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INTRODUCTION
Since weed killers were developed in the early part of the decade
beginning in 1940 , herbicides have been increasing in use until they
are now widely used to control weeds .

The application of herbicides

has thus become a regular agricultural and ecologica l practice .
Some of the herbicides are applied directly to soils and accom panied by a light irrigation to wash them into the soil in order to
increase their efficiency .

Some of these chemicals accumulate in the

soil and should be removed in order to avoid toxic effect on succeeding
plants (Klingman , 1961) .

The toxic effect of herbicidal residues in

soil and water to human subjects , livestock , and wildlife has been
repor•ted (Paynter et al ., 1960 ; Carpenter et al. , 1961 ).

When these

materials are leached out of the soil , they may pollute the water
supply.

The movement of water and herbicides in soils is thus closely

connected to both their herbicidal and toxic effect and is becoming a
serious economic problem.

It is the purpose of this investigation to study the simultaneous
movement of water and herbicides in unsaturated soils by using the thermodynamic theory of irreversible processes .

The adsorption of herbicides ,

the energy of adsorption , and the break -t hrough curve will also be
studied.
Water flow in soils
Darcy ' s Law has lonJ been us ed to describe the flow of

through water-saturated porous materials including soil.

wa~er

It also has
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become fairly commonplace to apply Darcy ' s proportionality to unsaturated water flow.

Richards (1931) gave an expression analogous to

Darcy ' s Law to demonstrate the relationship between flow velocity and
potential gradient.

= - k(8 )

v

[ 1]

1'$

where v is the volume flux per unit area ,

1'$

is the driving force

causing movement , and k(8) is a parameter wh ich is called the capillary
conductivity.

It is based on the a ssumption that , at a given moisture

content, volume flux of water per unit area is directly proportional
to potential gradient.

This expression differs from Darcy's Law in

that the coe f fici ent of proportionality k (8) is not constant but is a
f unction of moisture content (8) , and the driving force is considered
to be a potential gradient rather than a single gradient of hydraulic
head .

Childs and George (1950) verified experimentally the ex pression ,

but only for sands

>

0.25 mm in grain size .

From Darcy ' s Law and the equation of continuity , an equation for
the f l ow of water in an unsaturated porous medium was derived by Klute
(1952a).

He considered that the total moisture potential was the sum

of pressure and gravitational potentials and expressed the equation a s
p

0

~
at

= _l_ (pk ~) + _l_ (pkg)
az
az
az

[ 2]

where p 0 is the bulk density , So is moisture content in dry we1ght ba sis , t is time, z is coordinate, p is fluid density ,

~

is the pressure

of capillary potential, k is hydraulic conduct i vity , and g is gravitational potential.

He also assumed that

of moisture content (8 1) .

~

was a single- valued function

Youngs (1957) got a good agreemen , b·3t·,een
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the above theory and experiments in which vertical infiltration was
conducted wit:h "Ballot:in" grade 15 glass beads and slate dust containing particles ranging in size from 0 . 04 mm to 0.125 mm.
ln 1964 Zaslavsky developed a theory by modigying Darcy ' s Law
to describe the unsaturated flow of water into a non - uniform soil profile.

He expressed t:he specific discharge q as
q

[3]

where k1 and k 2 are hydraulic conductivity through t:he layers of thicknesses D1 and D2 respectively , and H is water head over the soil surface .
In 1936 Childs (a , b) suggested that moisture movement in porous
materials is a diffusion phenomenon.

By combining Fisks' first law and

the equation of cont:inuity, he showed that for one dimensional flow
[4]

where

e0

is the moisture content in dry-weight basis , and k is the

diffusion coefficient assumed to be constant, and a is bulk density .
Later in 1949 Kirkham and Feng pointed out that the linear diffus1on
equation of the type as equation [4] was not a valid mathematical model
describing the movement of water in unsaturated soils.

Childs and

George (1948) developed a diffusion equation with concentratiot.-depen dent diffusion coefficient.

Later they (1950) verified experimentally

the validity of their theory , but only for sands >0 . 25 mm
size.

Nakayama and Jac<son (1963) also showed that t he

i~

gra1n

·~~'~P

r dif-

fusion coefficienL of Titrated water in soil was a funct ion of water
content .

4

By use of the equation of continuity and Darcy ' s Law, Klute (1952b)
developed a non- linear diffusion equation.

He assumed that: the conduc-

t:ivity (k) of Darcy's law was a single-valued function of moisture conl:enl: (6) , and the capillary potential

(~)and

the moisture conl:ent were

related by a single - valued function by ignoring the hysteresis effect
which was pointed out by Hubbert (1940) .

ae

at
where diffusivity D

.i_

ax

(D

~)

[5]

ax

= k(6) ~
ax

Several approaches have been used
fusion equation.

The equation was shown as

1:0

obtain a solut:ion of the dif-

Each of these approaches requires assumptions that

limit the application of the solutions .

The Boltzman transformation ,

which reduces the non-linear partial differential equations to an ordinary differential equation , has been used by several researchers (Crank
and Henry , 1949; Klut:e , l952a; Philip , 1955 ; Bruce and Klute, 1956;
Gardner and Mayhugh , 1958) .

Numerical approaches using high-speed

computers , without involvement of the Boltzman transformation , have

also been used by several other researchers (Ashcroft et al ., 1962;
Hanks and Bowers , 1962 ; Klute et al ., 1964) , a nd these results appear
to verify those obtained by use of Bol tzman t r a nsformation.

Both

methods limit the solution to certain given boundary conditions of either
finite or semi - finite homogeneous medium with constant or arbi:rary
initial moisture content.

Swartzendruber (1966) also successfully

employed a product form of separation of variables to solve the nonlinear diffusion equation , but the problem is restrictect

;~

case of one dimensiona l water adsorption by a horizontal,
column of uniform soil initially at uniform wate r content.

e

~necial

se~i-finite

The validity of the non-linear diffusion equation to describe the
movement of water in unsaturated soils has been tested by Klute (l952b)
and Gardner and Mayhugh (1958), but Nielsen et al. (1962) and Rawlins
and Gardner (1963) found that diffusivity was not a function of moisture content alone.

Nielsen et al . (1962) suggested that the non-uni-

queness between moisture content and soil water pressure, and the heat

evolved when water wet soil were attributed to the failure of the non linear diffusion equation.

Swartzendruber (1963) pointed out that the

non-uniqueness of diffusivity D(B) observed by Rawlins and Gardner
(1963) was caused by neglecting the moisture gradient dependence of
diffusivity.

Klute et al . (1 964) showed the diffusivity-water content

hysteresis to be composed of crossed curve segments forming a skewed

and distorted "bowtie. "

The hysteresis effect will make the non-linear

diffusion equation more complicated and attempts to solve the equation
will become unfeasible .
Swartzendruber (1966) thus used a flow velocity-gradient relationship of non-Darcy form to account for the horizontal absorption of
water into air- dry soil.

His equation is shown as

v
where

a,

[6]

a , and y are functions of

ture gradient w

ae

-at.

e,

v is flow velocity, and w is mois-

He showed that this equation was fi ted to

the velocity -moisture content data for 8 s 0 . 30 and was a suitable formulation for expressing non-Darcy behavior , both with and w"thout threshold gradients.

For t l e moisture content being greater ·,:"

equation was reduced

t~

B was the diffusivity.

J.

=, the

Darcy form , and a and y were taken as Z8ro and
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Transition state theory of Eyring has been appl i ed to a study of
the diffusion constant (Wang et al ., 1953) .

Eyring ' s equation for dif -

fusivity is written as
k ' T exp ( -6f+/RT )

[ 7]

where D0 is the diffusivity , k ' is a cons t ant i nvolving Boltzman ' s con-

stant , Plank ' s constant and lattice factors , and 6F+ is the free energy
of activation.

Experimental evidence collected by Wang and his co-

workers verified the validity of Eyring ' s equation.
Solute flow through so i ls
The transportion of matter through uns atur ated so i ls can be des cribed by t wo types of equations , one for solut e flow , and the other
for flo w of soil solution .
Solutes usually moved from one part to anoth er through the water
in unsaturated soil as a result of diffusion .

The theory of diffusion

in isotropic substance is based on the assumption that the rate of move ment of the diffusion substance through a unit area of a section is
proportional to the concentrat ion gradient me a sured normal to the sect i on.

The r ate of t ransfer of diffusion s ubs tance J for a steady state

could be de t ermined by Fick ' s first law as

J

- DA

~

ax

[8 ]

where D is the coefficient of diffusion , A is the cross-sectional area ,
C is the concentration of diffusing substance, and X is the space coordinate normal to the cross section (Moore , 1962 , p . 340) .
Equation [8] was us ed by Dutt and Low (1962b ) t o determin e the apparent diffusion coefficient for the steady state diffusion of LiCl and

7

NaCl at intervals along the diffusion path in pastes of Li clay and
Na clay.

It was found that diffusion coefficient is not a constant

Husted and Low (1954) also reported that the simple theory of Fick ' s
first law was not able to describe the diffusion of ions through bentonite gels .
A steady s tate diffusion experiment is usually difficult to conceive and construct.

One, therefore , must determine the change of

concentration with time which implies the use of trans ient state sys terns (Porter et al ., 1960) .

By introducing Fick ' s first law into the

law of conservation of mass, we get

ac
at -

~

DA

[9]

ax2

which is Fick ' s second law of diffusion .

It is based on the assumption

that D is constant , but if this is not the case , equation [9] can
alternately be expressed as

ac
at

A

:x

(D

~~)

[10]

It is usually difficult to make use of equation [10] since the space
variation of D is unknown and difficult to find.
When a solute is allowed to diffuse f rom a zone of high concentration into an adjacent zone of lower concentration in water medium , a

plot of solution concentration against distance from the
represented by a smooth curve.

sourc~

may be

Bouldin and Black (1 954) observed

large scale of irregular-ities in the curves relating phosphorus con centration in the soil column to the distance from th e source .

Heslep

and Black (1954) explained that these irregularities might be a result
of the interaction of

~hosp horus

with soil through which it

~as

moving.
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When diffusion take s place through water in a porous system , the
effective fraction of the total area available for flow, the macro scopic distance and the actual distance through which diffusion takes
place , the fraction of the volume occupied by water , interactions
between diffusing ions and the ions associated with the charged mineral
particles, and the viscosity of water in the immediate vicinity of the
mineral surface must be considered .

Porter et al . (1960) took 1nto

account some of these geometry and interaction factors and modified
rick ' s first law as
6Q

Dr(L/Le)2 SA 6C

M

M

- De AS 6 C
6t
where Q is an amount ,

e

[11 ]

is volumetric moisture content , (L/Le)2 is a

factor a ccounting for the tortuosity and direction of the path , r is a
factor which takes into account ionic interaction and the increased

viscosity of water in the porous system .

The t erm De = Dr (L/Le)2 may

be called effective diffusivity .
Assuming that De was i ndependent of concentration , they applied
equation [ 11 ] to study the diffusion of chloride in soils and found
tha t c hloride diffusivity obta i ned from soil s ys tems were about 0 . 31
to 0 . 027 times that obtained from bulk solutions with the same concentration gradient.

However , they reported that these equations should

give a good estimate of the movement of nitrat es , sulfates and halides
in soils .

This treatme nt should also be valid for Ca movement inCa-

saturated soils and Na movement in Na - saturated soils .

In 1966 van Schaik and Kemper considered the geometry of porous
medium and relative fluidi t y of water a fac or affecting the diffusion

9

of anion in clay-water system.
vity

D~

They defined the porous system diffusi-

as

D'p

D(L/Le)2 8o;e

[12]

y

where D is the diffusivity of the anion in aqueous solution , (L/Le)2
is the tortuosity factor , ae is the weighted value of relative fluidity,
8 is the volumetric moisture content , andy is the heterogeneity fac-

tor of pore size.

They used Dp' as the diffusion coefficient in rick ' s

first law to calculate the self- diffusion coefficient of chloride in
sodium- and calcium-saturated bentonite .

Values obtained from steady

state and transient state systems agreed well .
Movement of solute through soils involves counter-exchange process.

A knowledge of the self- diffusion coefficients of water in soil or
mobility of cations in water will be necessary to determine the rare
that ion exchange diffusion plays in cation transfer through soils .
Many reports ( Letey and Klute , 1959a , b ; Dutt and Low , 1962 a , b) showed
that ion mobility changed with increasing solution or clay concentration .
Gast (1966) developed a three component model to describe the change
in mobility and to predict the rates of cation movement in clays .

He

expressed the specific conduc t ivity of porous medium k0 as sum of three
components
[13]

where kp is specific conductance of particles , kw is specifi c conduc tance of interstitial solution , x, y , z are parameters , and r is forma-

tion factor .

Assuming the validity of Nernst - Einstein relationship

given as
D

1000 kRT

czr2
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where k is specific

conduc~ance ,

D is diffusion coefficient, C is 1on

concentration , Z is valence , R is universal gas constant, T is abso-

lute temperature, and F is Faraday constant , he was able to predict
rates of cation movement by calculating the diffusion coefficient from
electrical conductivity measurements .

Good agreement between calcu-

lated and experimental values of diffusivities were obtained by him
from diffusion of Na+ in Na - bentonite and Sr++ in Sr-bentonite .
Adsorption of solute , chromatography theory
The adsorption of herbicides by soils plays an important role in
the movement of herbicides in soils.

The adsorption of herbicides was

affected by temperature, the clay content and organic matter content
of the soil, pH of soil solution , moisture content , and molecular structures of herbicides.

The adsorption of S-Triazine herbicides was found

to increase with both decreasing temperature and pH , and with increasing clay content and organic matter content (Talbert and Fletchall,
1965; Harris and Warren , 1964).

By comparing the structurally related

S-triazines and the large differences noted in their adsorption , Harris
(1 966) suggested that the - SC H3 substitution of s - triazine causes strong
binding forces bet ween soil particles and the herbicide , and the chlorosubstitution, conversely , appeared to lessen the attractive forces

between the herbicide and soil particles.

He also observed that the

high adsorption of the herbicides by Chi llum silt loam and the low
adsorption of the herbicides in Lakeland sandy loam were in accord with
their rates of movement in these soils .

Thus he suggested that adsorp-

tion gave a much better indication of the resistance to movement of the
herbicides in soils .

ll
The movements of salLS or chemicals in soils are also descr1bed
by adsorption chromatographic theory which is based on the assumption
that the profile is divided into a series of theoretical plaLes of
finite height in each of which an equilibrium condition develops before
the solution moves to the next plate .

By applying this theory to study

the salt leaching patterns under unsaturated soil moisture conditions ,
van der Molen (1956), Thomas and Coleman (1959) and Dyer (1965) showed
general agreement between the theoretical curves and the daca obLained
from experiment.

Lambert et al . (1965) also showed good agreement be-

tween the experimental distribution of herbicides caused by water percolation and the theoretical distribution curves predicted by chromaLOgraphic theory.

However, chromatography theory describes distribution

curves analogous to normal curves of error ; this is not always the case

in a complex system like soils where adsorption , desorption, and counter
exchange processes occur .

Berg and Thomas (1959) pointed out LhaL the

elution curves of chloride and sulfate deviated from the normal elution
pattern , and they ascribed this result to the adsorption of anions.
In addition, chromatography theory describes the distribution of solute
only and may not be val id to predict the rate of movement of soluLe.
Miscible displacement
Biggar and Nielsen (1963) compared three mathematical model8 for
adsorption with data of Lhe distribution of ions obtained from the miscible displacement involving exchange processes and found tha t the theories were generally inadequate .

These theories describe t he i i stribu-

tion of concentration on_y and are not able to describe flow processes .
Gardner and Brooks ( .957) studied the leaching of soluble sa l t and
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found the evidence chat the flow process itself , rather chan diffus1on,
was che importanc factor in the redistribution of salt.

Day (1956)

also described the spreading of a "cluster" owing to hydrodynamic
dispersion without regard to spreading by diffusion .

Biggar and Nielsen

(1962 a, b) observed an interaction of diffusion of chlor ide ion and
velocity of water .

They also verified experimentally (1960 , 1961 ,

1962a, b) that bach diffusion and hydrodynamic dispersion must be
included in the theory of solute and water transfer in snil .
Sale concencration difference can cause water flow in soils .

Kemper

(1961) compared experimentally a salt-induced free energy gradienc with
a pressure - induced free energy gradient in causing water to flow .

Later

Kemper and Evan (1963) point ed out that osmotic pressure and hydraulic
pressure were both effective in moving water .

Quayyum and Kemper (1962)

studied the effect of salt concentration gradient on moiscure movement
and evaporation.

Their results indicate a definite movement of water

toward the salt - bearing side of the profile .

Taylor and Cary (1960)

showed that gradients of temperature , salt , electricity or pressure
imposed across a soil column caused moisture movement.

Abd-el-Aziz

and Taylor (1965) also showed that both water a nd salt potential gradients could cause water and salt to move .
Thermodynamic theory
Classical chermodynamics is essentially a theory of equilibria or
of reversible processes .

Ic is concerned largely with

that do not exchange ma1ter wich the surroundings.

clasP~

Soil and

systems
iving or-

ganisms , on the other hc nd, are dynamic systems that are seldcm 1t ever

at equilibrium and are <onstantly e xchang i ng matter with che

su~rcundi ng s .
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Therefore, for che descripcion of the dynamic processes in biological
syscems , a thermodynamic theory of flow is needed (Taylor, 1963).
The field of non-equilibrium thermodynamics provides us with a
general framework for the macroscopic description of irreversible processes .

In non-equilibrium thermodynamics the so-called balance equa-

tion for the en•ropy plays a central role.

This equat ion expresses

the fact that the entropy of a volume element changes wich time for
two reasons.

First , it changes because entropy flows into the volume

element ; second , because there is an entropy source

resul~ing

from

irreversible phenomena inside the volume element (de Groot and Mazur ,
1962).

The r ate of change of entropy source (dSi) with respect to

time (dSi/dt) is called the entropy production ( o) .
When T(dSi/dt) is calculated for any system , it turns out to be
a sum of terms each being a product of a flux characterizing an irreverslble process Ji , and a quancity, called thermodynamic force Xi
To

[15 ]

The entropy source strength can thus serve as a basis for the systematic
description of the irreversible processes occurring in a system (de
Groot and Mazur , 1962) .
Since equation [15] contains the irreversible fluxe s as unknown
parameters and can , therefore , not be solved with given initial and
boundary conditions for the state of the system , an addit'onal set of
phenomenological equatio ns which relate the irreversible fl uxes and the
thermodynamic forces appearing in the entropy production mus t be supplemented.

Fick ' s law of aiffusion , Fourier ' s law of heat con01•

~ i~r,

and

14
Darcy ' s law of water flow , for instance , belong to this class of linear
phenomenological laws.

When two or more of these phenomena occur simul-

taneously , they interfere and give rise to new effeccs .

Such cross-

phenomena are, for example , the Soret effect which results from diffusion
in a temperature gradient.

Many others exist such as the thermoelectric

effects and electro - kinetic effects (de Groot and Mazur , 1962) .
In general , if there is more than one irreversible process occurr ing,

it is found experimentally that each flow Ji is not only li nearly related to its conjugate force Xj , but is also linearly related to all
other forces found in the entropy production .

If the general linear

coefficient is denoted by Lij • the general form for Ji is
[16]
In 1931 Onsager established the so - called reciprocity theorem which
related the cross coefficient

Lij

= Lji

[17]

Onsager ' s reciprocal relation of equation [1 7] reduces considerably the
number of experimental quantitie s nece ssary to describe the irreversible
flo ws.

Thus , the experimental verification of [16] is of great interest

in current literature (Aziz, 1964).
In 1960 the validity of Onsager' s theory wa s checked by Miller for
variou s systems , e . g . thermoelectricity , electrokinetics, ecc.

The

experimental checks were sufficiently good chat the general valid ity
of the theorem was escat lished.
Taylor and Cary (19 £0) proposed the use of thermodynamics of i rreversible processes and

inear rate equations containing Onsager's

15
reciprocal relations as a tool to analysis of the simultaneous flow of
water and salt , water and heat , or water and electricity i n soils.

Later in 1962 , they confirmed the validity of Onsager's relationship
in analyzing the simultaneous flows of heat and water.
Taylor and Cary (1964) also published generalized linear equations
for the simultaneous flow of matter and energy in a continuous soil

system .

This kind of equation was used by Abd-el - Aziz and Taylor

(1965) to analyze the simultaneous movement of water and salt through
unsaturated soils and their results confirmed the validity of Onsager ' s
reciprocal relation.
In view of the previous review , there is not yet experimental veri-

fication for the application of the theory to the more complicated sys tem of simultaneous movement of water and herbicides in porous media
which is considered in this investigation .
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DEVELOPMENT OF THEORY
Consider a system (Figure 1) having vessels I and II which are
separated by a porous medium C(soil) .
pressure .

The two vessels are at different

A herbicide solution of given concentration is introduced

into vessel I to replace the water in a porous medium , and the replaced
solution flows into vessel II .
condition .

The whole system is under isothermal

The expression for the entropy production is given by

equation [ 15] .

The two driving forces operating the system are the

difference in chemical potential of water and solute .

The fluxes corre-

spending to these two forces operating i n the system are solvent flux
Jw and the flux of solute JH.

The thermodynamic driving forces on a

single solute (herbicide) and water are

6~H

and

6~w

(de Groot , 1959) .

For a constant temperature , the entropy production [1 5] for flow of
water (Jw) and herbicide (JH) is
[18]

(J

The corresponding phenomenological equations can be expressed as
6~w

-Lww

r--

JH = - LHw

r--

Jw

6~w

6~H

LwH - TLHH

6~H

T

[19]
[20]

where Lww • LHH • and LwH• LHw are straight and linked transport coefficients.

Since the herbicide solution is extremely diluted , we can make use
of the approximation that the chemical potential for ideal solution
may be used , so that at constant temperature

17
II

[21]

~i

where vi is the partial molar volume of the component i , 6p is the
pressure difference between the two vessels , and ai is the relative
activity of the component

at constant press ure.

Thus , equation [21]

for water becomes

6~w

II

~w

~~

[ 22 ]

vw6p + RT 6ln aw

and the corresponding equation for herbicide is
6~H

II

~H

~I

H

[ 23]

vH6p + RT 6ln aH

According to Gibbs-Duhem equation (Moores , Physical Chemistry ,
1962) , these t wo forces are not independent and can be related as
[ 24]

0

where nw and nH are the number of moles of water and herbicide respec tively.

Under the condition of constant temperature and pressure , if

we divide equation [6] with the volume v of the solution , equation [24]
becomes

[ 25 ]
where Cw and CH are the concentration of water and herb icide respectively ,
and the approximation,

d~i = RT

d ln ai

= RT

d ln Ci

= RT ~

for extremely diluted ideal solution has been used.

y u sing

th~

def ini -

tion of concentration , Cw = nw/ v, CH = nH/v and integrating equa ti on [2 5],
we get
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[26]
Again using the approximation d ln ai
equation , we

d ln ci and integratlng the

ge~

ln ai =

J

d ln ci =

f

dCi

~

[27]

For an extremely diluted solut ion , Ci can be r eplaced by Ci which
is the mean of the concentration of component i in the two vessels .
By treating Ci as a constant , equation [27] becomes

[28]
I ntroducing equat ions [ 26 ] and [ 28 ] into equations [ 22 ] and [23] ,
we get
ll~w

li~H

v Jlp

- RT

= v-HliP + RT

liCH

[29]

C"w
t~CH

[30]

CH
In case of dilute solutions (in which the conce ntrations of herbicides are 4 ppm) used in this study , the partia l molar volume (vH) for
the herbicide is very small and is assumed to be zero , while vw is considered to be the specific volume of pure water (Lewis and Randall ,

1961 , p . 208 ) .
I ntroducing [ 29 ] a nd [ 30 ] and [ 19 ] and [ 20 ] , we get

[31]
[ 32 ]
Since CHICH

>>

CH/C• , equations [ 31 ] and [ 32 ] can be reduced to
TJw = -Lwwvwllp - LwH RT liCH
CH

[33]
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[34]
Equations [33] and [34] will be tested to see if they can be
used to describe the simultaneous movement of water and herbicides
and the interaction of these two fluxes .
Since there are two equations and four unknowns (Lww , LwH ' LHw•
LHH), the phenomenological coefficient Lww • LwH • and LHH could be determined by simultaneously solving equations [33] and [34] with experimental data relating herbicide fluxes to driving force s under constant
pressure difference .
and see if LwH

= LHw

This makes it possible to solve the equations
as predicted by Onsager ' s reciprocal theory.

If we use partial specific quantities instead of partial molar quantities , the units of the components in the rate equations [15] and [1 6]
are as follows:

vw

cm 3 gm- 1

6p

dyne cm- 2

= gm

R

erg gm-1 deg- 1

T

deg KO

6

= dimensionless

CH

~

Lww ' LwH ' LHw ' LHH

cm-1 sec- 2

= cm 2

sec-2 deg-1

quantity

= gm

sec deg cm-4 .
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EXPERIMENTAL PROCEDURE
Apparatus and materials
Draper loam from the Farmington experimental farm and Timpanogas
silt loam from experimental turkey farm near the U. S . U. campus were
used.

The soils were air-dried and sieved through a 2 mm round hole

sieve .

Soil sample contai ners were constructed so that herbicide solutions
and water could be brought into contact with one end of a soil column
(c) as shown in Figure 1.

The sample container consisted of lucite

cylinders (G) 5 em inside diameter and 10 em long.

The solution com-

partments (I) and (II) were 5 . 2 em inside diameter and 1.5 em deep.
Fritted glassbead porous plates (B) and (B ' ) were sealed to compart ments (I) and (II) at the ends next to a porous media (soil) column
(c) through which herbicide solution and water move.

The porous plates

have a diameter of 5 em (area 19 . 6 cm 2 ) , and thickness of 0 . 2 em.
pore size ranged from

2~

to

5~ .

The

Glass-beads porous plates were used

because they give a more uniform pore size than plates of othe r materials and little or no adsorption can occur on the glass plate.

The

porous media (soils) was confined between compartments I and II and in
lucite cylinder G.

0 rings were used to achieve water-tight seals and

the whole system was held together with steel bolts which were inserted
through corresponding holes.
Compartment I had openings at top and bottom for introdu cing herbicide solutions through the connected tubes from the solution reservoirs L and L' .

Three-~ay

valve joints (X) were used to maintain the

contact of only one solution at any time and to remove air bubbles that
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appear in the compartment from time to time .

Reservoirs (L) and (L')

were connected through two glass tubes with the bottles (A) and (A')
which held herbicide solution and water.

One of the glass tubes intro-

duced herbicide solution into the reservoir and the other introduced
air into the bottle such that the solution level of the reservoir could
be kept at constant height .
Compartment II had an opening at the bottom which was connect ed
through an on-off valve with glass funnel (J) , which was held inside
the vacuum chamber (v).

The effluent collected in the funnel could be

drained out through the valve connected at its bottom .

The vacuum cham-

ber was connected with a mercury manometer (M) and with a cartesian
manostat which was used to regulate the suction produced by a vacuum
pump .

Bottle (H) was used to buffer the s udden change of suction.

Suctions were introduced into compartment I by hanging the solution
reservoir at different height below the compartment and were introduced
into compartment II by adjusting the manostat which was connected with
a vacuum pump .

The apparatus was designed so that a variable pressure difference
could be established across the system from compartments

to II simul-

taneously with the herbicide concentration difference.
Preparation of stock solutions
and calibration curves
Radioactive C- 14 ring labeled Atrazine (specific act ivity 7 . 8
and Ametryne (specific activity 5 . 6
tion .

~ c/ mg)

~c / mg)

were used in this i nve stiga-

Stock solutions containing 2-20 ppm of these herbicides were pre-

pared utilizing magnetic s t irrers and 0.01 M CaC1 2 solution .
sence of this small

amou~t

The pre -

of CaC1 2 was to prevent soils f r om d ispersion
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when the herbicide solution or water (0.01 M CaC1 2 solution) was passed
through the column.
The solutions were then subjected to scintillation counting which
was done on a Packard Tri-Carb automatic liquid scintillation counter.
The liquid scintillator consisted of 10 gm of 2 , 5 diphenyloxazole (PPO),
0 . 5 gm of 1,4 bis-2-)5-phenyloxazolyl) benzene (POPOP), plus 50 gm of
Naphthalene in a liter of 16 . 7% of Cellosolve and 83.3% of Dioxane.
One-half ml of the aqueous sample was added to 19 . 5 ml of the liquid
scintillator , dissolved by a slight shaking, and counted for three 1minute periods.

The radioactivity was usually quite high and the count-

ing efficiency was approximately 65 percent or better .

Differences in

quenching between samples were corrected with a calibration curve.

The calibration curves relating the concentrations of herbicides
and counts per minute were constructed by plotting the concentration
of herbicide against the corresponding counts per minute.
Flux measurement

Water (0.01 M CaC1 2 ) held in Bottle A' was introduced into reservoir L' and compartment I under 10 em H20 suction .

Suction was intro-

duced into compartment II so that there was a suction difference across
the porous media (soils) (C ) and fluid could flo w from compartment I
to compartment II under unsaturated conditions .
At the appropriate time 4 ppm herbicide solution held in bottle A
was introduced into reservoir L.

By operating the valves (X's), the

herbicide solution replaced water and began to flow through the soil
column at particular time while retaining the same suction difference.
At a later time this solution again was replaced by water .
By measuring the effluent in funnel (J) at some time intervals ,
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the fluid velocity was measured .

The fluid velocity was then converted

to volume flux of the solution with dimensions ml sec - 1 cm-2.

Since

the concentration of herbicide was 4 ppm , the partial specific volume
of herbicide was assumed to be zero , and the partial specific volume
of water was taken as 1 .

The volume flux of solution was taken as volume

flux of water which was then converted to mass flux with dimensions gm
sec - l cm- 2 .

The herbicide flux with dimensions gm sec-1 cm-2 was cal-

culated by mulciplying che concentration of herbicide with its corresponding water flux .
The relative concentrations (C/C 0

)

of effluent were plotted against

the accumulated volume to construct the break-through curves when water
was displaced by herbic ide solution.

The desorp t ion curves were con-

structed in the same manners for the displacement of herbicide solution
by water.
Adsorption isotherm experiment
Six gm of air - dry soil was weighed into a 50 ml glass centrifuge
tube and 20 ml of C-14 labeled herbicide solution was added.

The tube

was then stoppered with an aluminum foil-covered rubber pad .

Each

sample was allowed to equilibrate for 24 hours on a shaker.

The samples

were then centrifuged and 0.5 ml of the supernatant fluid removed for
counting.

Samples of the herbicide solution without soil were treated

in the same manner and used as standards .
The difference between the amount of herbicide found in the appropriat e standard and in t he supernatant fluid from the sample was assumed
to have been adsorbed .

Each treatment was applied in triplicate .

The isothermal adso>ption experiments were conducted at 0° C and

24
25° C.

The empirical Freundlich equation was used to describe mathe-

matically the relationship between the specific adsorption and the
concen t ration of solute in equilibrium solution .

The Freundlich equa-

tion i s written as
X

[ 35 ]

m

where x/m is specific adsorption (mg herbicide/kg soil), C is concen tration of solute in equilibrium solution (mg herbicide/kg solution) ,
and k and 1/n are cons tants.

A plot of log x/m vs. log C gives a

straight line of slope 1/ n and intercept of log k .

The experimental

data were plotted on log x log paper and the best straight lines were
drawn through the point .
The apparent heat of adsorption is related to e quilibrium concentrations at

t~o

different temperatures by Clausius - Clapeyron equation

which is expressed as

d ln C
d ln

<.!:.)

A

R

[36]

T

where C is equilibrium concentration , T is absolute temperature, A is
apparent heat of adsorption , and R is universal gas constant .

The

apparent heat of adsorption is assumed to be constant in the range of
temperature used in this investigation , and equation [36] can be integrated and expressed as
c1
ln C2

(.!.... - .!....)
Tl
where

c1

and

c2

A

-R

[37]

T2

are t he equilibrium concentration for a given specific
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adsorption at temperature T1 and T2 respectively .

Equation [37] can

be rearranged and expressed as

[38]

- R

The apparent heat of adsorption (A) can be calculated by inserting
the equilibrium concentration C1 and

c2

for a given specific adsorp-

tion and the corresponding temperature T1 and T2 into equation [38] .
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EXPERIMENTAL RESULTS
The calibration curves relating the concentrations of herbicides
in s tock solution and counts per minute are

shown in Figure 2 .

The adsorption isotherm curves for Atrazine and Ametryne on Draper
loam at 0 and 25° C are· shown in Figure 3 , and those for Atrazine and
Ametryne on Timpanogas silt loam are shown in Figure 4 .
The apparent heats of adsorption for the adsorption of Ametryne
and Atrazine on Draper loam are shown in Table 1 , and those for the
adsorption of Ametryne and Atrazine on Timpanogas silt loam are shown
in Table 2.
The values of phenomenological coefficients for the flow of water
and herbicides in Draper loam are given in Table 3.
The break-through curves and desorption curves are shown in
Figures 5 , 6 , 7 , and 8 .
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Table 1.

The apparent heat of adsorption in k-calories/mole for Ametryne and Atrazine on Draper loam
Specific adsorption mg herbicide /kg soil

Herbicide
20
Ametryne

1.628

15

10

8

1.625

1.627

1. 655

1.8

1. 945

2.732

2 . 73

2 . 74

2 . 92

Atrazine

Table 2.

The apparent heat of adsorption (k-calories/mole) for Arnetr:i:ne and Atrazine on Tim~anogas silt loam
Specific adsorption mg herbicide /kg soil

Herbicide

Ametryne

20

15

10

0.582

0. 584

0 . 603

0. 711

0 . 763

0 . 962

1. 025

1.02

1. 015

1.10

1.21

Atrazine

Table 3 .

3

8

The values of phenomenological coefficient for Draper loam

Coefficient
Herbicide

Lww

gm sec deg
cm- 4

Ametryne

9.4 x 1o- 7

Atrazine

9 . 25

X

10- 7

LwH

LHw

LHH
gm sec deg
cm- 4

gm sec deg
cm - 4

gm sec deg

3 . 2 x 1o-1o

3.54 x 1o- 12

-8.32 x 1o-16

4 . 3 x 1o-10

5 . 2 x 1o-12

-7.8 x 1o-16

cm - 4

'

I'

:s •
•D '

-= c
G

L'

To pump

Figure 1. Schemat ic cross - section of apparatus . A and A' are bottles, Land L' are reservoirs ,
and II are solution compartments, B and B' are fritted glass - beads porous plates , C is soil column ,
D and D' are 0 rings , G is lucite cylinder , J is funnel , V is vacuum chamber , H is buffer bottle,
M is manometer , and X' s are on - off valves .
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figure 3. The adsorption isotherm curves of Atrazine and Ametryne
on farmington soil at 0° and 25°C .
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Figure 4. The adsorption isotherm curves of Atrazine and Ametryne
on Turkey farm soil at 0° and 25°C.
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Figure 5 . The break - through curve and desorption curve for Ametryne during displacement of
water by 4 P . P . M. Ametryne solution a nd displacement of Ametryne solution by water in Farmington
soil .
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Figure 6 . The break - through curve and desorption curve for Atrazine
during displacement of water by 4 P . P.M . Atrazine solution and displacement of Atrazine solution by water in Farmington soil .
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Figure 7.

The breakt:hrough curve and desorption curve for Ametryne during displacement of
water by 4 ppm Amet:ryne solut:ion and displacement of Ametryne solution by water
in Turkey farm soil .
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Figure 8. The break-through curve and desorption curve for Atrazine
durjng displacement of water by Atraz1ne solution and displacement of
Atrazine solution by water in Turkey farm soil.
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Di;5CUSSION
Calibration curves
Since the concentrat1on of herb1c1de in samples is determined by
subjecting the sample to l1qu1d sc1nt1llation counting and by comparing
the corrected counts per m1nure Wlth the cal1brat1on curve, the accu-

racy of the calibration curve determines the precision of the results .
The variat1on of counts per m1nute for a given sample can be caused by
quenching ef ect , the errors assoc1ated with techniques for prepar1ng
stock solutions , and tak1ng samples .

The counting efficiency 1S

higher than 65 percent and the quenching effect has been corrected for
each sample.

This along w1th the linear calibration curve indicates

that there is little error assoc1ated with the technique for prepar1ng
stock solution and tak1ng samples.
The flow eguations
From Table 3

that

he phenomenological coeffic1en1: LHH 1S
of the order of 10-16 gm sec deg em -4 and LHw is of the order of lo-12
4
gm sec deg cm- 4 . LHw l~ 10 umes larger than LHH ; t:h1s , comb1ned wlth
one sees

the very small herbic1de concentrat1on difference , makes the contr1bution to the herb1c1de flux from its own dr1v1ng force negligibly small
compared with flux of herb1c1de that 1s carr1ed by the water flow1ng
under pressure (suction) d1fterence .

Hence , the flux caused by the

driving force due t0 herb1c1de concentrat1on differences can be neglected.
Equations [33] and [34] , therefore, reduce to

TJ

w

- Lww vwllp

[39]

LHw vwliP

[40]

J7

which are ~he correct express1on for Lhe simulLaneous movemenL of water
and herbicides 1n unsdtJrated soils under the experimental cond1t1ons

used in this Investigation

Thus , the l1nked transfer coeffic1ent

LH~

expresses the rate of herb1cide movement through the soils.
If we eliminate 6p from equat1ons [39] and [40] , we get

[41]

The flux of herb1cide becomes a funct1on of the flux of water.
Staverman (1951) called -LHwiLww the reflection coeff1cient describing
the hold-back of solute by the membrane or soil in this case.
From Table 3 (see also Append1x A), one can see that the calculated
values for the transfer coeff1cients , Lww • LwH • LHw' and LHH • showed
inconsistencies amongst themselves.

The direct transfer coeff1cient ,

LHH• is negative , wh1ch lS inconsistent with the theory wh ich states
that it must always be posit1ve and LwH
Onsager theory.

~

LHw which is contrary to the

The incons1stency may have been caused by the fact

that the flow equations [33] and [34] are linear combinations of the
pressure grad1ent alone and do not take into account the adsorption
of the herb1c1de by the soil collo1ds as discussed below.

This would

give the appearance that herbicide 1s actually mov i ng from low to high
concentration.

On the other hand, it has already been shown that both

LHH and LwH are meaningless because of the extremely small concentrat1on
differences .

Hence , it appears that the values of Lww and LHw calculated

from [39] and [40] are both co nsistent and a valid representation of the
true transfer of water and herbic1des.
In the application of the theory of 1rreversible processes and
Onsager ' s reciprocal relat1on for analysis of the system under study ,
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several assumptions and conditions should be met .

The assumptions of

fluctuation theory, microscopic reversibility, and regression of fluctuations have been discussed in detail by de Groot (1959).
One of the conditions obviously connecting with the adsorption
phenomena is that the porous media column is inert and that no chemical reactions take place to interfere with the transference processes.
This is taken account of by the Curie - Prigogine principle which states
that coupling coefficients may exist relating vectorial flows to any
vectorial forces in the system , but there may be no coupling coefficients
relating vectorial flows to the scalar affinities of chemical reactions .
Katchalsky and Curran (1 965 ) pointed out that there may exist in direct coupling between diffusional flows and reactions .

They con -

sidered a region (porous media column in this investigation) of finite
and constant volume into whi ch an uncharged solute (herbicide ) H enters
by diffusion at a rate JH and is then converted into a substance
at a rate Jch"

y(H~y)

They also assumed that a third substance (water) W is

present and flows into the region at a rate Jw without participating in
chemical reaction, and the flow Jw is coupled hydrodynamically to JH
and there is no coupling between Jy and any of the other flows.

The

phenomenological equations then were written (in inverted form)
-~~H

RHH JH + RHW JW

[42]

-~~y

Ryy Jy

[43]

-6~w

RwH JH + Rww Jw

[44]

-A
where

~i

= Rch

Jch

[45]

is chemical po ential of component i , Rij and Rii are linked
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resistance coefficients, and A is the affinity of chemical reaction.

If equations [42] , [43] , and [44] are converted into the usual form
of phenomenological equations (Katchalsky and Curran , 1956) , we get
[46]
[47]
[48]

Equations [46] and [47] are identical with equations [19] and [20] , but
equation [48] is not included in our previous development of theory.
If it could be incorporated , it would express the rate of herbicide

adsorption on soil .

The author was unable to make this analysis from

the data at hand.
The adsorption of herbicides has been reported to be most closely
related to organic matter, clay content , cation exchange capacity , and

exchangeable magnesium and hydrogen (Talbert a nd Fletchall , 1965) .
Both organic matter and clay are the components of soils having the pre dominant exchange capacity of the soils (Bailey and White, 1964).

In

addition , soil colloidal components; i.e. , organic matter and clay minerals ,

having l arger specific surface area also have a high potential adsorp tion capacity for herbicides (Bailey and White , 1964).

The adsorption

of herbicides on the colloidal surface in a solution might be regarded
as a competition of herbicides with some substances already adsorbed on
the surface.

Therefore , both chemical adsorption due to ionic exchange

and physical adsorption due to exchange of herbicide molecules with the
substance already adsorbed on the surface can be considered as exchange
processes.

40

Since the flux Jy is not coupled with the fluxes Jw and JH , equations [19] and [20] are still valid to describe the simultaneous movement of water and herbicides in unsaturated soils in accordance with
the original theory .
In order t o find out if the adsorption of herbicides by soils is
an exchange process, the mechanism of adsorption needs further study.
Isothermal adsorption and energy of adsorption
The empirical Freundlich equation is often used to describe the
relationship between adsorption of solutes at liquid-solid interfaces
and the equilibrium concentration in solution .
from Figures 3 and 4 we can see that experimental results yielded
straight lines and agreed with Freundlich equation in the concentration
range used in this investigation.

High correlations between the adsorption of s-triazines and clay
content have been reported by Harris (1966) and Talbert and Fletchall
(1965).

Since Timpanogas silt loam contains more clay than Draper

loam , it will adsorb more herbicides .

The experimental results con-

firm this expectation.
The specific adsorptions of Ametryne is found to be higher than
those of Atrazine on both soils .

This result agreed with those obser -

vations presented by Harris (1966) and Talbert and Fletchall (]965).
If we compare the structural formulas of Ametryne and Atrazine ,

Ametryne

Atrazine

41
we will see that the only difference between them is the - SCH
tution in Ametryne and chloro-substitution in Atrazine.

3

substi-

Harris (1966)

suggested that the - SCH 3 group might influence the electron density of
the molecule to cause strong binding forces between the herbicide and
so il particles and the chloro-substitution , conversely, appeared to
decrease attractive forces between the herbicides and soil particles .
In addition, Bradley (1945) studied the associations between montmorillonite and some polyfunctional organic liquids and concluded that a
CH ... 0 bond was being formed with the hydrogen of the methylene group
(CH2) directed to the clay surface .

Thus , the hydrogen bond between

- SCH 3 group and the oxygen of SiO layer of clay minerals may partially
contribute to the adsorption of mercapto-substituted s-triazine , therefore , has greater specific adsorption than Atrazine.
The adsorption of herbicides by soils includes two successive pro cesses , (a) the removal of solute (herbicide) from less ordered association with solvent ; and (b) the attachment of solute to a much more
ordered association with adsorbent (soil) .

The free energy of the

adsorbed molecule thus decreases and the adsorption processes are exothermic.

An increase in temperature will be expected to reduce the

adsorption.

From figures 3 and 4 we can see that the increase in tem-

perature did reduce the adsorption of herbicides which agreed with the
report from Harris and Warren (1964) and Talbert and Fletchall (1965) .
The apparent heats of adsorption calcula ted from the adsorption
isotherms by the Clausius-Clapeyron equation remain almost constant in
each case over a considerable wide measurable range of the isotherms

(Tables 1 and 2) .

This also can be seen from the almost parallel iso ~

therm curves in Figures 3 and 4.
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The apparent heats of adsorption for Atrazine on both soils as
shown in Tables 1 and 2 seem to be larger than those for Ametryne ,
but the variations of adsorption with temperature have inverse relations; i . e., the variations of adsorption with temperature for Ametryne
on both soils are larger than those for Atrazine .

Harris and Warren

(1964) pointed out that the greater the difference in adsorption due
to the change in temperature, the larger the heats of adsorption.
the calculated apparent heats of adsorption seem to be

Thus ,

contrary to

the variation of adsorption of herbicide due to change in temperature.
This contrary relationship may be clarified by examining the interactions between water and herbicide molecules and interactions between

herbicide molecules and soils .
The magnitude of the apparent heat of adsorption is not a direct
indication of the binding forces formed between adsorbent (soils) and
adsorbate (herbicide), because the heat of adsorption represents the
algebraic sum of the heat changes taking place in two successive process es:

(a) the removal of solute from association with solvent; and

(b) the attachment of solute to substrate (Giles et al. , 1954) .

If all

other factors are the same , Ametryne has hydrogen from - SCH 3 group to
form hydrogen bond with water , but Atrazine with its Cl - group may not
have this kind of interaction at t he Cl -group.

Consequently , the Ame-

tryne molecule may be transferred from a much more ordered solventsolute association than the Atrazine molecule .

Consequently , the appa-

rent heat of adsorption for Ametryne may be smaller than for Atrazine.
The break - through curves are shown in Figures 5 , 6, 7 , and 8.
Nielsen and Biggar (1961; 1962; 1963) and Biggar and Nielsen (1960 ;
1962, a , b) studied the simultaneous transfer of water and dissolved
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constituents through soils and other porous materials and concluded
that the mixing of a penetrating liquid occurred by both microscopic
velocity distribution and molecular or ionic diffusion.
through curve should pass through C/C 0

The break-

= 0.5 at one pore volume , and

the area under the break-through curve up to one pore volume should
equal the area above the curve for all times greater than one pore
volume regardless of the shape of the curve.
If adsorption or exchange occurred , the point of C/C 0 = 0.5 of
the break-through curve would shift to right of the one pore volume
and the areas described before were not equal.

All the break -t hrough

curves obtained in this investigation showed both the displacement of

= 0.5

C/C 0

to the right of one pore volume a skewed signoid nature.

Further, the area under the break-through curve up to one pore volume
was very much less Lhan the area above the curve.

Thus , we can con-

clude that in addition to the adsorption of herbicides, the dispersion
of penetrating solution and molecular diffusion occurred in the experiment .

In addition , if we compare the shape of the break-through curves

obtained in this investigation with the theoretical curves given by
Nielsen and Biggar (1962) , we can see that there is an extremely wi de
distribution of pore velocity in the experiment .
The break-through curves for Ametryne in both soils reached C/C 0

=

0 . 5 much later than those for Atrazine in the corresponding soil , thus
indicating that Arnetryne is adsorbed in greater amounts than Atrazine
which is in agreement with the adsorption data of Figures 3 and 4 .
The initial break-through of Ametryne in Timpanogas silt loam is
much later than in Draper loam.

The break -through curves for Atrazine
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show a similar relationship.

These results , again , reflect the fact

that fine-textured adsorbs more herbicides than coarser textured soil.
By comparing the desorption curve with the corresponding breakthrough curve , we can see that some of th e herbicides are retained in
the soil.

For the same soil , much more Ametryne is reatined than

Atrazine.
In Figure 6 there is a concave variation of the break - through
curve between 1000 ml and 1600 ml .

This was caused by the loss of

suction resulting from a broken rubber tubing which allowed diffusion
of the herbicide from the pore having higher concentration into the
smaller pores through which the water did not normally flow ; this
caused C/C 0 to decrease and begin at a lower concentrat ion when the
pressur·e was again restored .
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SUMMARY AND CONCLUS IONS
An e xperiment has been conducted to study the simultaneous move ment of water and herbicides in unsaturated soils.

The thermodynamics

of irreversible processes and Onsager's reciprocal relat ion th eorem
are used t o develop the rate equations which are used to describe the
relations between the fluxes of water and herbicide and the correspond ing forces .
To gather the water and herbicide flux data , t he experimental apparatus wa s designed so that a pressure difference could be established
simu l taneous with herbicide concentration differ·ence across the soil

co lumn.

Draper loam from the Farmington experimental farm and Tirnpa -

nogas silt loam from the experimental turkey farm were used .
periment was carr ied out under room temperature.

The ex-

The adsorption iso-

therm and the energy of adsorption were also studied.
The experimental results showed that the linked phenomenological
coeffici ent LHW is 10 4 times as large as LHH and the driving force
resulting from concentration differences of herbicides are very small .
Thus, the flo w of herbicides resulting from its own c oncentration difference can be neglected .

Consequently, the rate equations for the

flow of herbicide is simply linked t o the flow of water through soil .
The adsorption of herbicides can be treated as an exchange process so
that the rate equations developed are valid to describe the flow processes that occurred in this investigation .
The adsorption of Ame tryne and Atrazine increased with decreasing
temperature ; thus the

~eat

of adsorption is positive and the adsorption

46

of herbicides to soil occurs simult aneous and in amounts depending
upon the concentrations in solut i o n and the temperature .

The adsorp -

tion of herbicide by soils explains why the linked transfer coeffi cient for herbicides and water is less than the water transfer coeffic ien t above .
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Appendix A
Table 4.

calculated values of phenomenological coefficient for

Herbicide

1
x 10 - 6
ww
gm sec deg
cm - 4

Coefficient

Ametryne

Atrazine

Table 5 .

l. 34

1 wH " lo-10
gm sec deg
cm- 4

1 Hw X 10-12
gm sec deg
cm- 4

LHH x l0-15
gm sec deg
cm- 4

1.6
0.635

-2 . 22
-6 . 38
2.4

3.9
4 .5
3.07

-1 . 943
-0.64

0 .91
0 . 885
l. 24

0. 21
0.41
-7.75

3.1
3.4
3.1

-0.71 7
-0 . 98
-5.18

-l. 20

The calculated values of phenomenological coefficient for
Timpanogas silt loam
Coefficient

Herbicide

Lww x lo - 7
gm sec deg
cm - 4

Ame t r yne

Atrazine

LwH X 10- 10
gm sec deg
cm- 4

-0.276

-1.04
0 . 138
- 3.52

-0.087
0.163
1.71

0 . 75
0.767
0 . 529

- 2.5
-2 . 86
-1.84

0.788
l. 035

2 . 26
2.34
1.21

cm-4

LHH x lo - 16
gm sec deg
cm- 4

0 . 549
0 . 452
0.81

1.17
l. 02

l. 98

LHw x 1o- 12
gm sec deg
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Appendix B
Table 6 .

C!C 0

0.01
0 . 11
0 . 32
0 . 443
0 . 52
0 . 565
0 . 612
0 . 626
0.66
0.655
0 . 668
0 . 655
0.665
0.7
0.705
0 . 705

Table 7.

The experimental data for the movement of Ametryne and water
:th£QUi;h Drg1;1e~ lfiiliUD
4
6t X 104
c' x 10-6
6v
Jw X 10JH x lo-1°
H
of eff luent
gm cm-3
cm3
sec
gm sec -1 cm- 2 gm sec- 1 cm-1

0 . 04
0 . 44
l. 28
1.772
2.08
2 . 260
2 . 448
2 . 604
2.64
2 . 620
2 .6 72
2 . 620
2 . 660
2.8
2 . 82
2.82

1.5
3 . 18
l. 26
1.17
1.2
1.35
1.41
1. 464
l. 32
l. 722
1. 422
0 . 84
l. 476
1. 206
l. 38
1.'1 34

40.2
90
37
31.7
35 . 5
42 . 5
34.5
39
38.2
45.8
43.5
22.5
42
35.5
33
39

l. 367
1. 44
1. 498
l. 38
1.509
1. 605
l. 25
1.35 9
l. 47 7
1.356
1. 56
1. 367
1.4 52
l. SOl
l. 22
1.388

0 . 055
0.634
1 . 917
2 . 445
3 . 139
3.627
3 . 06
3 . 539
3.899
3 . 533
4 .168
3 . 582
3 . 862
4 . 203
3.44
3 . 914

Th e experimental data for the movement of Atrazine and water
th~QY£h Dr~~e r l~am

<

x 10- 6

C/C 0

0.005
0 . 06
0 . 25
0 . 49
0 . 66
0 . 742
0 . 805
0 . 832
0 . 802
0.826
0 . 84
0.843
0.842
0 . 865
0 . 854
0.836

gm cm- 3

0 . 02
0 . 24
l
l. 96
2.64
2 . 968
3 . 22
3 . 328
3 .208
3 . 304
3 . 36
3 . 372
3 . 368
3.380
3 . 416
3 .3441

6t X 10 4
sec
l. 35
l. 29
1.194
3 . 18
1.464
1.5
0.6
l. 26
1.32
1.176
1.488
1. 41
l. 698
1.428
1.476
1.206

4
JH X 10-10
Jw x 106 v
of effluent
gm sec- 1 cm - 2 gm sec - 1 cm- 1
cm3
41
37.8
34.7
90
40
40 . 5
16 . 5
34.8
34.6
31.7
35
34 .l
42
36 .2
36
29.6

l. 55
1.4 95
l. 482
1. 44
1. 394
1. 377
1, 403
1.4 09
1. 337
l. 375
1. 2
1.234
l. 26
l. 293
1. 245
1.2 52

0.031
0 . 3588
1.482
2 . 83
3 . 6802
4 . 0869
4. 5177
4 .6892
4 . 289
4 . 543
4 . 032
4 . 161
4 .2437
4.3703
4.2529
4.1867
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Table 8.

The experimental data for the movement of Ametryne and water
loam

throu~h Tim~anQs~g ~ilt
I

CH
C/C 0

0.008
0 . 006
0.233
0. 36
0.448
0.513
0.56
0.578
0.588
0.6
0.624
0.643
0.674
0 . 67
0.693
0.71

X

10

-6

llt

gm cm- 3

1 04

X

sec
1.422
l.6Q
l. 98
2.22
1.44
1.35
l. 452
l. 788
1.08
2.01
1.44
1.368
1.42
l. 59
2.82
l. 398

0.032
0.74
0.932
1.44
l. 792
2.052
2.24
2.312
2 . 352
2.4
2 .49 6
2.572
2.496
2.68
2 . 772
2.84

llv
of effluent
cm3
12.4
14.1
17.6
20.5
13.6
11.8
12.6
15
84
16.8
12 . 2
11.23
12.2
14
23 .8
11.8

J

w

x lo- 4

JH x lo- 10

gm sec-1 cm-2 gm sec - 1 cm-2
0.445
0.444
0.454
0 . 471
0.482
0.445
0.443
0.428
0 . 397
0 . 428
0.432
0.419
0.438
0 .44 9
0.430
0 . 431

0.014
0.107
0 .4 23
0 . 678
0 . 864
0 . 913
0 . 992
0 . 99
0.934
1.027
l. 078
l. 078
1 . 093
1. 203
1.192
l. 224

Table 9.

The experimental data for the movement of Atrazine and water

C/C 0

c ' x 1o-6
H
-3
gm em

~hrou~h Tim~gn~i~§ §il~ l~am

0
0.002
0.135
0 . 305
0.478
0 . 642
0.722
0.755
0.787
0.782
0.802
0.815
0.823
0 . 838
0 . 838
0.85

0
0.008
0 . 540
l. 22
1 . 912
2.568
2.888
3.02
3.148
3 . 128
3 . 212
3 .26
3.292
3.352
3:. 352
3.4

flt

X

104

sec
0.576
0.972
2.07
l. 26
1.08
0.99
1.14
0.99
1.08
1.11
0.58
1. 938
0.87
0.9
1.17
1.128

Jw x lo- 4
llv
of effluent
gm sec- 1 cm-2
cm 3
7
11 . 9
24
14.4
11.8
10.9
12.4
10.3
11
11.8
7
22
10.1
10.4
12.8
13.7

0.465
0.451
0.454
0.463
0.475
0,448
0 . 441
0 . 438
0 . 411
0.431
0 .4 32
0.421
0 .4 33
0.448
0 . 439
0.434

10
JH x logm sec -lcm-2

0
0 .004
0.245
0 . 565
0.908
1.151
l. 274
1.323
1. 294
1. 348
1.388
1.372
1.425
1 . 502
1.472
1.476
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Appendix C - Example of calculation

I.

Calculation of the concentration of the effluent solution.

A.

The prepared Ametryne sample was

counting.

s~bjected

t o scintillation

The counts per minute for the Blue tube aqd Gree n tube

were 6.685 x 103 and 7 . 512 x 10 3 respectively .

The ratio of the counts

per minute for Blue tube over Green tube was 0 .8 9 .

From Figure 9 we

can find that the efficiency of Green tube is 68.2 percent .

The cor-

rected counts per minute for Green tube will be 7 . 512 x 103/0.682

=

11.015 counts per minute.
B.

By comparing 11.015 x 10 3 counts per minute with the calibra-

tion curve for Arne tryne in Figure 2 , one can find the concentration

(C~) of Ametryne for this sample to be 2 . 08 ppm .
II.

Calculation of water flu x Jw·

The volume (6v) cf the above sample was 35.5 cm 3 , and the
4
time interval (6 t ) was 1. 2 x 10 sec . The cro ss sectional area (A)
A.

of the porous plate was 19.6 cm 2 .

Since the concentration of Ametryne

is 2.08 ppm, we can neglect the weight of Ametryne in the sample and
take the density of water as 1 gm/cm 3 .

The flux qf water J w can be

calculated as
1 x 6v

A x 6t
III.
A.

19.6

35 . 5
1.2

X

X

1Q4

Calculation of the flux of herbicide.
The concentration of Ametryne for above sample was 2.08 ppm .

The flux of Ametryne (JH) can be calculated as

CH

x 6v
J H = Ji.l(li't

2.08 X lQ-6 X 35.5
19.6 X 1.2 X 104
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IV .

Calculation of relative concentration C/C 0

•

The concentration (CH' ) of Ametryne for the above sample was
2.08 ppm , and the original concentrat ion C was 4 ppm.

The relative

0

concentration can be calculated as
2.08/4
V.

Calculation of the transfer coeff icient Lww, LwH' LHw ' and LHH ·

A.

From Table 6 , we can find the following information:

'

CH
C/C

0.52

X

10- 6

4
6t X 10

f>v

s ec

cm 3

gm em -3

0

JH x 10-10

Jw x l0-4

gm sec- 1cm-2 gm sec- 1 cm- 2

0.443

l. 772

1.17

31.7

1.38

2 . 44 5

0.52

2 . 08

1.2

35 .5

1.509

3 . 139

The temperature Tis 298° K, R for Ametryne is 3.66

x

10 5 erg gm-l

and

f>p is 44884 dyne cm - 2 .

B.

Equations [ 33) and [34) can be rearranged as

Jw

-Lww

JH = - LHw
where f>CH
C.

= C0

-

C ~ a nd

Vwf>p _
f> CH
LwH R T
cH

[4 9)

t;CH
Vwf>p _
LHH R T
CH

CH = ( C0

[ 50 )

+ C ~)/2, and vw is taken as 1 cm3gm- 1 .

The transfer coefficient Lww and LwH can be solved by plugging

the values of Jw, f>p, T, vw , R, f>CH , and CH into equation [49) and we
get
1. 38 x lo- 4

L 44884
ww
298

X

1 + LWH

~ 3 . 66

X

lOS

X

6
2 . 23 X 102 .8 9 x 1o-6

58
1.509

X

10- 4

Lww

44~:~

X

1 + LwH x 3 .66

X

105 1.92 X lQ-6
3 .04 x 1o-6

By simultaneously solving above two equations, we get
Lww

1.34 x 10-6 gm sec deg cm-4

LwH

-2. 22 x lo-10 gm sec deg cm-4

By neglecting the flux attributable to herbicid e concentration gradient,
we get Lww

= 0 .92

x lo- 6 and 1 . 00 x 10-6 gm sec deg cm-4 for the left -

hand member of the two equations given above.
D.

The transfer coefficient LHw and LHH can be obtained by plug-

ging the values of J H, 6p, T, vw, R, 6CH, and CH into equation [50],
and we get
44884
298

X

1

2.445

X

10-lQ

3.139

X

10-10 = L
44884 X l + LHH
Hw
298

LHw

+ LHH x 3.66 x 10
X

3.66

X

5 2 . 23 X 10-6
2.89 x lQ-6

105 1.92 X 10-6
3 . 04 x 10-6

By solving the above equations for LHw and LHH• we get
LHH

-1.20 x 10"15 gm sec deg cm- 4

LHw

3 . 9 x lo-12 gm sec deg cm-4

If we again neglec t the contribution of the herbicide concentration gradient, we get a separate value of LHw for each set of data given
above as 1 .62 x lo-12 and 2.08 x lo-12 gm sec deg cm- 4 both of which
are smaller than the single value found from the simultaneous solution .
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