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Abstract

The photodegradation of atrazine in topsoil under solar light and the factors affecting this have been studied. A rate constant of 0.08–0.17
day−1, photolytic depth of 0.5 mm and half-life of 4–8 days were determined. The results show that soil granularity, pH value, humidity,
organic content, humic acid and surface-active agents could affect the photodegradation of atrazine in soil.
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. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-tri-
zine) is a selective inside-absorbing herbicide which can
e used in the fields of corn, sorghum, orchard and forest,
ontrolling broad-leaf and grassy weeds. It has been em-
loyed for many years as herbicide. However, its residues
ave been found in the soil and the ground water, threaten-

ng human beings. The remediation technologies of atrazine
n the soil were studied[1]. As we know that light radia-
ion can degrade many pesticides under the laboratory condi-
ions. Atrazine can be degraded either by supercritical water
ith UV-illuminated TiO2-photocatalytic dispersed system
r by hydrothermal water with it[2]. Kinetics of oxidative
hotodegradation of atrazine in aqueous Fe(ClO4)3 solutions
nd TiO2 suspensions were investigated and compared[3]. A
ew kind of photochemical reaction catalyst, porphyrin and
hthalocyanine, were prepared. These catalysts are able to
leave the triazine ring more efficiently than titanium dioxide
4]. If the photolysis of the herbicide still go smoothly under
eld’s condition it will be possible to decrease the residues

of it. Soil, however, was seldom chosen to be irradiated
rectly. This is because solar light or ultraviolet penetr
soil poorly and photolysis only occurs on topsoil. And if
soil sample is collected too much, the degradation part
is so small in amount that any changes of the concentr
of atrazine cannot be tested. In our studies a very thin
of soil (0.2–0.5 mm), is used for photolysis, so, the cha
of the concentration can be checked easily. Under the
light irradiation, the effects of various factors on photoly
are investigated.

2. Instrument and reagents

2.1. Apparatus for photolysis irradiation

The experiment was carried out on the roof of a build
where an iron box (60 cm×40 cm× 20 cm) containing sam
ples was placed. The cover of the box was opened at 7:30
and closed at 6:00 p.m. every day except windy or rainy
It was started from 10 November 2002 to 21 January 2
∗ Corresponding author. Tel.: +86 317 2034944.
E-mail address:lubo1961@yahoo.com.cn (L. Bo).

The variation of solar light UV intensity was measured by
a ZDZ-1 actinometer (254 nm detector) every day. The av-
erage variation curve of solar UV intensity during the time
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Fig. 1. Average solar UV intensity from 10 November 2002 to 21 January
2003.

when the temperature in the box was in between 1 and 13◦C
(windy or rainy day not included), is showed inFig. 1.

2.2. Materials

Humic acid (HA) and sodium dodecylbenzenesulfonate
(DBS) were obtained from Beijing Chemical Reagent Cor-
poration. A soil was obtained from an orchard located in
Anxin County, Hebei Province. The orchard itself has never
been treated with atrazine and was 800 m away from corn-
fields where this herbicide had been applied for 4 years. Soil
samples were collected from the surface (top 10 cm), freeze-
dried and sieved through a 120 mesh. It did not contain any
atrazine according to HPLC analysis. The composition of the
soil was: clay 4.03%, silt 50.37%, sand 45.60% and organic
matter 1.184%, pH 8.68, density 2.55 g cm−2 (prior grind-
ing), 1.50 g cm−2 (after grinding).

3. Experimental methods

3.1. Preparation for irradiation of soil samples

In order to study the effects of the various factors, such
as water, HA, surface-active agent, soil granularity and pH,
o out
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3.2. Method of irradiation

The atrazine-treated soil samples were sieved uniformly
to the surface of plates (diameter 8.7 or 9.4). Then the plates
were covered with a sheet of extreme thin film of polyethylene
(UV penetration rate more than 85%) to avoid dust from air
and put in the iron box which was placed on the roof of
the building to receive solar light irradiation. The film was
changed once per day and the solar light intensity and the
temperature were measured every day except for rainy or
windy day.

3.3. Collection and analysis of samples

Samples (15.00 g) were taken out at regular intervals,
placed in 50 ml of centrifugal test tube, extracted three times
with methanol ultrasonic wave, concentrated, cleaned up and
analysed for atrazine by HPLC.

HPLC measurements were carried out on a Shimdzu
LC-6A instrument equipped with a Shimadzu SPD-1 de-
tector. The stainless steel column (25 cm× 4.6 cm ID) was
packed with DuPont ODS chemically-bonded phase (10�m),
and was pre-tested by the manufacturer. A wavelength of
235 nm was used for all measurements. Samples were eluted
with methanol + water (80 + 20 by volume) at a flow-rate of
0
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n photolysis, six types of experiments were carried
seeTable 1). Methanol solutions of atrazine (1000�g ml−1)
ere applied uniformly to soil samples. After the solvent
een allowed to evaporate, the soil samples were groun
ieved. In some tests, HA and surface-active agent were
irectly to the soil prior to grinding.

able 1
esearching contents of six types of tests

ype Researching contents

Soil granularity, organic substances, pH value: in dry natural
Soil granularity, organic substances, pH value: in wet natura
Sand, silt, clay, without organic substances
Humic acid
Surface-active agent
Humic acid and surface-active agent
.8 ml min−1.

.4. Calculating method of photolytic depth and
hotolytic rate

.4.1. Photolytic depth for atrazine in soil
Atrazine was photolysed only in a very thin surface la

ecause of low transmission of light and slow moveme
trazine in soil. On the basis of atrazine residues, soil d
ample weight and soil density, the photolytic depth, i.e
aximum depth at which photolysis occurred, could be

ulated as follows[5]:

= H(1 − R) = W(1 − R)

DA

hereP is the photolytic depth,H the total thickness of so
ayer,R the percentage of remaining at equilibrium,W the
otal soil mass, andA the soil area.

.4.2. Rate of photolysis of atrazine
It is difficult to calculate the photolytic rate exactly b

ause of the complexity of the soil, but provided that
hotolysis of atrazine follows a first-order reaction, the
onstantks can be calculated approximately from[6]:

n

(
C0

Ct

)
= kst

ecause solar light penetrates the soil surface only to
f less than 0.3 mm, atrazine in the lower layers is not

olysed, and this must be allowed for. The above expre
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Table 2
Characteristics of sample for tests A and B

Group A Group B

Sample 1 Sample 2 Sample 3 Sample 4 Sample 1 Sample 2 Sample 3 Sample 4

Sand (%) 46.06 60.72 56.40 56.47 46.07 46.07 46.07 46.07
Silt (%) 47.87 37.48 40.99 41.19 47.87 47.87 47.87 47.87
Clay (%) 6.06 1.80 2.61 2.34 6.06 6.06 6.06 6.06
Organics (%) 1.454 1.442 1.615 0.873 1.454 1.454 1.454 1.454
pH 8.63 8.65 8.31 8.73 3.34 5.58 8.63 10.10
Water (%) 0 0 0 0 50 50 50 50

thus has to be modified to:

ln

(
C0

C1
t

)
= kst,

C1
t

C0
= Ct/C0 − CeC0

1 − Ce/C0
= Ct − C0

C0 − Ce
,

C1
t = CtW − CeW

W(P/H)

whereC0 is the original concentration of atrazine,C1
t the

concentration of atrazine in photolysed layer at timet,Ct the
measured overall concentration of atrazine at equilibrium,W
the total soil mass,P the photolytic depth,H the overall soil
depth andks the rate constant.

4. Results and discussion

The amount of atrazine residues in the soil can be ob-
tained from the analysed results by HPLC, and the photolytic
depth as well as the photolytic rate can be calculated from
the method mentioned above[7].

4.1. Test A: effects of soil granularity on photolysis of
atrazine

Samples 1 and 2 were chosen from natural soil, whose
o and
c
c con-
t with
a and
t
d

A.

From Fig. 2 andTable 3, it can be seen that sample 1’s
rate constant is somewhat larger than that of sample 2, but
the half-life is a little less than that of the latter, and both
photolytic depths are nearly equal. This indicates that when
other conditions are same, photolytic rate in thin silt soil is
larger than that in coarse sand soil, i.e. the coarser the soil is,
the less the solar light penetrates.

4.2. Test B: effects of soil humidity on photolysis of
atrazine

Photolysis was carried out on soil 3 from type A under
dry/wet conditions for comparison. The 50% of water was
added, and its photolytic curves were showed inFig. 3, its
data inTable 4.

The results indicate that the rate constant is slightly greater
in wet soil than in dry one and so is the photolytic depth. This
suggests that water assist the movement of atrazine from the
inner layers to the surface of the soil. It may also assist the
removal of the photolytic products, thus overall accelerating
the photolysis of atrazine.

4.3. Test B: effects of pH value on photolysis of atrazine

In order to explore the influences of pH value on photolytic
r ho-
s , clay
6 3.34
t ith
a iffer-
e n
rganic content and pH were similar but soil granularity
omposition different (soil features inTable 2). Sample 1
ontained much more clay than sand while sample 2
ained more sand than clay. Two samples were treated
trazine, irradiated by solar light at different intervals

ested to give photolytic curves (seeFig. 2), photolytic depth
, rate constantks and half-lifet1/2 (seeTable 3).

Fig. 2. Photolytic curve of samples 1 and 2 under solar light of test
eaction, four soil samples with different pH values were c
en, whose composition was sand 46.07%, silt 47.87%
.06% and organic substance 1.454%, pH value from

o 10.10 (seeTable 2). These four samples were treated w
trazine separately and then irradiated by solar light at d
nt intervals to get photolytic data inTable 3b. It can been see

Fig. 3. Solar light photolytic curve under wet/dry condition.
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Table 3
Photolysis data for types A–F test

Soil depth,h (mm) Photolytic depth,d (mm) Rate constant,ks (day−1) Half-life time (day) Standard deviation (%)

Type A test
1 0.35 0.12 0.1399 4.9 3.02
2 0.38 0.11 0.1173 5.9 3.25

Type B test
1 0.38 0.22 0.1864 3.7 3.12
2 0.39 0.21 0.1610 4.3 3.03
3 0.37 0.20 0.1329 5.2 3.50
4 0.40 0.21 0.1561 4.4 3.32

Type C test
Wet sand 0.35 0.19 0.0953 7.3 3.14
Wet silt 0.36 0.20 0.1012 6.8 3.23
Wet clay 0.34 0.21 0.1316 5.3 3.01

Type D test
No HA 0.31 0.18 0.1212 5.8 3.21
HA added 0.30 0.19 0.1527 4.5 3.08

Type E test
No DBS 0.31 0.18 0.1212 5.8 3.54
DBS added 0.31 0.19 0.1399 5.0 3.34

Type F test
No HA + DBS 0.31 0.18 0.1212 5.8 3.21
HA + DBS added 0.30 0.20 0.1638 4.2 3.15

from the result that when other conditions were same, both
atrazine photolytic rate and photolytic depth were greater in
acid soil (pH 3.34, 5.58) or base soil (pH 10.01) than in neu-
tral soil (pH 8.63), showing that H+ or OH− ion is able to
catalyse the photochemical reactions.

4.4. Test C: photolysis of atrazine in soil without
organic substances

Soil samples were treated with the standard method to re-
move the organic substances and divided into three types,
sand, silt and clay. The three types of soil were mixed with
atrazine separately and irradiated by solar light under condi-
tion of water content 50% to get photolytic data inTable 3c.
The photolysis rate of atrazine and photolytic depth increased
gradually from sand through silt to clay, showing that the soil
can accelerate the photochemical reaction with its smaller
particle size. This probably relates to the increase of surface
area; the smaller the particle size, the greater the surface area
per unit mass, and hence the greater the catalytic capability.

4.5. Test D: effects of humic acid on photolysis of
atrazine

Humic acid can exist in the fields, so we designed test
D to investigate its effects on photolysis of atrazine under

solar light condition. Based on the previous work, and taking
into account possible interference with HPLC, silt samples
free from organic substances were spiked with humic acid
(20 mg/1000 g sample) and 50% of water. The parameters
are given inTable 3d.

It can been seen that the photolytic rate constant was ob-
viously increased in the presence of humic acid, half-life be-
came shorter and the photolytic depth was slightly increased.
This demonstrates that humic acid can catalyse the photolysis
of atrazine and accelerate the process. So atrazine pollution
in the fields can be decreased if proper amount of humic acid
is applied in the natural soil and irradiated by solar light.

4.6. Test E: DBS influences on atrazine photolysis

In order to study the influences of surface-active agent on
the photolysis of atrazine, dodecylbenzenesulfonate (DBS)
was taken as a typical representative for the experiment. The
organic-free soil samples (sand 46.07%, silt 47.87%, clay
6.06%) were spiked with DBS (20 mg/1000 g sample) and
50% of water and then irradiated by solar light to get the
parameters inTable 3e.

The results show that the photolytic rate constant and the
photolytic depth are both somewhat increased in the pres-
ence of the surface-active agent (DBS), but its influence on
the photolysis of atrazine is less than that of humic acid. This

T
P on

ate co )

D 0.1129
W 0.1403
able 4
hotolytic depthd, rate constantks and half-lifet1/2 under dry/wet conditi

Soil depth,h (mm) Photolytic depth,d (mm) R

ry soil 0.32 0.11
et soil 0.34 0.13
nstant,ks (day−1) Half-time, t1/2 (day) Standard deviation (%

6.1 3.42
4.9 3.12
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indicates that DBS can play some catalyzing role in the pho-
tolysis of atrazine and assist the process.

4.7. Test F: co-effects of humic acid and DBS

The organic-free soil samples (sand 46.07%, silt 47.87%,
clay 6.06%) were spiked with atrazine, humic acid and DBS
(20 mg humic acid, 20 mg DBS/1000 g sample), and then
50% of water was added, irradiated by solar light to obtain
the data inTable 3f.

From the results we know that the photolytic rate constant
and the photolytic depth are both increased apparently in the
presence of humic acid and DBS. Their influence is much
more than that of humic acid or DBS singly. It suggests that
humic acid and DBS cooperate with each other to promote
the photolysis of atrazine.

5. Conclusion

The photolysis of atrazine only occurs very close to the
soil surface (top 0.5 mm) because of the low penetration of
solar radiation. It was observed that the finer the soil, the
greater the photolytic rate constant; and some organic sub-
stances in the soil, such as humic acid, surface-active agent,

can promote the photolysis of atrazine. The photolytic pro-
cess was approximately a first-order reaction (relative coef-
ficient >0.920). The rate constant of photolysis ranged from
0.08 to 0.17 day−1.
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