Journal of Environmenial Sciences (China) Yol. 4, No.4, pp.72 —80, 1992, ISSN 1001 —0742

Numerical simulation of transport and transformation of
insecticide 1-(2-chlorobenzoyl)-3-(4-chlorophenyl)
urea in unsaturated soil*

Yang Shixiu, Yang Dawen and Lei Zhidong

Department of Hydraulic Engineermg, Tsinghua University,
Beijing 100084, China

Yang Kewu, Mo Hanhong and Zhang Lianzhong

Rescarch Center for Eco-Environmental Sciences, Chinese
Academy of Sciences, Beijing 100085, China

Abstract_ A numerical simulation model of pesticide transport and transformation in unsaturated soil is
presented in this paper, The model was developed under basic principles of movement of water and solute
in seil under transient condition and overall consideration water flow: pesticide convection, diffusion,
dispersion, sorption and degradation. The model was tested for the persistence and leaching of i-
(2-chlorobenzoyl)-3-(4-chlorophenyl) urea (CCU) using data fromsoil cohimns under laboratory conditions,
_ The results of the test indicate that the modeling approach is simple and effective tn describing movement
and transformation of pesticides in soils.
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INTRODUCTION

The fate of pesticides in environment involves a series of processes, many of which occur in
the unsaturated zone of soil. The main processes relating to translocation and transformation of
pesticides in soil include: 1. run off from surface soil, 2. convection, diffusion and dispersion in
soil water, 3. sorption and degradation m soil, 4. uptake by plants, and 5. volatilization. In the
past decade, numerical simulation approach was widely used to study the transport and transfor-
mation of pesticides in soil for its convenience and effectiveness (Carsel, 1985; Wagenet, 1986). In
this research, a simulation model developed for predicting the fate of pesticides in unsaturated
soil and results of validation of the model for the transport and transformation of CCU in soil
are presented.

* The work was supported by National Natural Science Foundation of China.
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MATHEMATICAL DESCRIPTION OF THE PROBLEM

The transport of a pesticide lies mainly in the movement of the chemical as a solute in soil
water. Therefore the model that describes the transport and transformation of a pesticide in
unsaturated soil consists of soil water flow submodel and pesticide movement -abmoded
(Niclsen, 1986; Lei, 1988).

Soil water flow submodel

The equation of vertical flow of soil water can be deduced by the Darcy’s law and continui-

ty equation. The basic equation can be written by
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where, £ is the volumetric water content of the soil (cm¥/cm’); D{f)is water diffusion coefficient
in unsaturated soil (cm’min); K (8)is water conductivity of unsaturated soil (cm/min): Z is
depth of soil from the surface (cm); ¢ is time (min).

Generally, D(8) and K(#)can be expressed by the following equations:
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where D, , m, K, and § are coefficients.
The initial and boundary conditions can be written as:
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where, 0, is initial water content of soil (cm’/cm’); R is rate of rainfall (cm/min)and L is depth
of soil (cm).
Pesticide movement submodel
According to hydrodynamic dispersion theory, one-dimensional diffusion-convection equation
for the movement of a pesticide in unsaturated soil can be written as:
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where, C is concentration of the pesticide in soil solution (ug/cm’): C, is concentration of
pesticide adsorbed to the soil phase (ug/g); ¢ is soil bulk density (8/ em’); g is soil water flux
density (cm/min); D, (6,¢)is hydrodynamic dispersion coefficient {em*min); @ is sourceor sink
of the pesticide (ug + cm™'.min"') such as degradation.

In most cases, when concentration of the pesticide is very low, the reaction process of sorp-
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tion and desorption of the pesticide can be regarded as an instanianeous equilibrium process.
and described by a simple linear equation:
C=K_C, : (6)

where, K, is adsorption constant of the pesticide (g/cm’).

Degradation of a pesticide in soil can be described by a pseudo first-order reaction as:

dCJdt=-KC,_, (7N

where, C, is concentration of the pesticide in soil and K is the rate constant of degradation
(/min) .

The source or sink term can be written by

O=—K(8+pK,)C. . (8)

The initial and boundary conditions of the model can be expressed by the flowing equa-

tions:

C=C(Z) 1=0, Z =0,
{ -D,(0,4)8C/8Z+qC+0 C 120, Z=0, %
c=C,1) 1>0, Z=L.

NUMERICAL SOLUTION OF THE MODEL

In most cases, because of the complexity of the problem, there is no analytical solution for
the model. The finite difference discrete numerical approach is employed here to solve the egua-
tions of the model for the movement of pesticides in unsaturated soil.

Numerical solution of water flow submodel
The discrete network of the calculation region is shown in Fig. 1. .
¢, tmin The implicit fnite differential Equation (1) is
0 1 2 K-1 K K+1 given by
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where, i, k are numbers of depth and time nets; Az
is time increment (min); Z 15 depth increment
(cm).
The finite differential equation of the bounda-
ry condition can be written by means of water
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Fig. 1 Discrete network of a continuous 1-D region equilibrium in half net near the surface .
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Numerical solution of pesticide movernent submodel

The control volume method is employed to solve the diffusion-convection equation. The
discrete network is the same as that in water flow submodel. Boundary is set up in the middle of

-two grid points (Fig.2a). Equation (8) may also be written as follows:
Jd . al
in which,
p=0+pK,,
oC
'I'_qC_D.h(B’Q) _a_z'_ s
=—K(0+pK,).
Integration of Equation (11) over control volume (Fig.2b) is given by
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Fig.2 Control volume for one-dimensional case

(11}

(12)

(13)

During calculation of solute flux, central difference and up-wind difference or linear interpola-
tion are used to solve dispersion term and convection term, respectively, according to the value of

Pe (l=q A Z/D,, called as peclet number). Differential equation of J is given by:
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the up-wind difference method is used, i.e. the values of §,, 8., §,, B, are given by
when
@3>0, =1, B=0;  g1£<0, f,=0, ,=1;
when
4y 0, f,=1, =0 g'}<0, $,=0, =1 (16)

Interpolating Equation (14) and Equation (15) into Equation (13), Equation (17} can be
obtained
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The boundary condition is similar to that in water flow submodel.

Using the discrete method mentioned above, a2 group of linear equations can be deduced for
both water flow submodel and pesticide movement submodel
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Linear equations are triangular equations which can be solved by using Gauss elimination or

Thomas' method. The calculation flow chart is shown in Fig. 3.
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Fig. 3 Flow chart of the model

TEST OF THE MODEL

Numerical simulation for the leaching of CCU in two soil columns were carried out. Soil
samples were taken from top soil of vegetable field in Beiiing. The content of organic matter in

soil was 2.75% and pH value was 8.54. Measurements showed that the coefficients of soil water
are as follows:

water diffusion coefficients of unsaturated soil:
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0.087470"25% 0<0.1539

D(8) = 62.20930°%% 0.1539< 6 < 0.4485 cm?® min (19)
6.5253 - 10 GHons 8=0,4485.

Water conductivity of unsaturated soil:

K(0)=5.9215 « 10-* &% cm/min. (20)

The adsorption of CCU in the soil is described by the equation:

C,=312 C%, 1)
where, units of €, and C are pg/g and ug/cm’, respectively. Half life of CCU in the soil was
14.54 days . '

In the experiments, arid soil bulk density was 1.2 g/cm’, initial water content in the soil pro-
file was uniform. The cross section area of column A was 87.3 o, initial water content was
0.08 cm’/ om’, total rainfall was 1510 ¢m® leaching time was 29.5 hours and applied amount of
CCU was 25.5 mg. In column B, the across sectian area was $3.34 cm’, initial soil water content
was 0.105 cm”/ cm’, total rainfall was section 1553 cm’, leaching time was 34.67 hours, and ap-

plied amount of CCU was 15.0 mg. The hydrodynamic dispersion coefficient is calculated from
the resnlts in column A, and given by ‘

D (8.9)=6.0 |g|+ 0.8 x 107’ x 0.003¢'” cm?/ min. 22)

Simulation results and measured data for column 4 and B are compared in Fig. 4 and

Fig. 5. The figures show clearly coincidence simulation of the results with those measured
itdicating reliability of the model.

40 40
& E
R —Simulation result ‘.;‘:L., - Simnulation result
an
3:30__ o Measurement .30 o Measurement resulf
"——2' result E
PN £
o]
(@] 20 a
o Q
e e
=] a Q
= o
2 ©
E 10 r -:'é
£ bt
= =
< g
@] =)
L Q
Q 5

1¢

Depth of soil, em

Depih of soil, cm

Fig_4 Distribution of CCU in column A (1 =259 hours)  Fig. 5 Distribution of CCU in column B (1=34.67 hours)
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APPLICATION OF THE MODEL

In order to simplify the problem, foliowing assumptions were made; the soil was
homogenous; the initial soil water was also homogeneo.s and the water content was
0.2cm’/ cmy’; the application rate of CCU was 150 g/ha and all the pesticide was applied to the
soil surface; the rainfall with a rate of 4.8 min/h began immediately afier the application of

CCU, and evaporation with a rate of 3.55 mm/d began two days later; and the duration of the
process under consideration was one week.

The soil water coefficients are given by
(1) water diffusion rate of unsaturated soil

2.68420"0%04 0<0.26133
D)= em ¥ min
2.0854 « 105911426 22026133 (23)
(2)water conductivity of unsaturated soil.
K(0)=2.9757x 10 &**¥* cm/ min (24)
The adsorbtion of CCU in the soil is described
C =1233 '@ (25)
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Fig. 6 Distribution of CCU in soil profile
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The half life of CCU in the soil was 15 days. Simulation results listed in Table 1 and Fig.6
show that most of the residues of CCU retained in the soil layer of 0 —12 ¢m and the maximum
leaching depth was 30 cm, it indicated that CCU possessed a weak tendency of leaching to the
deep layer of soil and to the ground water. It is also demonstrated that CCU moved very slowly
for the duration of evaporation of soil water.

Table 1 Persistence and distribution of CCU in soil profile

Mi/Mi Mi/Mo
Depth, cm 04 4--8 8-12 1216 16 -20 2030 Tatal
[ day 4,496 1335 G.120 0.035 0.014 .00 0.960
2 days 0.340 0.327 0.189 0.084 0.034 0.026 0.918
1 days 0.343 0.318 0.137 0.086 0.036 0.030 0.830
4 days 0.354 0.311 0.185 0.085 0.036 0.029 0.725

Notes; MO— total initial applied amounts of CCU; Mt - total residue of CCU in soi; Mi — residue of CCU in
soil for each layer.

SUMMARY

A numerical simulation model which can describe pretty well the transport and transforma-
tion of pesticides in unsaturated soil is devcloped. it is very simple and effective and
the approach can be expanded to predict the fate of pesticide under field conditions.
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