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   It is vital  not  to under  evaluate  the adsorption  rates  of  paddy  herbicides. which  infiuence their

movement  in the soit and  water  for enyironmental  safety and  agricultural  practice. The  adsorption  rates

of  fbur herbicides, esprocarb,  thiobencarb,  pretilachlor and  simetryn,  in three kinds of  paddy soil  whose

properties varied  widely  were  investigated, It was  found that  the herbicides were  absorbed  in the soils in

two  steps characterized  by fast and  slow  phases. The ratios  of  the fast adsorption  a  were  independent of

the initial concentration  for each  tested system  of  herbicide and  soil, Then an  adsorpuon  rate  equanon

was  introduced from cr and  the approximated  Boyd equation  and  its applicability  was  confirmed,  The

rate  parameters of  the slow  adsorption  Di7r2 were  obtained  in the range  of 3.4×  1OJ' to 7.3× 10-71s by

the proposed equation.  The diffeTences among  the herbicides and  the soils  werc  small.

KqJJ worcts: paddy herbicides, paddy soils, adsorption,rate  equaUon,

               INTRODUCTION

  Rice cultivation  in paddy fields is very  cornmon  in

South East Asja including Japan, but it is feared that

paddy herbicides cause  environmental  pollution because

they are  used  in large quantities under  flooded condi-
tions.]-`) So, predicting the  fate of  herbicides in paddy
soil, water  is necessary  for environmental  safety  and

agricultural  practice, and  it is important to know  the

adsorption  characteristics  of  herbicides in the soi] where

they  remain  foralong  time, For example,  the leaching
and  runoff  characteristics  of  herbicides are  highly expect-
ed  to be changed  with  the adsorption  rates.5}

  In many  eonventional  fate models  for pesticides regis-

tration,6-9) however, the pesticide concentrations  have

been calculated  with  the  assurnption  that their adsorption

rates  are very  fast and  pesticides immediately adsorb  into
the soil to the equilibrium.

  In this research,  the adsorption  rates  of  four paddy
herbicides in three kinds of  soil found in Japan were

investigated and  an  adsorption  rate  equation,  based on
the two  step  adsorption  of  a fast phase and  a slow  phase
was  derived. Further, the ratios  of  the fast phase and
the rate  parameters of  the slow  phase  were  obtained  and

discussed in relation  to their correlation  to the properties
of  soil and  herbicides.

          MATERIALS  AND  METHODS

1. Padcly Herbicidles

  Esprocarb, pretilachlor, simetryn  and  thiobencarb

which  are  used  in Iarge amounts  in the paddy fields of

Japani-`) were  examined  in this study.  The standard

reagents  of  pretilachlor by Kanto Chemicals Ltd., and

esprocarb,  simetryn  and  thiobencarb  by Wako  Chemicals

Ltd. were  used  as  solutions  in acetone.  The  chemical

and  physica] properties of  the four herbicides are  shown

in Table 1.2-`) The  values  ofPow  and  the  solubilities  in

water difler about  100 times, and  the literature data of

Koc  also  differ about  2 times among  the tested fbur

paddy herbicides.

*
 To  whom  correspondence  should  be addressed.

2. Soit Samples

  Three kinds of  soil from the test paddy  fields of  the

agricultural  experiment  stations  in Niigata, Hyogo  and

Kumamoto  Prefectures were  used  in this study.  They

are  ones  of  the popular areas  for producing rice and

together they represent  different agricultural  conditiens.

They were  collected  from five or  rnore  places in the

cultivated  layer of the paddy fields before flooding condi-
tions, They were  mixed  suMciently  and  passed through
a 2 mm  sieve  bcfbre use.  Their water  contents  were  in

the range  of30%  to 42%. The  characteristics  ofthese  soil

samples  are  shown  in Table 2. Their  organic  carbon

contents,  surface  areas  and  cation  exchange  capacities

(CEC) differ about  3 times, 5 times, and  4 times from
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each  other,  respectively.

3. Adsot:ption Procedune

  Undried soil samples  of2g  or 5 g, as  dry weight  soil

bases, were  put into 3oo ml  Erlenmeyer flasks, and  pure
water  which  had been prepared  by desalination with

ion-exchange resins  and  purification adsorption  with  an

activated  carbon,  was  added  to each  fiask unti1 the sum  of

the water  in the undried  soil and  the added  water  became
100ml, This amounts  of  soil  and  water  were  deter-
mined  to obtain  their sudicient  mixing  conditions  and

proper coneentration  change  with  the adsorption.  The
soil samples  were  mixed  well  with  a glass rod  and  shaken

for about  1 hr to homogeneity. Then, the acetone  solu-

tions of  the four herbicides were  added,  with  a  micro-

syringe,  to the concentrations  of  O.1 mg/1  and  2 mgll,
and  the flasks were  sealed  with  caps.  The initial concen-

tration, 2 mg/1,  corresponds  to the  applied  amount  of  1OO

g ai/10  a in paddy water  which  is 5 cm  deep, and  another

initial concentration,  O,1 mg/1,  corresponds  to its one

twentieth. The flasks were  shaken  suMciently  for O.5, 2,
8, 24, 48, and  72 hr by a shaker  machine  with  85 shakes

per a minute  (spm) under  a dark condition  at 25± IeC,
pH  values  of  the suspension  of  soil under  the test condi-
tions were  5.7 for Nligata, 5.8 fbr Hyogo  and  6,7 for
Kumamoto,  in which  simetryn  with  pKa  4,O was  little
ionized. The  electric conductivities  ofthe  suspension  of

soil under  the test conditions  were  in the range  ofO,024

dS/m  to O,056 dS/m  which  are  average  values.

  After shaking,  the suspension  was  centrifuged  for 15
min  with  5000 rpm  (4500 G), and  20 ml  of  the super-

natant  was  taken and  filtered by a glass fiber filter whose

particle capture  was  O,4 mm.

Table 1 Propenies ofpaddy  herbicides tested.Z'-

MeLEZ",lar

 ?nO[IAXId)t:rtl iogR,.'* [.Ifr,]

4. Analytieal Method
  A  S ml  of  n-hexane  was  added  into the filtrate in a･50
ml  centrifuge  tube, and  the herbicide were  extracted  from
the filtrate by hand shaking  fbr 30 sec. Due  to a  little
low extraction  eMciency  of  n-hexane  for simetTyn  whose

solubility  in water  is high, 7 g ofNaCl  was  added  befbre
the extraction  to obtain  the salting-out  effect. In cases
'where

 an  emulsion  was  formed after the hand shaking,

the shaken  samples  were  centrifuged  for 15 min  to gener-
ate the n-hexane  phase frorn the water  phase. The
n-hexane  phase was  collected  with  a  pipette to a 10ml
centrifuge  tube: Then, another  5ml  of  n-hexane  was

added  to the remaining  water  phase, and  extracted  once

again  by shaking  in the same  manner  as described above.
The  combined  n-hexane  extract  was  coneentrated  to

O.20-2,O ml  gently by N2 gas purging, The concentrated

extract  was  analyzed  by a FTD-GC  (Shimadzu GC-17A)
with  a  column  of  DB-1(O.53mmip × 30m)  under  the

fo11owing conditions:  the column  temperature  was  pro-
grammed  to be from 2000C to 250'C for 2.5 min  at 200C/
min  after keeping for 4 min  at 2ooeC, the iajection tem-

perature and  the detector temperature  were  290eC, and

the injection yolume  was  2 pl.
  The recoveries  in the extraction  of  each  herbicide frorn
water  by the above  method  were  examined  twice and

obtained  as  100% for esprocarb,  91% for pretilachlor, 96%
for simetryn and  90% for thiobencarb, respectively,

Herbicides

esprocarb

thiobencarb

pretilachlor
simetryn

265,4257.831L9213.2 4.9

 30

 504SO

4.603.424.082.60580676628333

'20eC

 around  neutrality,  
'*Octanol-water

 partition
coeMcient.

5. CaLculation of Actsorbed Amount
  The adsorbed  amount  on  soil  e (mg/kg-dry) was

calculated  by the fo11owing equation  (i) from the concen-
tration  in water  C (mgll).

               e-(M-CV)/W  (1)
Where  M  (mg) is the amount  ofherbicide  added,  U  (l)
is the volume  efwater:  O, 100, W  (kg-dry) is the weight  of

soil: 2× 10-3 or  5× lo-3,

  The  adsorption  equilibrium  had been obtained  in a

previous report,iD} and  they were  expressed  by the Freun-
dlich type equation  e,=kCiM, It had been confirmed
by other  experiments  that degradation ofthe  tested herbi-
cides  could  be neglected  for 72 hr within  the testing

period.

Table 2Characteristics of paddy soils  used,

LocationClassification Main  clay
mineral'Particle

 size  distribution (%)
Sand Silt Clay,,O,gg,a,"IC%) 

,,S,s",uPr(efa.CI,fisfg)
 inPHH,o  (meffIEI:og)

Niigata Gley soil
Hyogo  Gray Lowland  soil

Kumamoto  Andosol

MKA 694627 172946 142527 2.11,26.8 17
 6,234

5.35.36.329.0I2,O45,2

'
 A: allophane,  K: kaolinite, M:  montmorillonite,
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Fig, 1 Changes of  herbicide concentrations  in water  by using  Niigata,

2 mg!1.O:
 esprocarb,  A:  thiobencarb,  -: pretilachlor, ": simetryn.
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         RESULTS  AND  DISCUSSION

l. Two  Step Actsorption of Hlerbicides
 The  changes  of  concentrations  of  esprocarb,  pretilach-
lor, simetryn  and  thiobencarb  in water  with  adsorption

by Niigata, Hyogo  and  Kumamoto  soils are shown  in
Fig. 1, It was  confirmed  that  the tested fbur herbicides

reached  their adsorption  equilibriurns  within  72 hr,

because no  decreases in herbicide concentrations  were

observed  after that. The period it took  to reach  each

equilibriurn  was  almost  the same  as the preyious
studies.iO'i2) Furthermore, it was  found that for every
tested system,  a part of  the adsorption  occurred  quickly,
within  about  30 min  of  the beginning (fast phase), then

reached  slowly  to the equilibrium  (slow phase). This

phenomenon was  first reperted  by Huang  and  Liao in

1970i3) and  recently  reported  for adsorption  ofisoprotur-

oni4) and  atrazine,i`'i5)  But there is no  studies  on  the

eflbct of  the initial concentratiens  for various  systems  of

herbicide and  soil and  on  the rate  equation  of  the two

step  adsorption.

  Then  increases in adsorbed  amounts  at  different initial

concentrations  ofO,l  mg/1  and  2 mg/1  were  examined  for

the  systems  ofthe  same  herbicide and  thesame  soil, The
results fbr the system  of  the Niigata paddy soil and

pretilachlor is shown  in Fig. 2, as  an  example.  The

adsorption  by t-'o steps  of the fast phase within  30 min

and  the slow  phase for a  longer tirne afterward  were

recognized  at each  concentrarion.  The  increases ofthe

overall  adsorption  ratio F, which  is defined as a ratio of

the adsorbed  amount  at each  time  Qt to the  equilibrium

adsorbed  amount  Qe, are  also  shown  in Fig.2 for the
same  system.  Though  the initial concentrations  differ
by 20 times,  the values  ofF  were  almost  the sarne. This

fact was  confirmed  fbr every  tested system  of  herbicide

and  soil.

  Consequently, the assumption  used  in many  conven-

tional fate models  that all the pesticides quickly adsorb
into the soil to the equilibrium  is not  correct,  and  the

slow  adsorption  rate  should  be considered  when  the

value  of  F  becomes larger than  the fast adsorption  ratio

a, which  is obtained  as the ratio  ofthe  quickly adsorbed

sWesEcr

-,vL

60so40302010

 oLOO.8e,6O,4O.2

           e 2o 4o 6o ge

                  time (hr)

Fig. 2 Adsorption rates  of  pretilachlor on  Niigata soil  at

different initial concentrations  of  O,1 mg!1  and  2 mgfl.
closed  black plot: O.1 mgll,  open  plot: 2 mgfl,

amount  to the equilibrium  adsorbed  amount  ee.

2, Acisorption Rate Eiguation

  Since the adsorbed  amount  ofthe  fast phase is aee,  the

adserbed  amount  with  the slow  phase at time t is expres-

sed  as et-aQe, and  it reaches  the equilibrium  value  of

(1-a)Qe slowly.  On considering  the slow  phase of

adsorption,  the adsorption  ratio  Ei(-) at time t is
expressed  as equation  (2).

           Ei=(et-eve.)/(1-a)ee (2)

  Then this is further transfbrmed  to equation  (3) fbr the
overall  adsorption  ratio  F  (-).

            F=etlee=(1-a>Ei+a  (3)

  Because terms longer than  24 hr were  needed  to reach

the equilibrium  with  suMcient  mixing  at many  tested

systems,  slow  adsorption  is thought  to be controlled  by

the intraparticle diffusion rate in the soil. The  adsorp-

tion  rate  in a complete  mixing  vessel under  the  conditions

ofintraparticle  diffusion control  can  be expressed  by the
fbllowing equation  (4) at a constant  remperature,]6)
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Fig. 3 Relationship between t"'5 and  overall adsorption  ratio  F  of four herbicides in three paddy soils,

Initial concentration;  ctosed  blaek plot: O,1 mgll,  open  plot: 2 mgll,

O: esprocarb,  A: thiebencarb,  []: pretilachlor, <>: simetryn.

        E]=1-  i> 2"!.,t, ,.p(L  
7r2Iil!in2t)

 (4)

Where, Di'(cm2/sec) is a intraparticle diffusion coeficient

based on  the solid  concentration,  t (sec) is timc, and  r

(cm) is an  eflbctiye radius  of  soil particles which  is
approximated  as uniform  globular particles. The equa-

tion  (4) could  be approximated  with  equation  (5),i6)

               G,=.?.!Zll;EI (s)

When  this is substituted  for equation  (3), the adsorption

rate is shown  as equation  (6) fbr F.

 F-  
6(
 
i
 ,- 

ev)

 !lllli= ai3  3g( i 
-
 ev)V4/'  lv7 + a (6)

  Namely, the overall  adsorption  ratio  F should  increase
lineally with  the square  root  of  time t. The values  of  a

may  be obtained  from the intercept ofthe  figures of  tO'5 vs.

F, and  the adsorption  rate parameter DYr2  may  be
obtained  from the inclination ofthe  figures and  the value

ef  a,

  The relationships  of  tO'5 to F  of  the four herbicides in
the three soils are shown  in Fig. 3. Since linear relation-

ships  were  obtained,  it was  proved that equation  (6)

could  be applied  to the  adsorption  of  herbicides into the

paddy  soil in a mixing  vessel.

3. Parameters of Rate Equation

  Because the same  relationships  were  observed  in Fig. 3
for the diflerent concentrations of O.1 and  2mg/1, the
va)ues  of  a  and  Di'/r2 were  obtained  for each  system  of

soil and  herbicide, They are  summarized  in Table 3.

  The  values  of  a  were  in a wide  range  of  O.I9 to 1.0.
The  systems  of  esprocarb  and  Niigata and  Kumamoto
soils, and  the systems  ofsimetryn  and  Niigata and  Hyogo
soils had large values  of  a  from O,80 to 1.0. In these
systems,  almost  all  the herbicides were  adsorbed  within  a

short  time.  Thiobencarb had cr of  O.66± O.05 in the
tested soils and  pretilachlor had various  a  in the seils.

  Sinoe it had been expected  that fast adsorption  may

occur  on  the outer  sites ofthe  soilt3) or organic  substances

in the soit,  and  that slow  adsorption  may  occur  in the
micre-pores  of  the soil, the relationships  between the
values  of  a  and  the  clay  contents  or  the  organic  carbon

contents  of  the soil were  examined,  However, no  gen-
eral tendency  was  recognized  though  the clay  contents

difTered by abeut  2 times, and  the oFganic  carbon  con-

tents varied  by 6 times in the range  of  1,2 to 6.8%, This
result confirmed  that  there ulas no  relationship  between
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Table 3 Yalues of  a  and  Di7r2 for each  systern  of  herbi-

cide and  soit.

Soils Herbicides a(')D,7r'(11sec)

Niigata

esprocarb

thiobencarb

pretilachlor
slmetryn

1.0O.71O.53O.85

3,4× 10-6.7
× 10-7

Hyogo
esprocarb

thiobencarb

pretilachlor
slmetryn

O.61O.61O,63O.854.gxlO-7

4,2× 10･7
5,6× 10-T

Kumamotoesprocarbthiobencarb

pretilachlor
slmetryn

O,80O.62O,19O.52
7.3× 10"6,4

× 10-7

4,6× 10-7

--: not calculated when  a  is larEer than  O,80.

the parameter k of  the equilibrium  equation  and  the

organic  carbon  content.iD) Therefore, fast adsorption  of

herbicides does not  always  occur  on  the outer  sites or  on

organic  substances  in the soils. The  correlations  of  a

with  the  surface  area,  the CEC,  pH under  the tested

conditions  and  the main  clay  minerals  of  the soils  were

also  examined,  Kumamoto  soil with  higher pH  had
smaller  a  than  the other  soils, but it was  considered  that

this difference was  not  caused  by the diilerence of  pH,
because simetryn  is little ionized under  all the tested pH
from 5,8 to 6.7. Any  general corTelation  with  the other

properties ofthe  difTerent soils was  not  found. Further-

rnore, any  general correlation  with  the  values  of  R]w and
solubilities  in water  ofthe  herbicides was  not  recognized.

  On  the other  hand, the values  of  Di'/r2 for the slow
adsorption  were  found to be in the range  of3,4 × 10-7/sec
to 7.3× 10-7fsec as  shown  in Table 3, The  correlation

of  the values  of  Di7r!  with  the  physical and  chemical

properties of  the  soil samples  such  as  organic  carbon

contents,  surface  areas,  CEC, pH, and  clay  mineral  corn-

ponents were  examined,  but any  general correlation  was

not  found.

  Besides, the values  of  Di7r2 of  the four herbicides
varied  very  little from each  other,  and  any  correlations

with the properties ef  herbicides was  not  recognized,

though  their R)w values  and  solubilities  in water  differ
about  100 times.

               CONCLUSIONS

  The  adsorption  rates of  four herbicides of  esprocarb,

thiobencarb, pretilachlor and  simetryn  in paddy soil

from Niigata, Hyogo  and  Kumamoto  in Japan were

investigated, The fo11owing conclusions  were  obtained.

  (1) It was  found that there were  two  ditTbrent proces-
ses  of  adsorption  for most  of  the tested systems  of  herbi-
cide  and  soil. Namely, part of  adsorption  occurred

quickly within  about  30 min  of  the  beginning, then rea-

gg 3 C- Nldi I2 fiP 8 H

ched  the equilibrium  slowly  after that.

  (2) The fast adsorption  ratios  a  were  consistently

independent ofthe  initial concentration  and  the constant

for each  tested system  of  herbicide and  soil.

  (3) The adserption  rate  in the mixing  vessel  could  be

analyzed  by equation  (6) which  was  introduced from the
first adsorption  ratio  a  and  the approximated  Boyd
equation  for slow  adsorption.

  <4) The values  of  cr were  in the  range  fromO.I9 to 1.0.

Esprocarb and  simetryn  had large a  fbr two  soils,

thiobencarb  had a  ca. O.66 in all the tested soils, and

pretilachlor had various  cr in the soils.

  (5) There was  no  general tendency  fbr the relation-
ships  between the values  of  a and  the various  properties
ofsoil  including the clay contents and  the organic  carbon

contents,  and  the  fast adsorption  ef  herbicides is not

found at the outer  site or at the organic  substances  in the

soils, Any  correlation  of  a  with  the values  of  R]w and

solubilities  in water  ofthe  herbicides was  not  recognized,

  (6) The adsorption  rate  parameters ofDYr2  for slow
adsorption  were  in the range  of  3.4× 1O-' to 7.3 × 10-7/

sec when  the soil were  dispersed into their  composing

small  particles. Any correlation  of  Di7r2 with  the

various  properties of  the soil and  herbicide was  not

found.
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　　　　　　　　 要　 　　　約

除草剤の 水田土壌へ の吸着速度式

　　　　　　岐部香織， 高僑　亮， 亀屋隆志 ， 浦野紘平

水 田除草剤 の 環境負荷や殺草効果 に 影響を与える土 壌 へ

の 吸着特性を知 るため，4種 の 除草剤エ ス プ ロ カ ル プ，ベ ン

チオ カーブ，プ レ チラク ロ ー
ル お よび シ メ トリン を用 い て，

新潟，兵 庫，熊本の 3 種 の 水 田土壌に対する吸着速度を測

定 し た．実験 した全 て の 系 で 吸着速度が 2段階 に な る こ と

を見い だ し， 平衡吸着量に対する速 く吸着する割合 α が 除

草剤濃度に よ らない こ と を示 した．こ の 結果 と Boyd’式 の

近似式か ら，
2 段階の吸着速度式を提案 して その 適用性 を

確か め た．早い 吸着の割合 α が 0」9 か ら LO で 土壌と除草

剤 と の組 み 合わせ に よ っ て 大 き く異なるが ， 供試 した土 壌

や除草剤の 物理化学的性状 との 相関が 見 い だ せ なか っ た．

また，遅 い 吸着 の 速度パ ラメー
タ t）i

’
／r2 は 3．4× 10

−7
／sec か

ら 7．3× 10−7／sec の 範囲 で あ り，土 壌 や 除草剤の 種 類に よ る

差は小さか っ た．
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