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ABSTRACT

The objectives of this work were to use the level IV fugacity model to simulate the
environmental fate of earbofurn s employed in rice cultivation. The fugacity
model was used to simulate the dynamic distribution of the carbofuran in a system
comprising air, water, rice planis and soil. Resulls indicate the preferential
compartments of the pesticide, facilitating the strategies for monitoring
environmental guality, and providing further knowledge of the environmental fate
of carbofuran. Experiments under field conditions were carried out fo verify the
correspondence  belween  simulaied and  measured  wvalues  of carbofuran
concentration in waler and soil.

INTRODUCTION

Carbofuran i1 a systemic carbamate insecticide and a cholinesterase inhibitor that has been
used in rice cultivation. It is highly toxic to vertebrates and is used to control insects in a wide
variety of agricultural crops including coffee, com, sugar cane and rice (Tomlin, 2000). In
Brazil, it is usually applied directly to the soil in granular form 15 to 30 days after rice
germination in order lo control rice beetle larvae (Oryzophagus oryzae). Plese ef al. (2005)
modelled the kinetics of carbofuran hydrolysis and the subsequent degradation in an iniguted
rice fields of Brazil. This study had the aim of employing a level 1V fugacity model to
simulate the distribution of carbofuran insecticide in different comparunents of a rice field.
The level IV fugacity model is presented as a system of ardinary differential equations within
a fugacity framework that estimates carbofuran concenteations in different environmental
compartments (Mackay, 2001).

MATERIALS AND METHODS
The selationship between fugacity and concentration is given as follows:
C=2f
Wiere C is the pesticide concentration (mol/m®}, { is the pesticide fugacity (Pa) and 7. is the

fugacity capacity (molim* Pa'). The compartments of the rice cultivation system modeled in
this work are air (i = a), water (i = w), rice plants (i = r) and soil (i =s), i.e,, iel= {u,w,r,5 .
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The fugacity capacity of air is defined as;

1
Z, *'ﬁ
Where Z, isithe fugacity capacity of air, T is the sif temperature (K) and R is fhe gas constant
(i.e. 8314 m" Pafinal ). The fugacity capacity of water is defined as) =

z, w1, 000K,

H 1]

Where Z,, is the fugacity capacity of water and H is Henry's constant of the pesticide (m’
t { pesticide (m
m}ﬂg{% ’f umi; k-m'gmm. m:m volumelric froction of the water (m¥/m®), py, is the water
h is ¢ carbon partition coefficient of the pesticide (m*kg). The
fugacity capacity of the rice plants was estimated as: " L

L =02, +xk 2.0, 1p,

Where Z, is the fugacily capacity of the rice plants, is the rice planf density (kg/m), ko, i
ihe Eediclderoeta,ml-m pamum coeflicient (m’/m’), x, is the water valmu-ig’ ﬁ‘:c)'hnn n;”
the rice plant (m*/m’) and %, is the lipids volumetric fraction of the rice plant {(m*m’) (Lrapp
& Farlane, 1995). The fugacity capacity of the soil was estimated as:
Z.=3+—m-4-“cp k |
H H

Whmz,isﬁleﬁlgacilympacilyofmesoil,Biauuwmavnluwio&mimofﬂmsnil

' (m’lm’},/%is the density of soil (kg/m®), OC is the organic carbon volumetrio fraction of the

soil {m*/mr"), and Ky is the organic carbon pariition wocificient of the pesticide m kg
:gtdicﬁcmﬂowmmmﬁmdimmmwmﬁgmmmﬁmiindjg
culated as:

N, =40, £)

Wth;islbepmﬁcidsmﬁnwbemwmpmnmsiw' mol/h), and d i
h t
:;n,srcr cocfficient {mol/Pa p). Amordmg Fick's first law, these mn:fe(r cuoﬁ}';m!sdfs ;vi;
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Where Ay is the contact area between compartments | and j (i), Dy e i

! : . Dy is the pesticide diffusivi

in compariment i_(m’fh), Dy s the pesticido diffusivity in compartment  (m'), B ds ﬂg

thickness of the diffusion layer between sompartimients § and § (m). The water and soil comtaet

arcas between the 0.0-0.2 m depth was salewlated by the following expression: ‘

AL=pSYN,

Whene 8, is the soil specific surfice area {(m*fkg). The pesticide diffusivity in air was estimsted
as:

- 362107 M,

I
" Eijv, i i?v, )

Where Dy, is the pesticide diffusivity in air (mh), v, Is ihe molur volume of the pesticide
(cm’/mol) and v, is the molar volume of the air (i.c. 20.0 cm’/mol). My is given by:
+ 4

M .E&_._L
",

Where s,.. is the molar mass of nir (i.e. 28.9 g/mol), Comid&ing that rice plants have high
waler volumeiric fraction (>0.8 m/m), the model supposes that the diffusivity of the pesticide

.in rice plants is equal to the diffusivity of the pesticide in water, i.¢., Dje = Dy Pesticide

diznppearance or iransformations in air, water, rice plants and soil can oceur by physical and
chemical process or biclogical degradations, by dilution during rice growth or by water
volume variaiion in rice fields. These pesticide process was assumed as firsi-order processes
and wre described by: . s

dc,
‘—;—'4.‘2

Where 4; is the transformation rate (h) which were estimuted by:
w2 :

[

Where ¢, is the pesticide half-life in compartment i (). Thus, in the level IV fugacity model ;

the term that describes the pesticide transfermation or disappearance in a compartinent i is

given by:

A

. :
V2 Sl e-havE,

“Where V; is the volume of compartment i {m®). Pesticide advection in compartment i ean be

introduced in the model as a first-order process. In fact, advection can be regarded as a
constant speed, defined as the algebraic sum between the entry flow GCy and the exit flow
GiCy, or in 1erms of fugncity as GiZif;, where G; is the matier flow | entering compariment i
(m*/h) with concentration Cy, and leaving this compartment with concendration C; (Mackay,
2001). The mass distibution of the pestieide is given by systom of ordinary differential
equntions:
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The initial condition is defined as:
£{0) = £,(0) =0 and £, (0) = (A P)/(V,Z,)

A, is fhe total aren of rice field (m?) and Py is the pesticide dose (mol m™?). For i<l and 120,
the concentrutions C; = Ci(t) are ohtained by ¢, = Z,£0).

The field experiment was carded out in a 200 ha area of irrigated rice crop located in the
municipality of Bariri, State of $8o Paulo, Bruzil (22°02'45" S and 48°43'46" W). The area
was subdivided in 1.5 and 2.5 ha rice fields that were separated by irvigation and drainage

- channels. The entire area is managed according to usual procedures for irrigated rice crop, A
sr:ul solution sampler consisied of a porous capsule atlached to a PVC tube {1.27 em inner
dipmeter and 30 cm length), two silicone corks {one in a plastic bottle and another in the PVC
tube) and a hose, The soil solution was pumped through the hose up o the boitle using a
manval pump. When the soil was dry, eight samplers were randomly installed in the
experimental area at 20 em depth, nine days before rdee sowing. The paddy water, or laminar
waler was also collected using plastic bottles and sumples were oblained by fast botile
immersion in eight randomly places in the plot. Temperature and pH were determined in all
laminar water and soil solution samples using a porisble pH-meter {PG1400, GENAKA),
Samples were immediately placed in jcebox for transportation and stored at -18°C. Laminar
water and soil solulion were sampled at 24, 48, 96, 192, 384 and 768 howrs after carbofuran
application. Carbofuran extraction from water consisted of 100 ml sample extraction of
dwl}lommeﬂm. Carbofuran was measured using & gas chromatogmphy system HP-5MS$
capillar column (length - 30 m, diameter - 0.25 mm); (filn thickness - 0.25 yum), with oven
mperature progmmaied 8s follows: initial = 100°C, for 1 min; slope: 25°C up to 280°C, kept
for 2 min and 30 5. Carbofuran physicochemical characteristics provided os input parameters
were molar muss, molar volume, vapor pressure, aqueous solubility, octanol-water pastilion
Cf)cf?lment, and organic carbon purtition cocfficient in soil (Tomlin, 2000), Carbofuran was
app!nx; o rate 1.05x10 molin? (.. 0.23 kp/ha) teat resuslted in a concentration of 1.04x 107

_mobm® in the water 24 h after application, 768 h after application the concentration had
declined to 36710 mol/m’. ; _

DISCUSSION

The cfl:bofnmn ‘half-lifc in water at 29°C and pH 6.6 and soil solution in irrigated rice field
capacity was estimated as 78 and 241 h, respectively (Plese ¢7 al., 2005). The carbofuran half-
life in air and rice planis was determined as 12 h and 36 1, respectively (Tejada & Magallona,
1985). These measured carbofuran half-ife in soil, water, air and rice plants were used as

BOG

silt and sand volumetric fraction were measured using site-specific soil sample wnd had values
of 1.54x10° kg/m’, 0.42, 0.017, 0.25, 0.09 and 0.64 m*n’, respectively, The wator devsity and
organic carbon volumetric fraction of the water was 1.01x10° kg/m® and 1.2¢107 m'm’,

*espectively. The average volumetric fraction of water in soil was 0.48 m*m” a1 0-0.2 m depth.

The specific surface area of the soil was estimated as 6.94x10" m™/kg. The contact areas
between the compartments air and water, water and soil, alr and rice plants, and water and rice
plants were estimated as 2.0x10°, 4.03x10", 1.5x10°, and 3.0x10* n, respectively. The
density of rice planis, volumetric fraction of water and lipids in rice plants were 1.03x10’
kg/m®, 0.80 and 0.02, respectively. Water density and air temperature were 1.0x10° kg/m’ and
298 K, respeatively, For i,j el the model supposes that d; = dji ond dy = ds. Volumes of air,
water, rice plants and soil were 8.0x10%, 2.0x10°, 1.2x10°, and 5.0x10" m’, respeciively. The
transfer coefficients between air and water, water and soil, water and rice plants, and air and
rice plants was estimated as 350,16, 2.7x10'%, 1.03x10%, 262.65 mol/Pa h. For all iel, G;=0
and Gy = 189107 m¥/h. Gy was estimated considering daily precipitation, water evaporation,
tiee evapotranspiration and water recharge area of the rice ficld, The time range for numerical
simulations was 1000 h. We used the algorithm proposed by Paralba er ol (1999) to
nwmerically simulate fugacity and concentration using the Matlub code, Simulations have
shown that the time regquired for the fogacity values to stay within o range of a finl
equilibrium value is over 1000 hours. Fugacity decreases in # uniform way in all compartments
until it reaches the equilibrium level with fupacity values sround 1072 Pa

We observed ihal carbofuran concentrations in water decreases while it increases in air, rice
plants and soil ustil maximas are reached (Figures 1,2). Carbofuran concentrations were
highest in the following compartments: waler > soil > rice plants > air. In peneral, carbofuran
is applied only to water and then is transferred to rice plants and soil, The estimated fugacity
capacities in the air, waler, rice plants and soil were 4.04x10%, 2.2x10%, 3.3x10" and 3.8x10°
molim® Pa’, respectively. The estimated carbofuran rice-waler partition coefficient was 1.52
{unitless). This pariition coefficient pariially explains the simulated concentration levels in rice
planis. Soil sorption mnd soil-water partition cesfficient of carbofuran (ke = 0.022 kg and
ke = 175, rospectively) indicate low affinity with soil solid particles and high uffinity with
both laminar water and soil solution. The level IV fugacity medel used in this work
underestimated the water and soil solution carbofuran concentrations (Figure 2). We believe
that level IV fugscity model can reasonably predict carbofuran conceniration in the rice
environment, As the concentrations in air and rice planis were not measured, we cannot draw
conclusions concerning predictions of carbofuran concenirations in these compariments,
Results suggest that the model can be nsed to determine which enviromyental compariment is
more vulnerable to carbofuran, :
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Figure 1. Carbofuran concentrtions in nir (# - Figure 2. Measured and simulated

LOE+6xC,) and rice plunts (M C,) a5 carbofuran concentration in soil (¥ C; -

simulated by tevel IV fugacity model, simulated) and (M Cy - measured), and
water (& Cy - simulated) and (x Cy, -
measured).
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