)) since the energy of a UVC light is much
higher than that of UVA causing faster degradation and
more efficient processes [5].

The effect of nonatungstophosphate {PW9} and
nonatungstosilicate {SiW9} on the decomposition of
the ATZ herbicide is illustrated in Figure 3(a,b), respec-
tively, under 254 nm UV irradiation. These two metal
oxide clusters belong to the same Keggin structural
family, both of which are trilacunary. The behaviour
of both catalysts is the same till 30min of irradia-
tion. As time proceeds the tungstosilicate succeeded
to degrade 14% of ATZ whereas the presence of
tungstophosphate resulted in 11% degradation.

The plenary and complete Keggin-structured poly-
oxometalates {PW12} and {SiW12} have been investi-
gated as photocatalysts for the treatment of Atrazine.
Their effect is shown in Figure 4(a,b), respectively. The
concentration of ATZ drops directly after 10min of

irradiation in the presence of dodecatungstosilicate to
reach 0.93× 10−5 M at 60min. The degradation per-
centage reaches 54% in the presence of this photocat-
alyst. However, the dodecatungstophosphate catalyst
reaches a modest 31% of ATZ degradation.

On the other hand, the effect of the cyclic superlacu-
nary octatetracontatungstooctaphosphate salt {P8W48}
was also examined in this study. This polyanionwas able
to degrade 41% of ATZ under the studied experimen-
tal conditions (Figure 5). The behaviour of this catalyst
in the reaction mixture is somehow different than the
other photocatalysts in our work. The concentration of
ATZ gradually dropped in a linear manner after 20min
of UV irradiation.

As seen from the above results, the Si-based POMs
gave better results than P-based ones. This can be
attributed to the important influence of the het-
eroatom nature on the photocatalytic activity of the
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Figure 5. The variation in concentration of ATZ in the presence
of {P8W48}with irradiation time.

Figure 6. The UV Spectrumof ATZ in the presence of {SiW12} at
the start and the end of the reaction.

polyoxometalates [51]. The bond length of X-O affects
the electron density on the W-Oaxial that in turn highly
affects the redox properties of these metal oxide clus-
ters. The long Si-O bond lengths compared to that of
P-O increases the electron density at the tungsten
atoms in the Keggin-structured {SiW12} [52].

The degradation product resulting from the pho-
todegradation of ATZ in the presence of {SiW12} as
the best photocatalyst in our study was determined.
As shown in Figure 6, the only peak appearing at t0 is
related to ATZ whosemaximumwavelength was found
to be 222 nm. However, at the end of our experiment
the absorbance at 222 nmdrops indicating a loss in ATZ
concentration and a new peak forms at 244 nm. This
new peak is due to the formation of HAT [27] as the
only metabolite for the ATZ decomposition under our
experimental conditions.

4. Conclusion

Polyoxometalates, being discrete, environmentally
benign, and thermally stable, are promising photo-
catalysts for the selective degradation of Atrazine to
Atrazine-2-hydroxy, as the only produced metabo-
lite. The use of Keggin-type dodecatungstosilicate

anion resulted in 54% decomposition under sim-
ple experimental conditions, which could be easily
mimicked under natural circumstances. The catalytic
effect of octatetracontatungstooctaphosphate polyan-
ion {P8W48} on the degradation of atrazine was firstly
reported here. This complex succeeded to degrade 41%
of the studied pollutant. UVC irradiation showed better
effect than UVA on the catalytic activity of the stud-
ied polyoxometalates. Finally, the kinetic behaviour of
these polyanions as well as other affecting parameters
on the photodegradation of Atrazine is going to be
reported in our next paper.
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