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Degradation of diazinon and atrazine pesticides present in natural groundwaters was investigated on a
laboratory scale upon �-irradiation from a 60Co source. The effects of pesticide type, initial concentration,
characteristics of natural groundwater, potential radical scavengers and absorbed dose on efficiency of
pesticide degradation were investigated using GC–MS. �-Irradiation experiments were carried out for
three concentrations (i.e. 0.329, 1.643 and 3.286 �M/diazinon and 0.464, 2.318 and 4.636 �M/atrazine)
with irradiation doses over the range 0.5–5.6 kGy for diazinon and 0.2–21 kGy for atrazine. �-Radiolysis
adiolytic degradation
iazinon
trazine
atural groundwaters
econtamination

showed that diazinon was much easier to degrade by ionizing radiation compared to atrazine in all
natural groundwater samples. This was observed at the three initial concentrations over the range irradi-
ation doses. The irradiation doses required for degradation of 50 and 90% diazinon (distilled water) and
atrazine (humic aqueous solution) at the three concentrations were not sufficient to degrade the same
concentrations in different natural groundwater samples. Moreover, the presence of naturally occur-
ring inorganic scavengers in solutions of diazinon and atrazine decreased significantly the efficiency of

pesti
radiolytic degradation of

. Introduction

Worldwide usage of pesticides has increased dramatically dur-
ng the last two decades, coinciding with changes in farming
ractices and increasingly intensive agriculture. This widespread
se of pesticides for agricultural and non-agricultural applications
esulted in the presence of their residues in various environmental
atrices.
Pesticide contamination of surface and groundwaters has been

ell documented worldwide and constitutes an issue of great con-
erns on national, regional, and global levels [1–4]. Diazinon and
trazine are among the most frequently occurring phosphoroth-
oate and triazine pollutants in natural waters. These compounds
nd their metabolites were encountered during monitoring studies
n various aquatic systems all over the world [5–10].

For purification of polluted natural waters, numerous advanced
xidation technologies are under investigation or in use. These tech-
ologies are based on the generation of OH• radicals, which break

own organic pollutants. The use of radiation treatment to protect
nd conserve the environment has been widely discussed in recent
ears. Ionizing radiation has been used in order to induce degrada-
ion for a wide variety of organic pollutants in aqueous solutions

∗ Corresponding author. Tel.: +966 1 481 3648; fax: +966 1 481 3887.
E-mail address: abasfar@kacst.edu.sa (A.A. Basfar).
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cides, especially at higher concentrations.
© 2008 Elsevier B.V. All rights reserved.

[11–17]. In addition, this technology was used for the treatment of
drinking water [18]. In our previous work, degradation of diazinon
insecticide/nematicide and atrazine herbicide contaminated water
solutions was investigated during �-irradiation and by-products of
radiolytic degradation were identified [19,20].

The aim of this study was to extend research work on distilled
water solutions to natural groundwaters to investigate the influ-
ence of naturally inorganic scavengers in natural groundwaters on
efficiency of radiolytic degradation of diazinon and atrazine pesti-
cides.

2. Materials and methods

2.1. Chemicals

Two pesticides were used in the present study: diazinon
(phosphorothioate group of insecticide/nematicide) and atrazine
(triazine group of herbicide) were purchased from Ehrenstorfer
Quality (EQ), Augsburg, Germany. Humic acid technical substance
was obtained from Fluka, Germany. All solvents used were of high-
est available purity and were used as received (Merck, Aldrich).
2.2. Irradiation source

A Cobalt-60 �-rays source model Gamma Cell 220 from MDS
Nordion, Canada was used for all irradiation studies. The source was

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:abasfar@kacst.edu.sa
dx.doi.org/10.1016/j.jhazmat.2008.11.081
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Table 1
Diazinon and atrazine detection and characteristics of distilled and natural groundwater used for all experiments.

Parameter MCL (mg L−1) DW Groundwater samples

GW1 GW2 GW3 GW4 GW5 GW6

Diazinon 0.02a ND ND ND ND ND ND ND
Atrazine 0.005b ND ND ND ND ND ND ND
NH3 – ND ND ND ND ND ND ND
NO2 0.005 ND ND ND ND ND ND ND
NO3 45a 5.8 12.4 64.7c 83.6 142.7c 221.4c 230c

TDS ≤500d 3.8 336 850c 1640c 2220c 2360c 4300c

Cl− ≤250d 1 62 132 381c 632c 591c 1068c

SO4
2− ≤500d 20 124 275 1205c 1622c 1354c 2490c

CaCo3 500 6 154 338 509c 781c 831c 1624c

Ca+ 200 0.8 68 141 142 140 169 380c

Mg+ 150 ND 12.2 47 89 92 101 103
Fe2+ ≤0.3d ND ND ND ND ND ND ND
F 1.5a 0.6 0.5 ND 0.7 ND 0.98 1.4
HCO3 – 1 56 71 74 79 82 172
E.C (mho/cm) 160–1600 9.2 55 153 324 430 454 855
pH 6.5–8.5d 6.8 8.1 7.4 7.2 7.1 7.3 7.7

MCL: maximum contaminant level (see Ref. [27]).
–: parameters without guidelines.
ND: not detected.
DW: distilled water.
GW: groundwater.
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3. Results and discussion

An important consideration in extending experiments in dis-
tilled water solutions to natural groundwater samples, for all AOPs,

Table 2
Summary of D0.5 and D0.9 values for the diazinon (DW) and atrazine (HS) used in the
groundwater experiments.

Pesticide Concentration (�M) Dose (kGy) Reference

D0.5 D0.9

Diazinon 0.329 0.5 1.5 [19]
1.643 1.5 5
3.286 1.7 5.6

Atrazine 0.464 0.2 0.6 [20]
2.318 1 4
Maximum acceptable concentration.
b Interim maximum acceptable concentration.
c Values higher than MCL.
d Aesthetic objective.

alibrated using aqueous ferrous sulfate (Fricke dosimetry) solution
11]. Dose rate was 14.52 kGy h−1 and transit dose was estimated to
e 5.86 Gy. All of the irradiations were conducted at room temper-
ture, 23 ◦C. In addition, all of the diazinon and atrazine aqueous
olutions were irradiated over the range 0.2–21 kGy.

.3. Experimental procedures

Investigation of radiolytic degradation of diazinon and atrazine
esticides in six natural groundwater samples collected from dif-

erent locations in Riyadh Province in Saudi Arabia was conducted.
he six groundwater samples were subjected to an evaluation to
etect residues of diazinon and atrazine as well as characteristics
f samples (Table 1).

A half liter sample from each type of tested groundwater was
laced in a volumetric flask and fortified with diazinon to reach the
hree initial concentrations of (0.329, 1.643 and 3.286 �M). Humic
ubstances (HS) aqueous solutions (200 mg L−1) were prepared in
he six groundwater samples. Solutions were filtered, and then
odium bicarbonate (1 g L−1) was added in the aqueous solutions of
S. Atrazine was introduced in prepared solutions to reach atrazine

nitial concentrations of (0.464, 2.318 and 4.636 �M). Diazinon and
trazine solutions were placed in 40 mL vials having airtight caps
ith teflon based silicon septa. The prepared solutions were irra-
iated in these vials at two absorbed doses D0.5 and D0.9 (dose
equired to remove 50 or 90% of initial diazinon and/or atrazine
oncentration). These doses were established previously for diazi-
on in distilled water [19] and atrazine in HS aqueous solutions [20]
sing �-irradiation (Table 2). Immediately after irradiation, extrac-
ion was employed using dichloromethane according to the official

ethods adopted by Letizia et al. [21]. Gas chromatography com-
ined with mass spectrometer (GC–MS) was used for pesticides
nalysis. The recovery of this procedure was not less than 90%.
.4. Gas chromatography/mass spectrometer (GC/MS) analysis

A Shimadzu 2010 series GC with QP2010 mass spectrometer
nd HP-5 capillary column (Hewlett Packard, 30 m, 0.25 mm I.D.,
0.25 �m film thickness) was used for gas chromatography analysis.
The carrier gas (helium) velocity was 40 cm/s, high pressure injec-
tion was set at ON and high pressure and injection pressure was set
at 250 kPa. The temperatures of injector, ion source and interface
were set at 250, 200 and 250 ◦C, respectively and the oven program
was 2 min at 80 ◦C, 20 ◦C min−1 to 180 ◦C (2 min) and 5 ◦C min−1 to
250 ◦C (5 min). Ions were formed for mass spectrometric detection
using ion electron impact ionization (EI+) mode scan. EI+ mass spec-
tra database searches were carried out using the Wiley Registry of
Mass Spectral Data, and the NIST Mass Spectral Search Program. The
concentrated extract (4 �L aliquots) was injected splitless under
pesticides detection limit of 0.003 �M (diazinon) and 0.005 �M
(atrazine).

All measurements were performed in triplicates, and the tabu-
lated results represent mean values. Based on the analytical data,
the corresponding degradation percents were calculated and dis-
cussed.
4.636 6 21

D0.5: represents the dose (kGy) required for degradation of 50% diazinon (DW) and/or
atrazine (HS).
D0.9: represents the dose (kGy) required for degradation of 90% diazinon (DW) and/or
atrazine (HS).
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Table 3
Rate constants (M−1 s−1) of chemical species commonly found in natural waters with
transient reactive species formed during irradiation of aqueous solutions.

Chemical species Rate constants

eaq
− H• OH•

Bicarbonate ion 1.0 × 106 4.0 × 104 8.5 × 106

Carbonate ion 3.5 × 105 NR 3.9 × 108

Chloride NR NR 4.2 × 109

Sulfate 1.0 × 106 NR NR
Bromide ion NR 2.8 × 107 1.1 × 1010

Nitrate ion 9.7 × 109 1.4 × 106 NF
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itrite ion 3.5 × 109 7.1 × 108 1.0 × 1010

xygen 1.9 × 1010 2.1 × 1010 NR

R: not reported.

s the influence of radical scavengers (i.e. carbonate, bicarbonate,
itrate and nitrite ions) on removal of the pollutants of interest.

n addition, natural constituents of natural groundwaters must be
onsidered so they may not compete with the contaminants for
he reactive species (i.e. eaq

−, H• and OH•). Table 3 presents ions
hich can reduce treatment efficiency by acting as radical scav-

ngers [22–24].
It is well known that the presence of these species of scavengers

n natural groundwaters may affect the degradation of diazinon
nd atrazine aqueous solutions during irradiation at two absorbed
oses (D0.5 and D0.9). These doses were established previously for
iazinon in distilled water using �-irradiation showing 0.5, 1.5 and
.7 kGy (D0.5) and 1.5, 5 and 5.6 kGy (D0.9) at three diazinon concen-
rations (0.329, 1.643 and 3.286 �M), respectively [19]. In addition,
trazine in HS aqueous solutions showing 0.2, 1 and 6 kGy (D0.5)
nd 0.6, 4 and 21 kGy (D0.9) at three atrazine concentrations (0.464,
.318 and 4.636 �M), respectively was irradiated [20].

Results indicate the influential role of pesticide type, initial
oncentration, characteristics of natural groundwaters, potential
adical scavengers and absorbed dose on the radiolytic degradation
f diazinon and atrazine. Results of each pesticide will be discussed
eparately in the next sections.

.1. Radiolytic degradation of diazinon

From the results in Figs. 1 and 2, the influence of groundwa-
er characteristics on radiolytic degradation of phosphorothioate
iazinon at the three concentrations was observed. Radiolytic
egradation of diazinon varied among the natural groundwater
amples. This was observed in the three concentrations (0.329,
.643 and 3.286 �M) at absorbed doses over the range 0.5–1.7 kGy

representing D0.5 values) and over the range 1.6–5.6 kGy (repre-
enting D0.9 values). Degradation percentages at D0.5 were 49.2,
7.1, 44.1, 40.1, 41 and 38% (0.329 �M/0.5 kGy); 48.4, 45.2, 45.4,
0.6, 37.8 and 34.4% (1.643 �M/1.5 kGy) and 45.1, 41.9, 40.4, 34.5,
5.8 and 32.2% (3.286 �M/1.7 kGy) corresponding to six groundwa-

ig. 1. Degradation efficiencies of diazinon at three concentrations in different types
f natural groundwaters at D0.5.
Fig. 2. Degradation efficiencies of diazinon at three concentrations in different types
of natural groundwaters at D0.9.

ter samples GW1, GW2, GW3, GW4, GW5 and GW6, respectively.
The degradation percentages at D0.9 reached 88.1, 86, 83.9, 81.2,
82.1 and 72.9% (0.329 �M/1.6 kGy); 86.4, 85, 83.8, 76.2, 73.6 and
72.6% (1.643 �M/5 kGy) and 82.2, 78, 74.4, 70.7, 66.9 and 61.5%
(3.286 �M/5.6 kGy) for the six groundwater samples, respectively.

Taking the degradation percentage of diazinon
(0.329 �M/1.6 kGy) in distilled water as a base line (1.0) for
comparison, the relative degradation ratio of diazinon are 0.979,
0.956, 0.932, 0.902, 0.912 and 0.81 corresponding to the six
groundwater samples, respectively. Moreover, when taking the
degradation percentage of diazinon (3.286 �M/5.6 kGy) in distilled
water as a base line (1.0) for comparison, the relative radiolytic
degradation ratios of diazinon are 0.913, 0.867, 0.827, 0.786, 0.743
and 0.683 for the six groundwater samples, respectively. These
ratios reflect the influence of the initial concentration and the char-
acteristics of natural groundwater on the radiolytic degradation of
diazinon.

Because of the presence of many potential radical scavengers
in natural groundwaters, it can be concluded that such scav-
engers like carbonate, bicarbonate and nitrite ions inhibit the
radiolytic degradation of diazinon and this trend is more pro-
nounced at high concentrations of these scavengers. According to
rate constants in Table 2, K (OH• + CO3

2−) = 3.9 × 108 M−1 s−1,
K (OH• + HCO3

−) = 8.5 × 106 M−1 s−1 and K
(OH• + NO2

−) = 1.1 × 1010 M−1 s−1 [22–24], it is obvious that
the reaction of OH• radicals with CO3

2−, HCO3
− and NO2

− and
consequently radiolytic degradation of diazinon decreases with
the increase of scavengers concentrations due to competition
reactions of diazinon and scavengers for OH• radicals. However,
rate constants of these scavengers with diazinon are not available
in the literature.

Considering the maximum residues limits (MRLs) of diazinon in
drinking water (0.066 �M) [25], it is realized that the initial concen-
tration of diazinon of (0.329 �M) represents five folds of MRL value.
An irradiation dose of 1.6 kGy was enough to decrease the diazi-
non concentration to levels lower than diazinon MRLs in drinking
water. This trend was observed in all natural groundwater sam-
ples except (GW6) which reached 0.089 �M after irradiation. In
addition, a different trend was observed at high concentrations of
diazinon of 1.643 �M (25 folds MRL) and 3.286 �M (50 folds MRL)
where irradiation doses up to 5 and 5.6 kGy were not enough to
decrease diazinon concentrations to levels less than MRLs for all
natural groundwater samples.

3.2. Radiolytic degradation of atrazine
Effect of absorbed doses from 0.2 to 6 kGy (D0.5 values) and
from 0.6 to 21 kGy (D0.9 values) on the radiolytic degradation of
herbicide atrazine prepared in HS aqueous solutions at an initial
concentrations of 0.464, 2.318 and 4.636 �M was investigated in
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ig. 3. Degradation efficiencies of atrazine at three concentrations in different types
f natural groundwaters at D0.5.

ifferent natural groundwater samples and the results are shown
n Figs. 3 and 4. As a result of irradiation, a significant change
f atrazine concentrations was observed, although degradation
ehavior of atrazine herbicide varied among the natural groundwa-
er samples. It can be seen that the radiolytic degradation of atrazine
s slightly higher for two groundwater samples (i.e. GW1 and GW2)
ompared to other samples. This finding was observed in the three
oncentrations with absorbed doses over the range 0.2–6 kGy.

Degradation percentages at D0.5 were 58, 53, 51.9, 50, 47
nd 44% (0.464 �M/0.2 kGy); 54.8, 51.6, 48, 45.4, 44.2 and 41.6%
2.318 �M/1 kGy) and 52.8, 50.3, 50.2, 44.1, 43.6 and 39.5%
4.636 �M/6 kGy) corresponding to the six groundwater samples
i.e. GW1, GW2, GW3, GW4, GW5 and GW6), respectively. On the
ther hand, degradation percentages at D0.9 were 92, 87.9, 84.9,
8, 73.1 and 65.9% (0.464 �M/0.6 kGy); 89.8, 86.9, 81.8, 73.2, 68.8
nd 64.6% (2.318 �M/4 kGy) and 86, 85.8, 74.4, 68.1, 67.6 and 60%
4.636 �M/21 kGy) corresponding to the six groundwater samples,
espectively.

By considering the degradation percentage of atrazine
0.464 �M/0.6 kGy) in humic substance aqueous solution (HS)
s a base line for comparison (1.0), the relative radiolytic degrada-
ion ratios are 1.022, 0.977, 0.943, 0.867, 0.812 and 0.732 for the six
roundwater samples, respectively. In addition, atrazine concen-
ration plays also an important role in the radiolytic degradation
f atrazine. When taking the degradation percent of atrazine
4.636 �M/21 kGy) in (HS) as a base line for comparison (1.0), the
elative degradation ratios are 0.956, 0.953, 0.827, 0.757, 0.751
nd 0.667 for the six groundwater samples, respectively. These
atios demonstrate the important role of the initial concentration
nd the characteristics of natural groundwater samples in the

econtamination of atrazine in water.

The presence of carbonate (>509 mg L−1), bicarbonate
>74 mg L−1) and nitrate anions (>84 mg L−1) with atrazine
indered significantly the efficiency of the degradation of atrazine

ig. 4. Degradation efficiencies of atrazine at three concentrations in different types
f natural groundwaters at D0.9.
us Materials 166 (2009) 810–814 813

especially at higher concentrations (2.318 and 4.636 �M with 1 and
6 kGy, respectively). On the other hand, the presence of these ions
under the previous levels resulted in the enhancement of radiolytic
degradation of atrazine (≥8%) at the lower atrazine concentration
(0.464 �M/0.2 kGy).

However, as total alkalinity is increased, concentration of car-
bonate and bicarbonate ions increased, and the OH• radicals
decreased via reaction with carbonate (3.9 × 108 M−1 s−1) and
bicarbonate (8.5 × 106 M−1 s−1) ions [22]. Another common scav-
enger of OH• radicals in groundwater is nitrite which react
with OH• and convert to nitrate (1 × 10 M−1 s−1) ions [13,22]. On
the other hand, the rate constants for solvated electrons (eaq

−)
with carbonate, bicarbonate and nitrate ions were determined as
3.5 × 105 M−1 s−1, 1.0 × 106 M−1s −1 and 9.7 × 109 M−1 s−1, respec-
tively [22–24], consequently a decrease of solvated electrons was
expected. In addition, the rate constant for reaction of OH• with
atrazine was determined as 3.0 × 109 M−1 s−1 [26], whereas the
rate constant for reaction of solvated electrons (eaq

−) with atrazine
was determined as 4.8 × 109 M−1 s−1 [17]. Moreover the radiolytic
behavior of atrazine in water is not totally clear whether it follows
oxidation reactions [13] or reduction reactions [17,20] and conse-
quently radiolytic degradation of atrazine decreases with increase
of groundwater scavengers concentrations due to competition reac-
tions of atrazine and scavengers for OH• radicals and solvated
electrons (eaq

−).
Results demonstrated the influence of a variety of groundwa-

ter components (mainly carbonate, bicarbonate, nitrite and nitrate
ions) in the reduction of atrazine degradation, the higher the scav-
enger ions concentrations in groundwater the lower the radiolytic
degradation and vice versa. Therefore, the concentrations of these
scavengers should be taken into account during radiolytic degrada-
tion of organic pollutants in contaminated waters and they should
also be decreased before irradiation.

Considering the interim maximum acceptable concentrations
(IMACs) of atrazine herbicide and its metabolites in drinking water,
it can be concluded that the concentration of atrazine/HS aque-
ous solutions like, (0.464 �M) represents 20 folds IMACs value.
An irradiation dose of 0.6 kGy was not sufficient to decrease the
atrazine initial concentration to levels lower than atrazine IMACs
in drinking water which is established at 0.023 �M [25]. This trend
was observed with all natural groundwater samples. In addition,
the same trend was observed at high concentrations of atrazine of
2.318 �M (100 folds IMACs) and 4.636 �M (200 folds IMACs) even
after irradiation doses up to 4 and 21 kGy. Such high doses were not
sufficient to decrease concentrations to levels less than IMACs for
all natural groundwater samples.

4. Conclusions

The removal of diazinon and atrazine pesticides from natu-
ral groundwaters using 60Co gamma-irradiation is influenced by
groundwaters characteristics. Diazinon was much easier to degrade
by radiation compared to atrazine in all groundwater samples.
Degradation of diazinon varied among the groundwater samples
and this was observed for the three concentrations at absorbed
doses from 0.5 to 5.6 kGy. The presence of the radical scavengers
in natural groundwater like carbonate, bicarbonate, and nitrite
ions inhibits the radiolytic degradation of diazinon and this effect
become more pronounced at high concentrations of these scav-
engers and pesticide. An irradiation dose of 1.6 kGy was sufficient

to decrease the diazinon concentration (0.329 �M) to levels lower
than diazinon MRLs in drinking water (0.066 �M); this trend was
observed in the all groundwater samples except one. On the other
hand, degradation behavior of atrazine varied among the natu-
ral groundwater samples. The radiolytic degradation of atrazine
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as slightly higher for two groundwater samples (GW1 and GW2)
ompared to other samples. This finding was observed in the
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nd nitrate (>84 mg L−1) in the irradiated groundwater samples
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ion doses required for degradation of 50 and 90% diazinon (distilled
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n practical application of this technology for radiolytic removal
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