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ABSTRACJ' 

Thc objectives o f this woric wcre to use lhe levei IV fugoclty model to simulllte the 
envlronmental fàlb of carbol'umn as cmployed in rice cultivnlion. Thc fugw:ily 
model was used to simulale Ih.: dynamic distribution of lhe carbofurnn in a systcm 
comprisill8 air, wnt.er, rice plants nnd soil. Resufts iudicate lhe prcfercntial 
compartmcnts of Ih~ pesticidc, focilitating lhe stmtegies for monitoring 
cnvironrnental qusfity, and providing furthc:r knowlcdge of lhe envirotUllClllal fale 
of carbofuran. Experiments und<:r field condilions ·wcre canied out to verify lhe 
corrcSIIOndcnce betwccn sinml:lted nnd mea.surcd vulucs of carbofurnn 
concenlllltion in water tllld soil. 

INTRODUCJ'ION 

Carbofurnn i·t a systemic cnrbwnate insecticido aud D cbolinestcrase inhibitor lhal has becn 
used in rice cultiVJtioo.ll is hisf\ly toxic to vertcbralcs ond ls used lo corurol insecls iu a wid.e 
varicty of agricultuml crops inclnding conte, com, sug;u caue Wld rice (Tomlin, 2000}. In 
.Bmzil. it i.'! usually npplied direclly lo tlll: so.il in gr11nular fonn 15 t il 30 days ttftcr rice 
~rmitlll1ion in ordcr lo corurol rice bcctle IIIIY!le (Oryzoplrogus oryzat ). !'lese t i aL (2005) 
modelled the ki.netics of carbofumn hydrolysls and lhe subsequcnt dcgradolion in n.n irrignttd 
rice tields of Druzil. TI1is study iuld lhe nim o f cmploying a levei I V fugocity modcl to 
slmulote tire disuibulion of carbofumn inse<:ticidc in dill'ctenl comparunems of a ricc field. 
Thc le\'cl rv fug~~tily model is prescnted as a syslem of ordlllill)' diiTercntial equlltioos witbin 
o fugocily fuunework thAt estimales corbofurun conccntrations in diiTerent environmentnl 
comportruents {Mnckay, 2001). 

MATERlAlS AND METIIODS 

The :tclntionsltip lJelwccn fu~~~eily alld concenlralion is ~iven <lS follows: 

Whe~e C is tbe pcsticide cooccntralion {mollm1
) , f is tbc pcstic.ide fugocity (Pn) nnd Z is lhe 

fugncity copocity (mol/m3 Pa1
). The compartmcnts of lhe ricc culliwlion sySicm moddcd iu 

lhis work are air (i • a), \\'!IlCC (i = w), rice plants (i m r) nnd soil (i a s}, i.e., I" I • (•. w,r,sj. 
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'lhe fugacity capacity o( air is ddioed as: 

z ._!_ 
' RT 

':"here Z. is_ he fugooity eipacity o f air, T is the nir 1empcreture (K} ~nd R is lho gus con:.'tunl 
(t.e. 8.314 m3 Plllmof '1). 'lhe fugncity capacity o f wnler is dcfined llS: 

z ~ _!_+ OC,p,lc, 
• H I! 

Where '4 i~ ~e fugllcity .capacity of wafer and H is Hcnry's constant of the pesticidc (ml 
Pal~ol), . OC .. 

3 
ts the urg~lllc carbou. volumelric fraction o f the wsler (m3/m1), p,. is thc water 

denst~ (kg/m ?• and k., ~s the orgaruc cmbou partition coefficieut of the pesticide (m31kg). The 
fugACtty capllCJty o f tlte nce plsnts was estimaltd as: 

Whcre ~. is tho fugacíLy atpOCl!~ o f thc ri~ phmts, Ps is lhe rice plaut density (kgtm3), k.,.. is 
the ~tetde oct:anol·water putJUon coellktent (nl/m ), xw is rhe water volun~etriç Jmction of 
lhe ncc plwll (m

3
1m) à1ld x! is lhe Jipids volumclric frnelion of t!Je ricç plllllt (m3frn') (l'rapp 

& Flll'lane. 1995). Thc fugactly cnpncity ofthe soil wos estimatcd us: 

Wl~en; Z. is. lhe .fugac~Ly caJXI':ity of l~ll oo~, O iN lhe wnter volumclric fulctiort of the soil 
(n~ lm ~ P! tS thc: d~:~ly of sotl (k?fm ), OC ls tlte org>~níc Cilrbon volumelric frw:tion of lhe 
sm.l (~ Jnfl). and k.. ts ~ org&u~ ~~~ parlition cucJJicicnl of lhe pesticide (m1/kg1). 

Pesiicíde lllll!tS flow J'CIIijJimg from dtffitSton between two contiguous compmtments ; and J' can 
l.Je calculated as: 

Wltere Nv is I~ pcsticide mass llow !>tlw~en COOlpartll:lents ; ond j (mol!b), and d~ is lhe 
:nsfcr coc:ffictenl {moVPa h). According F1ck's fmt Jnw, these transfer roellicienls is givcn 

d. = AüDP'DpJ.y:i 

~ õlj<n,.z, + oBzJ> 

:"llcre Au is lhe o:on.~l ilrCil betwcen comJY,JrtOt~nts .i ru1d j (m\ Dv is thc p<.'!llicidu dll111~ivity 
m. corupartmcnt •. (rn ~1), Dri is lhe pestiddll dl(fuslvity ln wmp;ltlmcm j (m%), ÔJ ls lho 
dllcknes~ of lhe dHTusmn layer bctWilen cornpanment•l und j (m). 111e \\~Jttt lllH! soU romncl 
ate~c~ be1Wt1elill.c 0,0.0,2 m dcJllh IVII.'l ~:qlo;tllotoo by lll': foll!lwlnli wcprmlnrr 

WllOO: S. i.s the soil spceific surfuce lutll (m1/kg). 'l11c JICStlcide diiTusivity tu uir WIIS éSthnated 
n.~: 

Wlxlre o.,. is the ~'licide diffusivily in air (m1/h), vp i~ lhe moiW' voiWlll: of the pesticide 
(cm3/mol) and v. is tbe molar volume ofthe air (i.e. 20.0 cnJ3/mol). M.,. is giv;:n by: 

M • p.+a.., 
,. P .. P. 

Where a. is lhe molar mnss of nir (i.e. 28.9 glmol). Consldering lhat riee plnnts have high 
waler volwnetríc fraction (>0.8 m/m), lhe modcl supposes lhat lhe diffusivity o f tbe pestieide 
in ri~~ plants is equal to tbe ditlhsivity of the pesticide in wute.r, i.e., D1• - Dpw. Pesticide 
disnppeurancc or Ú1111SWrmations in a.ir, waler, rice plauts and soil can occur by physical and 
chemícal process or biological degradation.~. by tflluUon durin& rice growth or by water 
volume variatlon in rice fields. 1hese pc:sticide proccss was nssumed 1.\S first-order processes 
and III'C described by: 

~--Ac dl • ' 

Where Âl is thê lf'tiJI:Sfonntllion r.úc (h) wbich wcre cstimuted by: 

ln2 
À~ ·-;r 

Whcre 1:, is the pesticide hnlf-life in compartmenl i (h). ThtL'!, in the lcvcl IV fugoeity modcl 
lhe tenn ÚJií1 describes lhe pcstlcide trOIISI'onnution or disnpJ!e4l1111Ce in a compartmcnt i ís 
given by: 

V.Z.~ • -A,f,V,l, 

\VIrere V1 is 1he volume o f compm1roont i (m'). Pesticidc odvcction in comparlmcnt i cau be 
inlroduecd in the model IIS u fi~i-ordcr process. In f!ICI, ndvcetion cnn bc rel:flrdcd os a 
constant specd, defined as lhe tllj,>ebmic sum bctv.-een lhe enfry flow O;Ctn mKI Ut(i i.l.dt flow 
G;C., or in tcnns of lhéJlCity os O;Z.f;, wl~ O; is lhe n~;tner flow i C!lt<:rinu comp:ulmcnt i 
(m)nl) wilh conccnlrntion Cm iílld lctwillg this COfilfJ'lMJJJelit wilh cetJCenlmtÍI>lt C1 (Miicl1ny, 
2001). The ma3S distnbutit1n nf il1o j\C~ti.ekle is nlvw.• by ;yMMl of orJlnrny dlffçren1f{ll 
«}\lfttiOIU: 



~~&.<.!....:Q.~(f, - f,) + o,c, -~-).f 
di v.z. v.z. v.z. v. .lo • 

dr •• N,(r,-r.> + N.,<r. - r,) ... N.(r,-r.> +~-~->.r 
dl v,z. v.z. v.z. v.z. v. • . 
~-~..::Q)\.<t -f,} - A r ond ~= N,(f, -C,) t-<l ,C, _.Q,!.._ U 
dl V,Z, V,Z, ' ' d! V,Z, V,Z, V, ' ' 

TI1e lnitiul condition is dellnc<l 11!1: 

f,(O)~f,(O) " O and f,(O) a (A,P, )j{V,.Z.,) 

A, is lhe tota18l'CII ofrice field (m2
) ond P4 is 1!10 pcsticide dose (mol m'2). For i el and t l!.O, 

íhe eoncenirutions Ct"' Ci(l) ll.fe obhtioed by c,. Z.f,(t). 

The field expcrimcnt Wt\S =ricd oul in n 200 ha LIIfll of irrignted ricc crop l001ted in thc 
nrunicipall!y of Bariri, Sllllc of Silo Paulo, B111Zil (22"02'45• S and 48"43'46" W). 'lbc 1\l'fll 
was subdivided in I.S and 2.5 lut ricc field3 dmt were separated by írrÍ{;jtlion and drainage 
clutru~els. ·n~e enlire IIICil is manoged aeconling 1(1 U!JUal procedu~ for irdgated rice crop. A 
soil solution sarnpler consisled of 11 porons capsule atiiiChed to a PVC tubc (1.27 em itllltf 
diameier and 30 ctn leogth), two silitone corks (one in a plaStic bottle and another in tbe J>VC 
tube) nnd 11 hose. Thc soíl aolulioo was pumped íbrough thc: hose up io lhe bottle using a 
JIW\Wll pump. Whcn tbe soll was d!"J, eisht sam.plm werc rruldtlmly i.tiSIAIIed in lhe 
experimental area 8l 20 em dcpth, nine days befOI'(l rice sowíng. The J)áddy Wlller, or lwnin111 
~vnler WliS illso ~ollcetod using plustic wules and Slilnplcs wcre obluincd by fast botlle 
inuncr.~ion in eight raodomly plw:s in lhe plot Tcmpcr.iture aild pH were determiued in 1111 
lwninnr waler and soil solution swnples u~iog u porfable pH-meter (POI400, OENAKA). 
Samples were ínlmediately placed in icebox fur transporflltion and siored ai ·llrC. Lamiuar 
water and soil solution werc aornplcd nt 24, 48, 96, 192, 384 nnd 768 hours afler Clllbofuron 
upplication. C111bofurnn eJtlrAclion from \\'lller consisted of J 00 ml samplc extmction of 
dichloromethnoe. Qltbofurau wns mcasun:d using a gas cbronlo\togmphy $y31cm HP-SMS 
caplllur eolumn (leoglb • 30 m, diwnetcr • 0.25 n.lm); (fillll tbiclmcss • 0.25 jlDl), with ovcn 
tempcroture progrnmmed llll follows: initiul : I OO"C, for I mln; slopc;: 25"C up to 280•c, kept 
for 2 min anel 30 s. Clltbofuran physicocbenúcul c.hatactcrislics providcd os input paramelers 
were molur lllllSS, mo!ll.f volume, vapor pteS:~Ure, aqut:ouJ sohibility, octanol-Wllter pnrtiliOil 
C9Cflicient, and organic carbon Jlll.flition coelftcient in soíl. (Tomlin, 2000). Catbofuran WAS 

applied ilt mte J.OSxi0-4 moVm2 (i.c. 0.23 k(llha) tbat resnlt-ed in a ooncenlralion of JJ)tlxlo·1 

mollm3 in the wnler 24 h after npplication, 768 h after ilpplicntion lhe cunecntrotion blld 
dcclb!Cd to 3.67x I O-' moVm1• . 

))ISCUSSION 

Tbe crubofuron half-lifc in wnta ot 2CJOC :u1d pH 6.6 and soil solution in irricnted rice Jield 
capllcity was cstimolt!d as 78 and 241 h, rcspectively (Piese et oi., 2005). The carbofuron Jwlf
life in air and ricc planls was dctermined as 12 h ond 36 h, rcspcctivcly (Tejnda &. MagaUona, 
1985). 'Iltcse measurcd Ctu'boliuan baJf.Jife in soil, water, nir anel rice plonts wcre used us 
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si.lt and sund votumetric froction \\'llre measured using sile-spccifi~; soíl sample tu1d h11d w.lues 
of 1.54xlo' kglm3, 0.42, 0.017, 0.25, 0.091llld 0.64 m3/ml, r~ctivcly. 'l11e watcr dcu.sily and 
organic carbon volumetric fractioo of d1C w111cc wns I.Oixl03 kg/m3 and J.2xl0'3 m3/m3, 
~pectivcly. The averuge volumelrlc fraction o f w•ter in soil wns 0.48 m3 /m3 ot 0-0.2 m depth. 
The spccific surface arca of the soil wu estimated as 6.94x lO~ m21kg. The. conluct arcas 
betwccn lhe compartments air and Willer, wat.er and soil, alr IIJid ricc plants, and water aod rice 
plants were cstlm.atcd as 2.0x iO\ 4.03xt011

, I.Sx!O\ and 3.0xlo' m2
, respectively. Thn 

dcnsity of ricc plants, volumetric fraclion of wlllcr and lipids in rice planls were 1.03xl03 

kglm3, 0.80 and 0.02, respcctivcly. Water density and :~ir tcmperature were I.Oxl03 k!Vm3 and 
298 K, reipcctively. For i,j e! lhe model supposes that d~ = djtnnd d" m d,. Volumes of air, 
watcr, ricc plllllts ond soil were 8.0>~ 1 0~, 2.0xl03, 1.2xlo', and 5.0x:J03 ml, respeclively. TI1e 
tmnsfer coefficicots bctween air nnd wntcr, waler lllld soil, \valer and ricc pllllliS, ond air nnd 
riee plants was tSiimllled us 350.16, 2.7xl012, 1.03x!05

, 262.65 mol/Pa h. For ali i e I, G1 a O 
and o., c t.89x lo·! mlth. o .. wns estimotcd wnsidcring daily pttçipitntion, wntcr evaponnion. 
ricc evapotrnn.~pi.mlion and wnter recbnrge ntca a f the ricc ficld. 'llu: time rtlllge for nwnericnl 
simul:~tions was I 000 h. We used lhe algorithm proposed by J>nra!hn et a/. (1 999) to 
numerically sim11lnte fusacity ru1d coucentmtion 1~~ing thc Matlub code. Simulatious hnve 
shown that lhe time req1lircd for lhe fugacity values to stay within o range of a Jinnl 
equilibriwn value is over 1000 hourn. Fugtlcity dc;.:rcases iun unifonn way in nll compartments 
until it reachcs lhe cquilibrium levei with. fltjl3City vulues ilrOUOd 10'11 I> o, 

We observcd ihai Clltboful'llll conccnt.mtions in water decrcases while it increascs in air, ricc 
plants and soil lllllll rriOXimll!l are rcathed (Figures 1,2). Carbofuran coliCCI\Inltions were 
bighesi in thc following compnrtmencl: waler > soil > rire plants > ai r. In general, carooful'llll 
is opp!icd only 10 W3ler and lhen is t.mnsfem:d to riee plllnts and soil. 11lC estimtlted fugacíty 
capacities in lhe air, water, rice plants and soil ~ 4.04x10~. 22xiO\ 3.3xl04 nnd 3 .8xl0~ 
moV:n1 Pi11, resputively. 1lle estim•ted carbofumn ricc-waler parútion coefficient was 1.52 
(onitless). 111is pllrlilion coefficient prutitdly explainsthc simulated concentmtion leveis in ricc 
plnnls. Soil SOIJllÍon aml ooíl-wau:r partition c:cefficienl of caibofumn (k.c '"' 0.022 rolllrg nnd 
k.,. = 1.75, rospcctively) índicalc low affinity witll soil solid pllrlicle.~ and higb ilffinity with 
bolh lnmi.t1ar wntcr nnd soil solution. 11~e levei fV fugDCíty modcl used in thi~ work 
underestimuted lhe water and soil solu.tion C:ll:bofuron conccntmtions (Figure 2). We lx:licve 
that lnvcl IV fugocity modcl ean reasonably pn:dict carbofur.lll concentmtion in thc rice 
envirmmlelll. As Íhe concen!rations in oir a.nd rioe plunls w.:re oot mcasun:d, we cwmot druw 
conclusion.s COJiceming predictions of carbofunm concenlrotions in lhese compru1mcnls. 
Results suggest tlmt lhe model Cllll be used to de1em1il1e which enviroruneulnl compadmcot is 
more wlnembl~ to tll.fbofuron. 
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Figure L Corbofismn concenlnltions io llir <• 
I.OE+6xCJ nnd rice plunts <• C,) 115 
síJuulnled by levei IV fugllCity model. 
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FigUre 2. Measured and simulated 
carbofuran COJJCelltrntinJl in soil (+ C. · 
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