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bstract

Degradation of cyanuric acid (OOOT), a stable end product of oxidative decomposition of atrazine, is investigated in a combined field of gamma
adiolysis and fenton reaction. The reaction of hydroxyl radical (•OH) at pH 6 was carried out by irradiating N2O saturated aqueous solutions
ontaining OOOT (1 × 10−3 mol dm−3), and this resulted only a marginal degradation (20%). However, when the same reaction was carried out
n the presence of varying concentrations of ferrous sulfate ((5–10) × 10−5 mol dm−3), the decay of OOOT has been enhanced to more than 80%.
his decay followed a first order kinetics. Nearly similar effects were observed with another triazine derivative, 2,4-dioxohexahydro-1,3,5-triazine

DHT). Two major reaction mechanisms are proposed for the enhanced decay of OOOT. The formation of unstable hydroxyl radical adducts from
he reaction of •OH which is the result of gamma radiolysis and the Fenton reaction (resulting from the reaction of the added Fe(II) and of the H2O2
rom the radiolysis of water), is proposed as the first mechanism. The second mechanism, which is likely the major contributor to degradation, is
roposed as the reaction of a nucleophilic adduct, Fe(II)OOH, which could directly react with the electron deficient triazine ring. It is highlighted
hat such degradation reactions must be explored for the complete degradation of the byproducts of the oxidative decomposition of atrazine.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Efficient technologies are required for the complete destruc-
ion of hazardous organic chemicals that pollute drinking water.
he major contaminants, which persist in water and cause many
cological problems include pesticides, herbicides, dyes, deter-
ents and a wide variety of industrial effluents. The conventional
ethods used for the removal of these pollutants from drink-

ng water such as flocculation, filtration, sterilization, reverse
smosis and adsorption on activated carbon are inadequate to
egrade the stable aromatic ring. Direct photo-degradation under
unlight or biodegradation has little effect on most of these
ollutants and those with sufficient solubility in water are capa-
le of penetrating deep into soil and hence into ground water.

dvanced oxidation processes (AOPs) are gaining lot of impor-

ance as these have proved to be highly efficient in degrading
rganic pollutants [1–5]. These processes involve the genera-
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ion of a highly reactive oxidizing agent, the hydroxyl radical
•OH), in relatively high steady state concentration, which can
eact non-selectively with most of the organic compounds at
lmost diffusion controlled rate. Such reactions result in either
heir complete mineralization into inorganic products or their
onversion into non-toxic compounds. Radiolysis of water using
onizing radiations [1], sonolysis of water [2], TiO2/UV [3],

2O2/UV, O3/UV [4], Fenton reaction and photo-Fenton reac-
ion [5] are the major AOPs that generate •OH in the solution
tate and are currently of interest for the degradation of several
rganic pollutants.

Among the various AOPs, radiation chemical method can be
onsidered as a potential technique in understanding the funda-
ental reactions that lead to aromatic degradation, as it allows to

reate a selective oxidizing or reducing condition in the solution
tate [1,6,7]. The oxidizing condition is attributed to the reac-
ion of •OH and the reducing condition to the hydrated electron
eaq

−) and hydrogen atom (H•)). In situ generation of •OH as

ell as a variety of other free radicals are possible in the radiol-
sis of water [7] (reaction (1)):

(1)
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OH reacts non-selectively with most of the organic com-
pounds and its reaction with many of the aromatic compounds
is diffusion controlled [17]. The pattern of reaction of •OH with
a number of triazine derivatives is reasonably well documented
ig. 1. Structures of cyanuric acid (OOOT), and 2,4-dioxohexahydro-1,3,5-
riazine (DHT).

A totally oxidizing condition can be obtained by saturating
he solution with N2O which converts eaq

− into •OH (reaction
2)) thereby doubling the yield of •OH:

aq
− + N2O → •OH + OH− + N2 (2)

Fenton reaction is another method to generate •OH via the
xidation of Fe(II) by H2O2 [5,8] (reaction (3)):

e2+ (aq) + H2O2 (aq) → Fe3+ (aq) + •OH + OH− (3)

Triazine herbicides are commonly used to control broad leaf
nd grass weeds in corn and other crops [9]. Atrazine is the
ost widely used among this class of compounds. Almost all

riazines have their λmax ≤ 250 nm and hence cannot be directly
hotolysed by exposure to sunlight. Decontamination processes
sing microorganisms like bacteria are relatively very slow and
herefore, it is almost inefficient in the case of triazines. They can
ersist in soil resulting in the contamination of drinking water.
imilar to other pollutants the conventional methods used for

he decontamination of wastewater are not effective in the case
f triazines and hence more work is being concentrated for the
evelopment of new technologies for their complete degrada-
ion. There are several reports on the degradation of triazine
erivatives using different AOPs [10–16]. It is seen in all these
eports that only a transformation of the atrazine to a relatively
ess toxic cyanuric acid can be achieved. On the other hand, •OH
as only little reactivity with cyanuric acid. The aromatic ring of
OOT remains intact even after prolonged treatment with •OH

nd hence its degradation is a major challenge. In the present
tudy, we have investigated the degradation of cyanuric acid
OOOT) in a combined field of gamma radiolysis and fenton
eaction. The results obtained were very promising and these
ill be presented in this report. In addition to cyanuric acid,
,4-dioxohexahydro-1,3,5-triazine (DHT) was also used for the
tudy. The structures of these compounds are shown in Fig. 1.

. Methods and materials

The selected triazines, OOOT (98%) and DHT (99%) were
urchased from Aldrich chemical Co., USA and were used as
eceived. Ferrous sulfate was obtained from E. Merck India
td., Mumbai. The initial concentration of triazines was kept
t 10−3 mol dm−3 in all experiments and the concentrations of
e(II) were varied from 10−5 to 10−3 mol dm−3. �-Radiolysis

as carried out in a 60Co-�-chamber. The dose rate, deter-
ined using ceric sulfate dosimetry, was about 80 Gy min−1

6]. The degradations of the parent triazines at each stage of
rradiation were monitored using a Shimadzu (model LC 10AS)

F
a
(

s Materials 142 (2007) 555–558

igh performance liquid chromatograph (HPLC) coupled with
UV–vis detector (SPD 10A). Triply distilled water was used

s the mobile phase for DHT and OOOT in a 25 cm, Supel-
osil 5C-18 column at a flow rate of 1 ml min−1 for all analyses.
ll experiments and analyses were performed at least twice and
btained a very good reproducibility.

. Results and discussion

The reaction of •OH with OOOT was carried out at pH 6 by
rradiating N2O saturated aqueous solutions containing OOOT
1 × 10−3 mol dm−3). As expected, only a very marginal degra-
ation of OOOT (about 20%) is obtained even after prolonged
rradiation (Fig. 2). However, when the same reaction was car-
ied out in the presence of ferrous sulfate (5 × 10−5 mol dm−3)
he decay of OOOT has been enhanced and after about an
bsorbed radiation of 8000 Gy, more than 70% of OOOT was
isappeared (Fig. 2). The same trend followed when the con-
entration of ferrous sulfate was up to about 10−4 mol dm−3

nd about 80% OOOT was disappeared. When the decay of
ts concentration was plotted on a logarithmic scale against the
ime of irradiation, a clear first order nature is observed and
he first order rate constants were calculated from these plots.
hese first order rates are plotted against the concentration of
e(II) in Fig. 3. It can be seen that the dependence is linear.
owever, this linearity was observed only up to a concentration
f Fe(II) as 10−4 mol dm−3 above which this follows a satura-
ion point (data not shown). Similar experiments were carried
ut using another triazine, DHT, which is known to have high
eactivity with hydroxyl radical [16]. Radiolysis in the absence
f Fe(II) showed a complete degradation after about 7000 Gy
Fig. 4). However, when the irradiation was carried out in the
resence of Fe(II), a complete degradation was attained within
000 Gy.

•

ig. 2. Degradation profile of cyanuric acid: gamma radioysis of N2O saturated
queous solutions containing (10−3 mol dm−3) (�), in the presence of Fe(II)
5 × 10−5 mol dm−3) (�) and Fe(II) (10−4 mol dm−3) (�).
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ig. 3. Dependence of the first order rate constant of degradation of cyanuric
cid on the concentration of Fe(II).

11,15,16]. •OH undergoes either addition or hydrogen abstrac-
ion reaction with atrazine [15,16]. It was also shown that the
ajor end product of oxidation of atrazine by •OH is cyanuric

cid (OOOT) [17]. The poor efficiency of •OH to degrade OOOT
an be understood from Fig. 1. Even after prolonged irradiation
or more than 8000 Gy, only less than 30% is degraded. The
oor reactivity can be justified due to the electron affinic nature
f •OH and the electron deficient triazine ring. On the other
and, though very slow, •OH reacts with OOOT as at least 30%
OOT is degraded after about a radiation dose of 8000 Gy. It

an be reasonably assumed that •OH undergoes addition reac-
ion with OOOT based on the earlier understanding that •OH
eacts with many of the triazine ring by addition [11,15,17].

As can be seen from reaction (1) that in addition to the forma-
ion of free radicals, some amount of hydrogen peroxide (H2O2)
s also formed during radiolysis of water. It is therefore obvi-
us that addition of Fe(II) in the solution under irradiation will
voke a Fenton reaction as shown in reaction (3). This will def-

•
nitely produce more OH. However, the yield of H2O2 is only
bout 13% of the total yield of •OH. This calculation is made
n the basis of G-values which is defined as the number of
pecies produced or destroyed on absorption of 100 eV radia-

ig. 4. Degradation profile of 2,4-dioxohexahydro-1,3,5-triazine (DHT):
amma radiolysis of N2O saturated aqueous solutions containing DHT
10−3 mol dm−3) (�) and in the presence of Fe(II) (5 × 10−5 mol dm−3) (©).
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ion energy and this can be expressed in SI unit by multiplying
ith 1.036 × 10−7 mol J−1 [6,7]. According to this, the G-value
f •OH and eaq

− are about 2.8 × 10−7 mol J−1, and of H2O2 is
.72 × 10−7 mol J−1. Since eaq

− is quantitatively converted into
OH according to the reaction (2), the total yield of •OH in N2O
aturated solution is assumed as 5.6 × 10−7 mol J−1. Therefore,
he additional yield of •OH resulting from the Fenton reaction
uring the radiolysis of water is only about 13%. Such a nom-
nal increase in the yield of •OH is not expected to contribute
o a large extent in the degradation of OOOT. The main reason
or this conclusion is that the percentage of degradation should
e proportional to the yield of •OH, if the degradation is ini-
iated wholly by •OH. In the present case, the increase in the
ercentage of degradation is about 60% and hence is not really
roportional to the yield of •OH. Under these circumstances, a
umber of other reasons must be considered. The intermediate
adicals from the addition reaction of •OH would lead to both
xidizing and reducing radicals [15]. During Fenton reaction,
oth Fe(II) and Fe(III) will be present in the reaction mixture
see reaction (3)). The oxidizing and reducing intermediate rad-
cals which otherwise would have undergone a recombination
eaction, must react with the reducing Fe(II) and the oxidizing
e(III). Such reactions were well documented in the case of a
umber of other organic compounds [18,19]. In these reactions,
clear difference between the gamma radiolysis in N2O satu-

ated solutions and dark Fenton reaction was reported [18,19].
he explanations given in the case of OOOT are equally valid

n the case of the degradation of DHT (Fig. 4). DHT is already
egradable on its reaction with •OH. However, this is definitely
nhanced in the presence of Fe(II) in the reaction mixture as
an be seen from Fig. 4. The degradation has already attained a
aturation limit with 5 × 10−5 mol dm−3. This concept of com-
ination of the reaction of •OH from the gamma radiolysis and
f •OH derived from Fenton reaction along with the oxidation
nd reduction of the intermediate radicals by Fe(II) and Fe(III),
f course, would enhance the efficiency of degradation of both
OOT and DHT, but cannot be accountable for the increased

fficiency of degradation to such a large extent in the case of
OOT.
In order to account for the high efficiency of the degradation

f OOOT, another reaction channel for Fenton reaction is con-
idered for the present case, in addition to the addition reaction
f •OH. It is reported in Fenton reaction of organic substrates
hat in addition to the hydroxylated products which include the
xidized and reduced products due to the presence of Fe(II) and
e(III) as discussed above (Scheme 1), a number of other prod-
cts whose reaction mechanism can not be explained on the basis
f the reactions of free •OH in solution state [20]. The possi-
ility of another dominant species was demonstrated by Sawyer
t al. in a Fenton reaction [20]. This is from a highly stabilized
e(II) complex such as [(EDTA)Fe(II)OOH + H3O+] which is a
ucleophile and can easily react with organic substrate. There-
ore, under our experimental conditions, it is highly probable

hat such a nucleophilic adduct [Fe(II)OOH], can directly react
ith OOOT which may act as a better degrading agent com-
ared to •OH. Being a nucleophile, this adduct can have a better
eactivity with electron deficient triazine ring.



558 R. Varghese et al. / Journal of Hazardous Materials 142 (2007) 555–558

diolys

4

a
c
t
p
m
o
m
o
t
r
i
t
p
w
e
t
T
m
o
n
l

A

S

R

[

[

[

[

[

[

[

[

[

[

[

Scheme 1. Degradation pattern of cyanuric acid (OOOT) on gamma ra

. Conclusion

Cyauric acid possesses only a weak toxicity compared to
trazine. The major concern in the detoxification of aromatic
ompounds in solution state is to get effective degradation reac-
ion in the ring. This is the main reason why advanced oxidation
rocesses gained tremendous importance. While using such
ethodology, the conversion from one form to other form will

nly reduce toxicity, but it will not completely degrade the aro-
atic ring. The present work is the first step in the achievement

f multiple reactions with aromatic ring and hence it is impor-
ant and interesting. Furthermore, the combined effect from two
eaction channels in the complete conversion of an aromatic ring
s highlighted. The observation of the degradation of OOOT in
he combined field of radiation and Fenton reaction is certainly a
romising methodology for its efficient degradation, particularly
hen the highly reactive •OH has little effect. The combined

ffect of ultrasound and photolysis had only shown a cumula-
ive effect in an early study with atrazine and cyanuric acid [21].
herefore, the present method for the nearly complete transfor-
ation of OOOT is particularly interesting. The identification

f the final reaction products from the various reaction chan-
els merits further study, and this is currently in progress in our
aboratory.
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