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A theoretical model was developed to predict the movement of organic

chemicals through porous materials packed in columns of finite length.

Movement due to diffusion was assumed to be negligible. The model is

based on the following assumptions: transport of solute results primarily

by mass flow; adsorption occurs as a first order reaction; and adsorption

isotherms are linear.

14
The theory was tested by studying the movement of C labeled 2,4-D

(2 ,4-dichlorophenoxyacetic acid herbicide through glass beads (105-210|d),

Lakeland fine sand, Fellowship subsoil, and Everglades mucky peat, under

constant flow velocities. Air-dry soils were packed uniformly in a column

which was held vertical during the studies. A dilute solution of 2,4-D

was introduced at the bottom of the column, with constant liquid flux

maintained at 50 ml/h with a positive displacement pump. The same flux

was continued until 200 ml of solution was introduced, at which time

solution was immediately replaced by pure water containing 0.5% phenol.

Thus, "volume slug" of herbicide solution was displaced upward in the

column by water at the same flow rate. Studies were also made at a

liquid flux of 100 ml/h. Effluent was collected in fractions for

vii



analyses. Soil solution was extracted midway of the column with a

specially constructed device using a porous plate and partial vacuum.

The extract was collected periodically in amounts of 25 microliters.

Effluent samples and the extracts were analyzed for 2,4-D content with

a liquid scintillation counting system. Random effluent samples were

subjected to additional analyses for 2,4-D to determine if the herbicide

was degraded in the soil columns. The analyses were done by thin layer

chromatography. It was found from the thin layer chromatographic studies

that the herbicide did not disintegrate during transport.

Theoretical and experimental curves of herbicide concentration

as a function of accumulative volume of solution introduced at the

bottom of the columns, were plotted for effluent and soil extracts at

both velocities. It was observed that the theoretical curves compared

fairly well with experimental results. However, some discrepancy was

observed between calculated and experimental curves during the initial

time periods. Calculated concentrations were higher than the observed

concentrations in the effluent. This indicated that there was higher

adsorption on the porous material during wetting stage since all the

surface area was readily available for adsorption.

Observed concentrations were slightly higher than the calculated

values near the tail end of the curve. This prolonged skewness was

attributed to diffusion which is likely to show in the long run but the

simplified model omitted it. In addition, hysteresis may exist in the

partition coefficient during adsorption and desorption. Calculated and

the observed peaks of maximum herbicide concentration were reached almost

within the same time intervals. This mainly depended upon the partition

coefficient determined in the adsorption isotherms. The rate of adsorption

viii



seems to affect the spreading of the breakthrough curves.

The herbicide moved readily through the glass beads. Lakeland

fine sand and Fellox^ship subsoil.. Most of the herbicide was recovered

within two pore volumes of effluent in these soils. Movement was very

mcuh hindered in Everglades mucky peat. It took more than 5 pore volumes

to recover only 60 percent of applied 2,4-D. Irreversible adsorption of

2,4-D also seemed to occur in the organic soils but not on the mineral

soils.

ix



I. INTRODUCTION

The number of herbicides manufactured and recommended for application

has been increasing every year at a phenomenal rate. The use of herbicides

has been so specialized that almost any and every unwanted flora can be

eliminated from the fields, leaving just the main crop. The growing chemical

technology is facing a dilemma at the general public awakening towards pro-

tecting the environment. These chemicals have been accused of polluting

waterways and leaving residues in soils thereby injuring subsequent crops

(Sheets and Harris, 1965; Roadhouse and Birk, 1961; and Upchurch, 1966).

In the view of many enlightened people, the awesome edifice of modern

technology is in danger of becoming more a milestone than a spire.

Herbicides which have been considered most useful by the farming public

have also been the primary target of the critics.

When a herbicide is applied to the soil, for the purpose of killing

undesirable vegetation, some side effects are expected. These effects may

directly influence one or more kinds of the micro-organisms that inhabit

the soil. The disturbance of microbial populations might ultimately

affect fertility adversely. However, such a threat to micro-organisms from

the normal selective weed killers is inconsequential according to Chandra

et al . , 1960, and Shennan and Fletcher, 1965. This cannot hold good

generally for each new herbicide. Furthermore, Upchurch (1966) notes that

if soil sterilant rates are used, the herbicide effects on the micro-

organisms are more likely to be found. They are usually organic compounds

and like any substance are subjected to physical, chemical and biological

1
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forces. Soil is one of the most potent agents in deciding the fate of

herbicides.

Every soil applied herbicide undergoes a pattern of dissipation

depending on the properties of the herbicide, soil and the prevailing

environmental conditions. Freed et al . , 1962, listed the following

factors that affect persistence and movement of herbicides in the soil:

1. Adsorption on the surface of soil colloids.

2. Removal by leaching and surface runoff.

3. Volatilization into atmosphere.

4. Chemical and microbial breakdown.

5. Removal by plants.

A theory was proposed to describe and predict movement of 2,4-

dichlorophenoxyacetic acid (2,4-D) when applied as a dilute solution to

initially dry soils and displaced by water. The test of the theory was

conducted in soils packed into columns of finite length.



II. REVIEW OF LITERATURE

Historical

The art and science of weed control is relatively young although

the problem of weeds has been in existance ever since the first man

wandered the earth. Timmons (1970) cites that Adam was promised thorns

and thistles (Genesis 3:18). However, available evidence and logic

indicates that early man did not consciously or intentionally practice

weed contro. H. G. Wells (1961) feels that primitive agriculture was

begun by neolithic man sometime between 15,000 and 10,000 B. C. The

first actual planting of crops probably was growing of primitive wheat

and the unwanted plants (weeds) were removed manually.

The control of weeds was done incidentally and not intentionally.

Timmons (1970) in his exhaustive and inspirational review of over 200

citations describes the development of concepts about and control of

weeds. The general philosophy appears to be that weeds were a curse

which must be endured and about which little could be done except by

that which was incidental to crop production and laborious supplemental

hand methods. Remnants of that philosophy were still present in early

1900's although Jethro Tull in the 18th century urged extermination of

weeds in Britain. He was a crusader against weeds.

Man apparently used chemicals for the control of insects and plant

diseases much earlier than he did for the control of weeds. Use of wine

for wheat seed treatment for controlling mildew in 60 A. D. ,
sulfur

against plant diseases in 1350 and Paris green against insects in 1.867

3



is documented by the National Agricultural Chemicals Association (1958).

Hildebrand (1946) has discussed the early herbicide developments.

Most early herbicides were comprised of inorganic materials. Lime and

common salt (sodium chloride) are known to have been recommended in Germany

for destroying horse tail and orange hawkweed, respectively. Common salt

was used extensively for field bindweed control on highway and railroad

rights-of-way in Kansas as late as 1937-1950 (Yost, 1940). Other inorganic

chemicals used at times were copper sulfate, iron sulfate, sulfuric acid

and nitric acid. By 1935 sulfuric acid was used as a selective herbicide

in onions and to some extent in cereals (Ball and French, 1935).

Conscientious development of new herbicides has progressed steadily

since 1900. The advent of organic herbicides was greatly responsible for

much of this progress. The discovery of weed-killing properties of the

phenoxy acetic herbicides during 1942 to 1944 (Hamner and Tukey, 1944)

marked the real beginning of the herbicide phase of the "Chemical Era of

Agriculture." Peterson (1967) presents the complete history of the

development and use of 2,4-D and related growth-regulating chemicals

beginning from 1935. Credit for the discovery of 2,4-D is given to

Zimmerman and Hitchcock of Boyce Thompson Institute.

The market for chemical herbicides since the discovery of 2,4-D

has grown at a phenomenal rate. Peterson (1967) notes, "In 1940, the

estimated market for herbicides came to only $1.5 to $2 million; in 1962,

American farmers treated over 70,000,000 acres at a total cost of $270,750,000.

Without doubt 2,4-D precipitated this phenomenon, bringing unexpected

success to a half century of agricultural and botanical research."

The production of new agricultural chemicals, mostly organic

compounds after 1950 and the screening of thousands of these against
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weeds resulted in approximately 120 herbicides being thoroughly tested

and included in the Weed Science list of common and chemical names by

1969 (Timmons, 1970).

Factors Influencing Transport of Herbicides

Herbicides are applied to the soil surface for the purpose of

killing pre-emergence weeds. The foliar applied herbicides also reach

the soil surface. In either case, they are subjected to various trans-

port and dissipation processes (Freed et al . . 1962) , such as biological

assimilation and degradation, chemical degradation, precipitation,

diffusion, adsorption and flow with water. Transport of herbicides is

influenced by the properties of soil and those of herbicides along with

the weather, rate of application and other surrounding conditions.

The following discussion will be restricted to physical phenomena

involved in the transport of herbicides in the absence of other factors.

These physical mechanisms are: diffusion through soil air, diffusion

through soil water, flow with moving water, and adsorption.

Diffusion Through Soil Air

Diffusion through soil air is of importance in the movement of

volatile and gaseous substances like Lindane and methyl bromide which

have relatively large vapor pressures. The basic theory of diffusion

processes has received much attention since the proposal of Fick's first

and second laws, dating back to 1855 (Jost, 1960). These two fundamental

laws of diffusion in one dimension are represented as:

dc
Q -D

dx
2.1
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2.2

where Q

c

D

diffusion flux L^T

L
2
/coefficient of diffusion T

M/ 3
concentration L

t = time T

x = distance oriented along X-axis L

The coefficient D so defined is for open, uniform and unobstructed

air. This diffusion coefficient will not be the same for soils because

the actual diffusion pathways available for diffusion are tortuous and

thus longer than the direct distance. Hartley (1964) notes that these

paths are also of non-uniform cross sectional area. For this reason it

is necessary to introduce the so-called tortuosity factor. Buckingham

(1904) estimated the diffusion of carbon dioxide in soil to be equal to

unobstructed diffusion in the porous space in soil. In other words, the

diffusion in a soil column is the product of diffusion in free air and

the fraction of volume not occupied by solids. Penman (1940) found a

tortuosity factor of about 0.6 for a variety of soils and degrees of

packing of glass beads. Call (1957) arrived at a ratio given as

where E is the fraction of total bulk soil volume occupied by air.

D is the diffusion coefficient for transport through a porous medium

and D
q

is the coefficient for free diffusion. Equation 2.3 implies

that no diffusion occurs for values of E of 0. 1 or less. Diffusion and

mixing of gases play an important role in the distribution of gases when

one gas is displacing the other. This was studied by Rolston et al . (1969)

°/D0 = 0.66 (E - 0.1) 2.3

using miscible displacement techniques. For herbicides with relatively low

vapor pressures transport by diffusion through soil air is normally considered
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to be insignificant.

Diffusion Through Soil Water

Diffusion of water-soluble substances in soil water medium has

been studied by several workers such as Hartley (196D. 1964), Porter et al .

(1960), Logan et al . (1953), Stewart and Eck (1958), Del Pozo (1959),

Tyler et al . (1958) , Upchurch and Pierce (1957), Harris (1964), Phillips

and Brown (1968), Phillips (1969) and Peaslee and Phillips (1970).

It is well established experimentally (Hartley, 1964) that the

tortuosity factor does not vary greatly among different soils. The

magnitude of this factor is approximately the same regardless of whether

air or water is the diffusion medium, as long as the medium fills the

spaces between the particles. In other words tortuosity factor for water-

saturated soil has approximately the same magnitude as that for air-dry

soil. In normal agricultural soils however, water occupies only part of

the volume (water-unsaturated soil) between the particles, the rest being

air filled. At some finite moisture content characteristics of the pore

size distribution, water becomes less continuous than air.

Klute and Letey (1958) conducted a study of ionic diffusion of

86
RbCl through 200 |j

diameter glass beads at different moisture levels.

The /dq decreased from 0.45 at 33 percent moisture on volume basis to

0.05 at 20 percent moisture content. This indicates that considerable

reduction in the tortuosity factor is due to the discontinuities at

several points of contact so the actual path is longer along the water

film on the minerals. Stewart and Eck (1958) studied the extent of

movement of surface-applied nitrate into Tillman clay loam soil that had

been adjusted to each of five different moisture levels. The soil was

incubated at constant temperature for 14 days and the nitrate determinations
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were made on samples taken from different depths. They found that nitrate

had moved downward 2.5 inches when the soil moisture was at near saturation

and to 1.5 inches in all drier soil samples. At water contents of 18.2,

8.3 and 6.6 percents, about 14.8, 5.5 and 1.2 percents, respectively, of

the originally applied nitrate was found below a depth of 1.5 inches.

This movement of nitrate was attributed to diffusion in the soil water.

Porter et a 1 . (1960) obtained a tortuosity factor by dividing the diffusion

coefficient of chloride obtained for soil systems by the diffusion co-

efficient of chloride in pure water. They observed a linear increase in

the tortuosity factor with moisture content. In a loam soil, the factor

was zero at 9 percent but increased to 0.32 at 28 percent soil water by

volume. For clay it was zero at 13 percent and increased to 0.28 at 44

percent soil water.

The tortuosity factor is dependent on moisture content and falls

to zero at some lower moisture content. Hartley (1964) calculated that

molecules of the size range of most organic herbicides will have molecular

f) 2diffusion coefficients in free water of about 5 x 10 cm /sec. In soils,

at finite moisture content, diffusion coefficient was only one-fifth as

large, that is 1 x 10 cm /sec. The moisture content also affects the

diffusiona 1 transport in other ways. Biggar and Nielsen (1967) commented

that the viscosity and density of water are modified by the proximity of

mineral surfaces and thus the free diffusion through the water films around

the mineral particles will be considerably less.

Oddson et a 1 . (1970) used a mathematical model to predict organic

chemicals in soil solution at different depths and time. They assumed

that movement of organic chemicals due to diffusion is negligible during

the transport by flowing water.
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A fine textured soil that has no aggregations has a higher moisture

holding capacity, than a course textured soil. Hence, at a given soil

moisture content there is a difference in the continuity of water.

Porter et al . (1960) observed by extrapolation that approximately 7, 10

and 15 percent water content brought about zero transmission for loam,

silty loam, and clay, respectively. They assumed that at these moisture

levels the continuity of water films was completely destroyed. The fact

that the /do extrapolates to zero at finite moisture contents for finer

textured soils implies that diffusion of a chemical through soil adsorbed

water is very small.

Most of the commercially important herbicides are sufficiently non-

volatile that their transport through soil water seems to be more important

than transfer through soil air (Hartley, I960). Diffusion through air may

be ignored for all the herbicidal acids and for those having polar hydrophilic

groups as noted by Hartley (1960).

Under prolonged static conditions of soil moisture or where the

liquid percolation rate is very slow, diffusion may become important in

distributing the chemicals through the soil profile. Logan et al . (1953)

observed that radioactive isopropyl N-phenyl carbamate (I'PC) was further

redistributed upon standing for long duration after the usual distribution

resulting from leaching of soil columns.

Downward movement of surface applied nitrate in Tillman clay loam

soil under certain moisture conditions in which liquid water was not

moving, has been observed by Stewart and Eck (1958). The extent of down-

ward movement was about two and a half inches when the soil was at moisture

equivalent over a long period of time. Similar observations were made by

Tyler et al . (1958) with dissolved salts and by Del Pozo (1959) with
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trichloro-benzoic acid (TBA) . Upchurch and Pierce (1957) showed that

for a very slow percolation, water-dissolved chemicals tend to spread

(undergo dispersion) due to diffusion.

Due to the large size of most organic herbicide molecules and their

low solubility in water, diffusion over long distances is normally con-

sidered negligible. Harris (1964) observed that dicamba and diphenamid

moved downward with percolating water and upward when free evaporation was

permitted from the surface. The upward movement almost ceased when the

soil was covered to prevent evaporation. Lack of movement in the covered
f

soil suggested that the herbicide was carried with the water moving to the

evaporating site and diffusion was negligible. Hartley (1960) calculated

that when sparingly soluble herbicides were applied on the surface, several

years would be necessary for as little as 1 percent to migrate by diffusion

to a depth of two feet in a moist soil. Diffusion seems to be important

over a distance of up to one mm from the source. Therefore, dispersion

during convection is less dependent upon diffusion under conditions of

rapid flow.

Oddson et al . (1970) have proposed a theoretical model to predict

distribution of organic chemicals in both solution and adsorbed phases as

a function of soil depth and time for various chemical and soil properties.

They considered mainly adsorption, desorption, and flow velocity of water.

Their model assumes that the rate of movement by mass transport greatly

exceeds the diffusion component and so they neglected diffusion component of

dispersion. There are, however, several herbicide movement studies reported

using diffusion type coefficients (Lindstrom et al .,1967; Davidson et al .

.

1968, Davidson and Santelman, 1968; Kay and Elrick, 1967; and Green et a 1 .

,

1968).
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Rhee and Amundson (1970) made a theoretical analysis of multi-

component adsorption in adiabatic adsorption columns. Their system also

assumed negligible effects of dissusion and establishment of equilibrium

between mobile and stationary phases of the solute.

Green et al . (1968) studied the transport of Atrazine in several

soils as a function of reversible adsorption, liquid flow velocity, soil

water content and biological degradation variables only. They observed

elution from water-saturated columns was nearly the same at flow velocities

of 0.6, 3.5, and 7.0 cm/hour. This led them to conclude that herbicide

transport through these soils had little sensitivity to flow rate or

prevailing water content.

Koren et al . (1969) observed the migration patterns of thiocarbamate

herbicides which are volatile. Although the diffusion should predominate

in this kind of chemical, they noticed that the chemical generally moved

with the infiltrating water. Vapor losses were decreased mainly because

of rapid infiltration, rapid drying of the spray solution, and an adsorp-

tive complex capable of holding the herbicide.

Flow With Moving Water

Water flow in soils is the most important means by which herbicides

and plant nutrients are transported in downward, upward or lateral directions.

It has been shown that water can move the chemicals that are water-soluble,

sparingly soluble, and even insoluble, through porous materials (Sherburne

et al .

,

1956; Del Pozo, 1959; Phillips, 1959; Lambert et al .

,

1965;

Ogle and Warren, 1954; Upchurch and Pierce, 1957; Burnside et a 1 . , 1963.

Assume that a thin film of herbicide is sprayed upon the soil surface

and then water is applied either by rain fall or by irrigation. Prior to
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applying the water all the herbicide is concentrated in a very narrow

zone at the surface. As the water percolates down the profile, the

herbicide begins to move downward and movement depends upon adsorption,

solubility, size of the molecule and the velocity of water. Due to the

above chemical properties of the herbicide, the soil zone of highest

concentration will not move with the same velocity as the water but will

lag behind the water flow. This gives rise to the development of a

chromatogram as elicited by Purnell (1962), Snyder (1968), and Giddings

(1965). With increasing time the wetting front and zone of highest

concentration becomes separated spatially, but movement of herbicide

continues to be dominated by the moving water. Due to the adsorption and

subsequent desorption and microscopic distribution of liquid velocity in

soil pores, the concentration zone spreads or disperses within the soil

profile (Sherburne et al .

,

1956; and Lambert et al. , 1965).

Sherburne et al . (1956) developed the following mathematical equation

to determine the depth of maximum concentration in soil water for two soils:

y = x Exp (- ~) 2.4

where y = depth of concentration peak after 24 hours (inches)

x = water applied initially (surface inches)

c = constant

Freed (1958) using a thermodynamic approach suggested the equation:

AH
s

y = x Exp (- ) 2.5
RTx

where x and y are same as for 2.4

AH = enthalpy of adsorption (K. cal/mole)

T = temperature (°K)

R = universal gas constant (K. cal/degree mole)



13

Similarities between the equations 2.4 and 2.5 are quite apparent.

Freed et al . (1962) gave physical-chemical meaning to the arbitrary

constant of Sherburne et al . (1956).

A similar exponential equation has been derived by Lambert et al .

(1965).

Ogle and Warren (1954) made two types of herbicide movement studies:

a) A percolation study designed to follow the movement through soil columns

following the addition of a pre-determined amount of water, and b) A leach-

ing study designed to determine the relative amounts of infiltration re-

quired to remove completely the herbicides from the surfaces of three types

of soils. They tried to relate the degree of leaching with the molecular

size, solubility and probable chemical reactions in the soil. They found

that there was an interaction of herbicides and soil types in relation to

herbicidal movement and retention. TCA moved rapidly compared to 2,4-D.

There was a highly significant correlation between retention of NPA

(N-l Naphthyl phthalmic acid) and exchange capacity.

Upchurch and Pierce (1957) studied the effects of amount, frequency

and intensity of rainfall in transport of monuron in Lakeland sand. They

found that less intense rainfall resulted in greater accumulation of

monuron near the surface. Frequent applications removed more herbicide

from upper layers than did the less frequent applications. They concluded

that less frequent applications allowed more moisture to evaporate from the

soil surface and the herbicide moved with water during evaporation.

In field studies made by Burnside et al . (1963) 38 inches (96 cm)

of rainfall was observed to be insufficient to remove all of the herbicide

from the 3 to 24 inch (7.6 to 60 cm) soil depth.
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When herbicides are applied in the form of solutions or emulsions

to the soil followed by water, solute transport takes place mostly by the

flowing water. This type of displacement has been of interest to scientists

in the fields of not only soil science but also in chemistry and engineering.

Although the phenomenon of chromatography has been usefully employed by

chemists for separation, and identification of compounds, it has been a

big stepping stone for understanding processes in other fields. Transport

through the liquid phase has been referred to as hydrodynamic dispersion

by Day (1956), and as miscible displacement by petroleum engineers and

Nielsen and Bigger (1961) and as chromatographic separation by chemists.

Hydrodynamic dispersion refers to spreading due to convection coupled

with diffusion. Details on techniques employed will follow under the

title "Models".

Using miscible displacement techniques the movement of several

chemicals through soils have been studied by Davidson et al . (1968);

Davidson and Santelman (1968); Kay and Elrick (1967); Green et al .

(1968). In all these studies the flowing water under controlled con-

ditions plays a major role in the movement of chemicals while the

adsorption and desorption processes hinder and subsequently dampen the

movement, and diffusion spreads the chemicals in the columns.

Adsorption

Adslrption is one of the most important processes that hinder the

free movement of solution through porous materials. The phenomenon of

adsorption has been recognized since the early days of chromatography and

been used in the separation and detection of various organic compounds

(Martin and Synge, 1941). For the case of liquid chromatography, the

process of adsorption is described by Giddings (1965) as the movement of
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a solute-laden mobile phase through the stationary porous material.

During this migration, the solute molecules continuously exchange from

the solution to the adsorbent and from the adsorbent back into the solution

phase. Going from the solution to adsorbent is termed as sorption, while

coming back into solution is termed desorption. Each sorption is followed

by a desorption step. In a given length of time different species of

molecules spend varying periods of time on the adsorbent and in the solu-

tion thus separating one species of molecules from the other. While going

through this interchange the velocity of the molecule is decreased compared

with the flow velocity of the mobile phase. The ratio of solute velocity

to the liquid velocity is referred to as the Rf value (Giddings, 1965;

Snyder, 1968). The value ranges from zero to one.

Given a sufficient period of time, adsorption approaches a state of

dynamic equilibrium. If we confine a specific adsorbent and a solution of

a given compound under study for long enough time, the system will come to

dynamic equilibrium and at that time the amount of solute retained per

unit weight of adsorbent bears a relation with the amount of solute left

in the liquid phase (Lederer and Lederer, 1957; Talbert and Fletchall,

1965; Liu et al .

,

1970; Green et a 1 . , 1968; Weber et al .

,

1965). This

relation is usually linear for dilute solutions. It is generally written

as C = K C 2.6
s 1

where C-^ = concentration of solute in the liquid phase, ^ig/ml

C = amount of solute retained in the solid phase on the
s

adsorbent, [ig/gm

K = proportionality constant (distribution coefficient or

partition coefficient, ml/gm
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The distribution coefficient K has been used for predicting the

movement of organic chemicals and herbicides in soils by Davidson et al .

(1968), Davidson and Santelman (1968), Oddson et a 1 . (1970), and Rhee

and Amundson (1970).

At high solute concentrations, the equilibrium relationship

between the solution and the adsorbed phase will not be linear. Attempts

have been made by Giddings (1965), Snyder (1968), and Rhee and Amundson

(1970) to predict movement for non linear adsorption. The discussion

here will be restricted to linear cases.

The value of K can be experimentally determined by taking a known

amount of soil in a suitable container and adding a predetermined volume

of solution with known concentration (Liu et a 1 . , 1970 and Talbert and

Fletchall, 1965). To test the linearity between solution and adsorbed

phases the solutions with several different concentrations are allowed to

come to equilibrium with the soil. The so-called "adsorption isotherms"

are obtained by statistically fitting a straight line for the experimental

points. The equation used for experimental determination of K is:

K =
C0 - C X V_

“Cl ' w “
ci"

where K - distribution coefficient; also called partition

coefficient, ml/gm

C
Q = amount of solute in solution before equilibrium, fig/ml

Ci = amount of solute in solution after equilibrium, ^g/ml

C„ - Ci = C = amount of solute retained on the soil afterO 1 s
equilibrium, jj,g/gm

V = volume of solvent, ml

W = weight of adsorbent, gm

V_

W
2.7
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Lederer and Lederer (1957) related the quantity and the

distribution coefficient by the following equation.

Mathematical Models

Transport phenomens in soil did not receive much attention until

the early 1900's. After Buckingham (1904) gave a detailed treatment to

the study of soils, the subject has attracted a great deal of attention of

scientists from the disciplines of physics, chemistry, and biology. With

more understanding of the subject, the problems are becoming more specific.

Because complex phenomena are not easily visualized in their full

perspective, scientists have invariably attempted to explore or understand

them through simplified mathematical models and hypotheses. This

technique had provided limited understanding of otherwise impossible

situations. Through simplified models it is possible to understand the

nature of the atom. It is beyond the scope of this dissertation to cite

all the cases that have been solved with the help of models. I shall

therefore discuss briefly a few of the successful models in describing

the transport of matter through soils.

Thermodynamic Model

Methods of thermodynamics are applicable to systems of a well defined

geometrical volume of macroscopic dimensions. Thermodynamic systems are

classified according to the exchange of energy and matter through their

boundaries (Prigogine, 1965). There are mainly three classes; a) isolated

systems which can exchange neither energy nor matter, b) closed systems

which exchange energy (heat and work) but not matter, and c) open systems



18

which exchange both energy and matter with the exterior. Open systems

are of great importance for biological and physical thermodynamics.

Of particular importance to transport mechanisms in the soil is

the work of Onsager (1931) where he arrived at reciprocal relations in

irreversible processes based on statistical probability. Irreversible

thermodynamics was used by Taylor and Cary (1960) to investigate simul-

taneous movement of water and heat in soil systems. Later the flow of matter

and energy were studied by Taylor and Cary (1964). In light of these

studies, linear rate equations were derived by Abdelaziz and Taylor (1965)

to describe simultaneous movement of solutes and water; Yang (1966) used

these equations to describe the movement of herbicides and water in un-

saturated soils. Freed et a 1 . (1962) suggested an equation for predicting

the depth to which the band of surface-applied herbicide will travel

based upon the enthalpy of adsorption. Thermodynamic models usually

require a dynamic equilibrium state; their applications are quite limited

since actual field conditions are seldom at equilibrium.

Capillary Tube Model

Studies on the movement of solutes and dyes in porous media have

been reported by Taylor (1953). He has analytically investigated the

spreading of substances in capillaries due to the combined action of

molecular diffusion and the variation of microscopic velocity over the

cross section. He also observed that distribution of solute concentration

in the capillaries was centered around a point which moves with the mean

speed of liquid flow and was symmetrical about that point. Philip (1963a

and 1963b) analyzed dispersal or mixing of solutes during laminar flow in

straight tubes considering molecular diffusion and convection in a fluid

subject to steady Poiseuille flow. These fundamental investigations apply

very appropriately for clean glass tubes of uniform diameter. Glass acts
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purely as a non-reactive and non-adsorbent pore wall. For soil material

capillaries are neither straight and uniform, nor is the soil an inert

medium. Therefore, the general application of the capillary model has

not been made in the movement of solutes.

Chromatographic Model

Martin and Synge (1941) considered that development of a chromato-

gram to be closely analogous in its mode of operation to distillation and

extraction fractionating columns and developed the theory of chromatography.

They proposed the concept of 'theoretical plates'. From that beginning,

the theory of chromatography has developed into a very refined technique

in studying movement of chemical in adsorbent beds for chemical engineers

and civil engineers. Application of these concepts to problems in soil

science started with Day (1956) during a study of salt water displacing

fresh water in water-saturated sand beds. Dispersion of salt at the bound-

ary between the two liquid phases was greater than could be expected from

purely ion diffusion. He attributed this to a mechanism which he referred

to as hydrodynamic dispersion. He proposed a mathematical model based

upon a statistical theory developed by Scheidegger (1954). Another theo-

retical analysis was made by Lapidus and Amundson (1952) dealing with longi-

tudinal diffusion and convection in ion exchange and chromatographic columns.

The displacement nature of the liquids in a porous column is dependent

upon: a) molecular diffusion, b) convective force, and c) a range of micro-

scopic flow velocities in the column cross section. Total dispersion was

treated as one parameter in elution curves by Nielsen and Biggar (1961),

Brenner (1962), Hashimoto et a 1 . (1964), and Nielsen and Biggar (1963).

From the theory developed by these workers, the application to the movement of

nutrients are reported by Miller et al . (1965), Saddler (1965) ,
Kay and Elrick



(1967), Corey (1966). An attempt to describe pore structure of soils by

miscible displacement technique has been made by Corey et al. (1963).

The displacement of gases in soils has been reported by Rolston

et a 1 . (1969) as a miscible displacement process.

Herbicide movement in soil as a miscible displacement has been

studied by Davidson et al . (1968), Davidson and Santelman (1968), Kay

and Elrick (1967), Lindstrom et al . (1967) and Green et al . (1968). The

general one-dimensional transport equation used by these workers is:

3 C = jj d C

3 x2
v SC _ ds 2.9

dt3 1 3 x^ d x

where C = concentration, gm/1.

o
D = diffusion coefficient, cm /sec.

v = velocity of fluid in the column, cm/sec.

s = quantity adsorbed on the soil surface, gm/gm.

x = direction of fluid flow.

Assuming linearity between C and S, Davidson et al . ( 1968 ) modified

equation 2.9 to give

(1 + JL£ = n 3
2
c . v _3c =0 2.10

0 3 1 d x^ d x

where P = bulk density of soil, gm/cm^

K = distribution coefficient, cnrVgra

3 3
9 = volumetric water content, cm /cm

The solutions to equation 2.10 are obtained through the method

of Laplace transforms by Davidson et al . (1968) and Lindstrom et al . (1967).

During these studies the velocity is held at a very slow rate and thus the

effects of diffusion cannot be neglected.
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In a normal soil, the liquid velocity is usually higher and the

effects of diffusion may be considered negligible. Oddson etal. (1970)

considered only the flow velocity and the adsorption terms, dropping the

diffusion term and gave their second order differential equation describ-

ing the concentration of adsorbed chemical on soil as:

v
*2
o s

dxdt
a
2
s

at
2

av If + a(k+ l) If = 0 2.11

where S - concentration of adsorbed chemical per unit volume

of media, gm/cm

a & K = are constants.

Rhee et al . (1970) proposed the following first order differential

equations for a multicomponent system with negligible diffusion.

_d
Sx < ci

- +
at (c

i
VS. )

1
0

2.12

where = concentration in fluid phase of i*" component, moles/cm^

Si = concentration in solid phase of i
1"*1

component, moles/cm^

V = volumetric flow rate ratio

v = volume ratio

Equations 2.11 and 2.12 seem to hold good under certain conditions

for solute transport in soil. All these studies made so far using chromato-

graphic models are conducted under conditions of water-saturation. By their

adaptability, the chromatographic models are very versatile and have been

very promising.

On the basis of the model by Rhee et a 1 . (1970) , I have proposed in

Chapter IV of this dissertation a model to describe solute transport during

water infiltration through initially dry soil.



III. THEORETICAL

Consider a column of cross sectional area A and length L filled

with dry soil oriented along the z - axis. Within the column, the mobile

phase with solute concentration C^ is introduced from the bottom with a

constant flux Q maintained at all times thereafter. The mobile phase

moves through the stationary phase and, while doing so, exchanges the

molecules of the solute through adsorption. Thus, we introduce the

assumption that the concentration (activity) of solute in the liquid

phase C-p and in the solid phase C
g

tends to be at equilibrium. It was

found in a study by Weber et al . , 1965, that 2,4-D did not attain

equilibrium even after 48 hours at 10°C on an anion exchanger. It took

6 hours to come to equilibrium at 55°C. This suggests that there is no

instantaneous equilibrium. For the case of dilute solutions, at equilibrium

there exists a linear relation between C, and C :

1 s

C
L

= m C
g 3.1

where m is a constant

The transfer of solute from the liquid to solid phase to attain

equilibrium and vice versa is not instantaneous, but is dependent on what

we call the "transfer coefficient, k (dimensions L/T)." The idea of this

coefficient is used by Oddson et al .

,

1970 and Rhee and Amundson, 1970.

It is analogous to resistance to the transfer of solute from the liquid

to solid phase and also from the solid to liquid phase.

22
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Let us consider a thin plate of thickness dz at a

distance z in the column.

Let Q - volume rate of fluid phase —

C
1 = solute concentration in the fluid phase —_

L
3

C
s = solute concentration in solid phase —

_

L
3

2A = cross sectional area L

E = porosity

m = proportionality constant

a = surface area/unit volume, 1
L

k = transfer coefficient —
T

The net accumulation of solute in the column between

z and z + dz in the liquid phase is represented as:

QC
X |

- QCjJ - Adz ka (C
1

- mC
s )

=

z + dz

SC,
E A dz

St

eqn 3 . 2 becomes
Sc

i SC.-Aka (C
L

- mC
g )

= E A- Q
Sz

or
zc

1
SC.

Q Si~ +EA IF~ Aka (C1“ mC
s } = 0

Dividing 3.4 by A results in

3.2

3.3

3.4

V
SC^

Sz
+ E

SC.

at
+ k a (c. - mC ) = 0

where V = velocity (^)

3.5
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On the same argument the solute concentration on the solid phase

could be described as:

SC
(1 - E)

St
- k a (C

1
- mC

s
) = 0 3.6

Boundary conditions are

C
L

(z ,0) = 0

C (z
, 0) = 0

S

C (0,t) = C
Q
(t)

Thus, we now have two linear first order differential equations

(3.5 and 3.6), for two unknown variables C, and C . Solution for C, isis 1

obtained by taking Laplace transforms of 3.5 and 3.6 and then solving

the transformed equations simultaneously as below:

Laplace transform of 3.5 is:

A

Sc,

v + S E C^ + k a (C
1

- m C
s ) = 0 3.7

where C denotes C in laplace space. Similarly the transformed 3.6 is

S (1 - E) C
s - k a (C

x
- m C

s ) = 0. 3 . 8

A .

*
In equation 3.8, C^ is solved in terms of C^ as

a C, k a
C = =-

s S-SE + kam 3.9

upon substitution of the above solution of in equation 3.7 we get

SC.
2 2

'1 a A k a m C.
V + SEC. + k a C. - ±

Sz 1 1 S-SE + kam 3. 10

Collecting coefficients it becomes

V
sc

i - r

ST + c
i L

1E S + k a -
. 2 2
k a m

S (1-E) + k a mJ
= °

3. 11
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or

SC.
x— =
c
--*0E S + k a -

.2 2
k a m

S (1-E) + k a m] 3. 12

integration of 3.12 gives

In C
x

= - | j^E S + k a -
, 2 2
k a m

S (1-E) + k a m]

C
1

(z,S) = exp y E S
J.

exp ~ k a
J.

3. 13

exp
S( i#>k a m )]' 6

0
(S>

C
7

(z,t) = exp
|

-E y S |. exp[-E | sj. exp [- |

3.14

k a
S + m k a

1-E
]

•c
0

(S) 3.15

Let 0 = E L A E L
V (Time)

now 3.15 becomes

C
1
(z,S) = exp £-0 j- sj. exp _@ ?l k a S

l. L E S+mE k a_
1-E E

• C
Q
(S)

3. 16

k a -1 mE
Let K = —g (time ) and u = y—- . Now in terms of 0, K,

U, the equation 3.16 is:

C
1
(z,S) = exp jj-0 y sj. exp £-exp I -0 — K

L S + pK]• V S >
3.17

Again with the substitution 0r- =0 3.17 becomes

C
1

(z f S) = exp [-0 S] exp [-0K j. C
Q
(S)

or

or

S + yK_

C^z, S) = exp [-0 S]. exp |~-0 K (l -

3.18

UK
S + |jK)]-o (S)

3.19

C
1
(z,S) = exp [-0S]. exp [-0K]. exp

|^0 pK
2

C
Q
(S)

3.20
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Dividing and multiplying 3.20 by (S + UK) yields

C
1
(z,S) = exp [- 0S] exp [- 0K] [exp 0 yK

2— -

—J .

(S + UK) C
Q

(S) 3.21

C
l

(z 't> = e*P <-« J exp (-uKt) I
0 (

2 / 2 ).

The inverse transform of 3.21 gives

t-0

oJ

( t— 0— t

)

+ |J K C
0

(t-0-T)] d T 3.22

where I0 (x) is modified Bessel function of 0^ order.

The above solution is expanded to account for the delta function

C
0 ^ ^ v ^ and step function MK Cq (t— 0— t) according to the input

conditions. Solution is divided into two parts: and so that the

sum of both gives c(z,t).

f
0 for t - 0 s 0

C°u K exp (-0K)
J exp (-y K t) . I

Q (2^0

^

2
t) d

U
x = / for 0 < t - 0 < T and

.0 ft-0

3.23

U K exp (-0 K) J exp (-y K T) . 1J2J0 4 K2
t) d

t— 0— T
V '

for t - 0 > T

f
and0 for t - 0 s 0

C° exp (-0 K) exp [-y K (t-0)]. I
Q (2 J<fi y K

2
(t-0)

u
2

=
\ for 0 < t - 0 < T and 3.24

C° exp (-0 K). exp [-y K (t- 0 )]. I
Q (2J0 y K2

(t- 0 ) )

^
- exp (-y K T). I

Q (2 <
^~Vl?lt^T) ) for t - 0 > T
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Where T is the length of time the slug was applied.

Now the C/C^ is obtained as:

C

cB

Uj + u2

c°
3.25

The solution derived here is similar to the solution of Oddson

1970, for their special case where the soil did not have any

chemical originally.

In the Results and Discussion section, the experimental results

have been compared against the theoretical curves, computed on an IBM

360 system using Fortran IV language (G) . The program is given in the

Appendix.



IV. EXPERIMENTAL

Introduction

The theory developed in the previous section was experimentally

tested by displacing 2,4-D herbicide on four soil materials varying

considerably in their physical properties.

The air dry soils were packed into lucite columns which were held

vertical during the experiments. Herbicide (2,4-D) solution with a

concentration of 10 ppm was introduced at a constant predetermined flux

at the bottom of the column with a positive displacement pump. After

a predetermined volume was pumped in, the herbicide solution was stopped

and immediately pure water was started with the same flux; thus the

water displaced the herbicide solution plug through the rest of the soil

column and out of it. Small samples (25 microliter) of soil solution were

extracted periodically at the 15 cm mark and the effluent from the other

end was collected in fractions of 5 ml each. The extract and the effluent

samples were analyzed for 2,4-D content and plotted. Theoretical curves

were compared against the experimental results.

Soils

The soils used in the studies were Lakeland fine sand, Fellowship

subsoil (sandy clay), Everglades mucky peat and glass beads (105-210|i )

supplied by Microbeads Division (Cataphote Corporation), Jackson, Mississippi.

Details of locality and depth of collection of soil samples are

shown in Table 1.

28
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Table 1. Description of locality and the depth from which soil
samples were collected.

Name of

soil
Depth

Locality Cm

Lakeland
fine sand

SE% NE% Sec. 2, T 10S 2.5 - 23.0
R20E, Alachua County

Fellowship
subsoil

SE% NW% Sec. 17, T 10S 30.0 - 50.0
R20E, Alachua County

Everglades
mucky peat

NE% NE% Sec. 33, T 20S 0.0 - 30.0
R27E, Orange County
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Samples of Lakeland fine sand and Fellowship subsoil were air dried

and passed through a 2 mm sieve after collection. Mucky peat was stored

in polyethylene bags at the time of collecting and was kept air tight for

the purpose of preventing water loss. This precaution was taken because

this soil becomes water repellent when dry. The sample was, however,

passed through a 2 mm sieve and stored in a polyethylene bag in the lab-

oratory. Some physical properties of the soils are given in Results and

Discussion.

The packing procedure consisted of pouring approximately 50 to 75

o
cm loose soil into the soil cylinder, stirring thoroughly with a lucite

rod and tapping slightly around the outside of the cylinder with the palm

of the hand. Care was taken to minimize stratification within the column.

A rubber septum wTith a custom constructed liquid sample collecting device

was installed at 15 cm from the bottom of the column during packing.

Physical Set-up of Flow System

All soil columns used in the experiments were contained in a lucite

plastic cylinder 7.6 cm inside diameter and 30 cm long. The cylinder was

supported between custom made plastic end-plates by means of four bolts

and wing nuts. Fritted plastic porous discs (medium porosity) were used

in both end-plates such that the fritted discs were firmly in contact with

the soil. There was a very small liquid reservoir behind each porous

disc so that the volume was negligible under rapid flow conditions (Fig. 1)

.

Total volume of both reservoirs was 16 ml. The soil columns were held

vertical during the experiment in a constant temperature chamber at

24°C — 1°C. The constant temperature chamber and fraction collector was

purchased as a unit from Gilson Medical Electronics, Inc., 3000 West

Beltline Highway, Middleton, Wisconsin.
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Figure 1. The general set-up of soil column during the displacement studies
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Two inlet ports were provided for introducing 2,4-D herbicide

solution and water directly at the reservoir behind the porous disc.

Each port was connected to one positive displacement pump by means of

2 mm I.D. nylon tubing. The pair of pumps were electronically actuated

to switch operations from one to the other. The pump unit was a model 190

Dialagrad programmed gradient pump. It was bought from Instrumentation

Specialties Company, Inc., 5624 Seward Avenue, Lincoln, Nebraska. At the

start of the experiment, pump "A" was turned on at time 0. The herbicide

solution was pumped into the soil column from the bottom at constant

volume rate so the flow was vertically upwards. During this time, the

air from within the voids was free to escape through the top ports. At

time '

T
' (200 ml solution) the flow system was switched to pump 'B'. Nov?

the herbicide-free water entered the column at the same rate, displacing

the herbicide solution along the soil column. Flow rates were 50 and 100

o ry

cnr/h so that the velocities across the cross section (45.4 crn ) were 1.1

and 2.2 cm/h. In each run 200 ml of 10 ppm solution of 2,4-D was introduced.

The displacing water had 0.5 percent of phenol added to prevent possible

microbial breakdown of 2,4-D.

At 15 cm from the column bottom, the sampling device was operated to

extract small amounts of liquid samples under an applied suction of 100 cm

of water. The sampling system consisted of a small medium porosity ceramic

plate in contact with the soil and a septum to facilitate drawing the

samples with a hypodermic needle (Fig. 2) . The porous plate of the device

was about 2 cm away from the inside wall and was 9 mm in diameter. A

small reservoir behind the porous plate was helpful in retaining soil

solution at the time of collecting sample by means of a hypodermic needle.

Samples (25 microliter) were collected every 10 minutes for analysis of
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Figure
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2,4-D. Suction was applied just prior to collecting the samples and

immediately afterwards the suction lime was clamped off. This procedure

was followed to prevent disturbance of the soil flow system which might

have occurred with constant draining.

Liquid effluent from the top of the column was collected in volume-

tric fractions of 5 ml with an automatic fraction collector built in the

constant temperature chamber.

Preparation and Analysis of Herbicide Solution

The ^C labeled 2,4-D herbicide was used throughout this study for

displacement and adsorption experiments. Radioactive chemical was purchased

from Ma llinckrodt Chemical Works, St. Louis, Missouri. The manufacturer

specified that the chemical had a specific radioactivity of 3.03 mCi/mM,

so 21.9 mg of chemical had 0.3 mCi. A whole capsule containing 21.9 mg

was emptied into 2.19 liters of distilled water to give a concentration

of 10 ppm. The mixture was stirred thoroughly and stored in a refrigerator

at 7°C.

Analysis for 2,4-D in aqueous solutions was performed by liquid

scintillation counting with a Packard Model 314 EX TRI-CARB series spec-

trometer with bi-alkali photomultiplier tubes. The unit was purchased

from Packard Instrument Company, Box 428, LaGrange, Illinois. Counting

efficiency for ^C was 587, using a dioxane base scintillation cocktail

mixture with spectrometer settings of 280 for the lower discriminator,

1000 for the upper discriminator, 77. gain and 900 volts.

A scintillation cocktail slightly modified from the formula given

by Bray (1960) was used. Details of this cocktail are presented in

Table 2.
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Table 2. Scintillation mixture for counting radioactivity in
aqueous samples.

Compound Quantity

PPO (, 2 ,5-diphenyloxazole) 4.0 gm

P0P0P ( 2 ,2-p-phenylenebis (5-phenyloxazole) 0.2 gm

Naphtha lene 60.0 gm

Methanol 100.0 ml

Ethylene Glycol 20. 1 ml

P-Dioxane 880.0 ml

Concentration of 2,4-D herbicide in effluent was determined by

radio assay of on the carboxyl radical. One ml of each aqueous sample

containing radioactive carbon was measured into a glass scintillation vial

containing 15 ml of Bray's mixture, stirred, and allowed to cool in the

refrigerator of the scintillation spectrometer for about 2 hours prior to

counting. In the case of 25 microliter samples of extract, all of the

quantity was used in 15 ml of scintillation mixture. Each sample was

counted for 10 minutes to reduce statistical counting error and the cor-

responding background counts were substracted to give the count due

to the presence of 2,4-D. The ratio of counts in the effluent (C) to those

in the stock solution (C°) was used in the elution curves (plot of
C
/c°

versus time or accumulative influent volume). Displacement runs were re-

plicated 3 times.

The C atom on the carboxyl group of 2,4-D molecule was labeled in

the sample used, additional analyses were conducted. Thin layer chromato-
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graphic analyses for 2,4-D in the effluent samples were therefore made

to detect possible microbial and/or chemical breakdown of 2,4-D in the

soil columns during displacement. Here a streak of radioactivity distribu-

tion on the chromatogram or zones (blobs) should indicate degradation

products. A few effluent samples were selected at random for these

analyses. About 1/2 ml of aqueous sample was placed in a 1/2 ml centrifuge

tube. The volume was reduced to approximately 15 to 20 microliters under

a steady stream of nitrogen gas. The concentrated sample was drawn into

a fine capillary tube by dipping the capillary tube into the liquid. All

the liquid in the capillary tube was spotted on a TLC (thin layer chromato-

graphic) plate. Spotting was done at an interval of 1 cm between the spots

on a straight line 2.5 cm from the bottom of the TLC plate. All precautions

were taken to see that the spots were as small as possible by depositing

very little solution on the spot at a time and allowing it to dry before

depositing the remainder from the capillary tube. The TLC plates were

precoated aluminum oxide type GF on glass sheet of size 20 x 20 cm with

coating thickness of 250|~l . The TLC plate thus spotted was dried and

placed in a glass trough containing the developing solvent. The solvent

used for development of a chromatogram of 2,4-D was a mixture of

isopropyl alcohol, ammonium hydroxide and water at a ratio of 8:1:1 by

volume, respectively. The plate was removed from the bath when the

wetting front of the solution reached 10 cm height from the original

spots and then dried by evaporation under a hood. Radioactivity distri-

bution on the chromatogram was determined by autoradiograph on x-ray

film. The dried plate was placed in contact with Kodak no-screen x-ray

film and allowed an exposure of 72 hours in the darkroom. The x-ray

film was later developed with x-ray film developer and fixer.
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Adsorption Isotherms

Adsorption of 2,4-D herbicide on all four soil materials was studied

at the equilibrium state. Five grams of soil (air-dry) were weighed into

50 ml capacity polypropylene plastic tubes of 29 mm diameter and 104 mm

length. Stock solutions of radioactive 2,4-D were made from the main

stock solution described previously to give 10, 8, 6, 4, and 2 ppm con-

centrations. From each concentration including zero, 25 ml of solution

was added to each tube. Soil and the 2 3 4-D solution were allowed to come

to equilibrium by shaking them in a reciprocating shaker for 8 hours at

24°C t 1°C. Samples were then centrifuged at 15,000 rpm per 15 minutes

in a Sorvail superspeed centrifuge SS-3 (Ivan Sorvall, Inc., Norwalk, Conn).

One ml of supernatent liquid was pipetted into scintillation vials con-

taining 15 ml of Bray's mixture and counted in the liquid scintillation

spectrometer. Similar counting was done on the stock solutions. From

scintillation counts, the adsorption isotherms were plotted to determine

the parameter m for each soil. Here m is the reciprocal of slope of

adsorption isotherms plotted on the volume basis. Concentration of 2,

4-D in )jg/ml of soil was plotted on the y-axis.

Thus, Slope = - = -

m Cl vs

o
Where C = counts per minute in stock solution

Ci = counts per minute in supernatant liquid

= volume of liquid

V
s = volume of soil

The volume of soil was obtained by dividing the sample weight by

the particle density.



V. RESULTS AND DISCUSSION

Introduction

In this section, breakthrough curves of 2,4-D in four different

soil materials have been presented and discussed. The extent of appli-

cability of the theory developed in the earlier sections has also been

discussed.

The soil materials used ranged from organic soil like Everglades

mucky peat to mineral soils like fine sand and silt loam. Selected

physical properties of the soils are presented in Table 3.

Additional analyses on random effluent samples were conducted by

thin layer chromatography to check is there was any degradation of

2,4-D. Results of these analyses are presented in Figure 3.

Results of adsorption isotherms on glass beads. Lakeland fine sand

and Fellowship subsoil are presented in Figure 4, and those on Everglades

mucky peat in Figure 5. Partition coefficients for all the materials are

presented in Table 4. All results are averages of three replications.

Breakthrough curves as determined at 15 cm and 30 cm distances and

at 1.1 cm/h and 2.2 cm/h velocities for glass beads are presented in

Figures 6, 7, 8, and 9; for Lakeland fine sand, Figures 10, 11, 12 and 13;

for Fellowship subsoil. Figures 14, 15, lb and 17; while for Everglades

mucky peat. Figures 18, 19, 20 and 21.

Recovery of 2,4-D in the effluent was determined from the area under

the breakthrough curves. Data for glass beads, Lakeland fine sand.

Fellowship subsoil and Everglades mucky peat are presented in Tables 5,

38
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Table 3. Selected physical properties of soil materials
and glass beads.

Glass
beads

Lakeland
fine sand

Fellowship
subsoil

Everglades
mucky peat

lo sand - 96.0 65.7

% silt - 3.3 6.7 -

7o clay - 2.0 27.3 -

7o organic matter - 0.73 2.97 74.55

CEC meq/100 gm 0.68 3.96 27.83 79.70

% Water^ 0 2.66 5.23 43.70

Porosity 0.360 0.330 0.448 0.433

Bulk density
g/cm3 1.444 1.664 1.352 0.683

*1
At the time of packing; on oven dry weight basis.



Figure 3. Results of thin layer chromatograph analyses for

2, 4-D on selected effluent samples from glass beads,

Lakeland fine sand, Fellowship subsoil and Everglades

mucky peat.
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Figure 4. Adsorption of 2, 4-D herbicide on Fellowship subsoil,

Lakeland sand and glass beads.
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Figure 5. Adsorption of 2, 4-D herbicide on Everglades
mucky peat.
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Table 4. Coefficient m for 2, 4-D on different soil materials
at equilibrium.

Soil m

Glass beads 108.04

Lakeland fine sand 34.20

Fellowship subsoil 7.86

Everglades mucky peat 0.67



Figure 6. Experimental and calculated relative concentration
distribution of 2, 4-D in glass beads at 30 cm length
and 1.1 cm/h flow velocity across the cross section.
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Figure 7. Experimental
distribution
and 1. 1 cm/h

and calculated relative concentration
of 2, 4-D in glass beads at 15 cm length
flow velocity across the cross section.
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Figure 8. Experimental and calculated relative concentration

distribution of 2, 4-D in glass beads at 30 cm length

and 2.2 cm/h velocity across the cross section.
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Figure 9. Experimental and calculated relative concentration

distribution of 2, 4-D in glass beads at 15 cm length

and 2.2 cm/h velocity across the cross section.
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Figure 10. Experimental and calculated relative concentration
distribution of 2 , 4-D in Lakeland fine sand at 30 cm
length and 1.1 cm/h velocity across the cross section.
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Figure 11. Experimental and calculated relative concentration
distribution of 2, 4-D in Lakeland fine sand at 15 cm
length and 1.1 cm/h velocity across the cross section.
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Figure 12. Experimental and calculated relative concentration
distribution of 2, 4-D in Lakeland fine sand at 30 cm
length and 2.2 cm/h velocity across the cross section.
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Figure 13. Experimental and calculated relative concentration
distribution of 2, 4-D in Lakeland fine sand at 15 cm

length and 2.2 cm/h velocity across the cross section.
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Figure 14. Experimental and calculated relative concentration
distribution of 2, 4-D in Fellowship subsoil at 30 cm

length and 1.1 cm/h velocity across the cross section.
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Figure 15. Experimental and calculated relative concentration
distribution of 2, 4-D in Fellowship subsoil at 15 cm
length and 1.1 cm/h velocity across the cross section
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Figure 16. Experimental and calculated relative concentration
distribution of 2, 4-D in Fellowship subsoil at 30 cm

length and 2.2 cm/h velocity across the cross section.
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Figure 17. Experimental and calculated relative concentration

distribution of 2, 4-D in Fellowship subsoil at 15 cm

length and 2.2 cm/h velocity across the cross section.
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Figure 18. Experimental and calculated relative concentration
distribution of 2, 4-D in Everglades mucky peat at 30 cm
length and 1.1 cm/h velocity across the cross section.
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Figure 19. Experimental and calculated relative concentration
distribution of 2, 4-D in Everglades mucky peat at 15 cm
length and 1. 1 cm/h velocity across the cross section.



EVERGLADES

MUCKY

PEAT

74

PORE

VOLUME

,

V/V

0

FIGURE

19



Figure 20. Experimental and calculated relative concentration
distribution of 2, 4-D in Everglades mucky peat at 30 cm

length and 2.2 cm/h velocity across the cross section.
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Figure 21. Experimental and calculated relative concentration
distribution of 2, 4-D in Everglades mucky peat at 15
length and 2.2 cm/h velocity across the cross section.
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Table 5. Percentage recovery of 2, 4-D in the effluent from
glass beads during displacement.

Velocity
cm/h

Distance
cm

Recovery
%

1.1 30 95.87

1.1 15 97.53

2.2 30 96.61

2.2 15 98.05
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6, 7j and 8.

Ratio of the distance traveled by the zone of highest concentration

to the distance covered by the wetting front (Rf ) for the four soil

materials are presented in Table 9. These values were obtained by

dividing 30 cm by the distance traveled by the wetting front. This

hypothetical distance covered by the wetting front was calculated

as below:

\

Distance

traveled by > =

wetting front
/

where V = influent volume (cm3)

A = cross sectional area of column (cm^)

E = porosity

Degradation of 2,4-D in the Columns

An attempt was made to determine if 2,4-D herbicide undergoes

degradation in the soil columns when the displacing water contained 0.5$

phenol by volume. The results of thin layer chromatographic analyses on

the effluent samples are presented in Figure 3* In the figure
, the numbers

1, 7 , 8, and 13 correspond to stock solution, 2 and 3 to effluent samples

from glass beads, 4, 5? and 6 to mucky peat, 9 and 10 to Fellowship subsoil.

Radioactivity in the chromatogram for the standard solutions and the

effluents from all the soil materials moved with the 2,4-D molecules and

to approximately equal distances from the starting point. The R^ value

(ratio of distance traveled by the zone of concentration to that by the

Volume

Area.
or

AE
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Table 6. Percentage recovery of 2, 4-D in the effluent from
Lakeland fine sand during displacement.

Velocity
cm/h

Distance
cm

Recovery
7»

1.

1

30 89.38

1.1 15 90.89

2.2 30 90.14

2.2 15 91.36
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Table 7. Percentage recovery of 2, 4-D in the effluent from
Fellowship subsoil during displacement.

Velocity
cm/h

Distance
cm

Recovery
%

1.1 30 84.58

1.1 15 85.12

2.2 30 86.81

2.2 15 89.06
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Table 8. Percentage recovery of 2, 4-D in the effluent from
Everglades mucky peat during displacement.

Velocity Distance Recovery
cm/h cm %

1.

1

30 58.31

1.1 15 66.54

2.2 30 62.63

2.2 15 69.77



Table 9. Rf values of 2, 4-D for four soils during the displacement
at the flow velocities.

Soil R
f

Value

1.1 cm/h 2.2 cm,

glass beads 0.967 0.983

Lakeland fine sand 0.913 0.938

Fellowship subsoil 0.755 0.789

Everglades mucky peat 0.434 0.440
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wetting front) is found to be 0.67. If there was any degradation of the

herbicide in the soil columns, radioactivity would have distributed along

the chromatogram in the form of a streak or a string of small globules

each globule representing one degraded product. In that case a quanti-

tative estimation of radioactivity in the chromatogram would have been

necessary to assess the amount of pure 2, 4-D.

Thin layer chromatographic analyses of effluent samples from all

porous material qualitatively indicate that 2, 4-D did not disintegrate

during elution from columns of the porous media.

Adsorption of 2, 4-D on Soils

Results of adsorption isotherms on glass beads, Lakeland fine sand

and Fellowship subsoil under equilibrium conditions are presented in

Figure 4 and those on Everglades mucky peat in Figure 5.

In all the soils and the glass beads a linear relationship was found

between herbicide concentration in solution and adsorption. Maximum isotherm

slope and thus the greatest adsorption is observed in Everglades mucky peat,

followed in descending order by Fellowship subsoil, Lakeland sand and glass

beads. The values of coefficient m obtained from the best visual fitting

straight line are presented in Table 4. It could be expected from Figure 5

and Table 4 that greater adsorption in the organic soil results in a spar-

ing release of 2, 4-D from the columns during displacement. It will also

spread the concentration while slowing down the zone of highest concentra-

tion far behind the wetting front. A higher value for m as in glass beads

indicates that the herbicide should move readily with the flowing water.

Movement of 2, 4-D in glass beads

The 2,4-D elution curves showing concentration as a function of
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pore volume from 105-210 U. glass beads for flow velocities of 1.1 and

2.2 cm/h are shown in Figures 6, 7. 8, and 9. The relative concentrations

in effluent at 30 cm for the two velocities are in Figures 6 and 8 while

those at 15 cm are in Figures 7 and 9. Pore volume, Vo, for the glass

beads system was 490.45 ml. Since the total volume of the empty column

was 1362 ml, the average water velocity in the pores was 3.05 and 6.10

cm/h.

The herbicide moved readily through the glass beads. The solid

lines in the figures represent theoretical curves and were calculated from

equation 3.25 for the K value of 0.006 hours- . These K values which

represent the rate at which the adsorption process attained equilibrium

were not determined experimentally. In the equation 3.25 all the para-

meters except K were determined experimentally. Appropriate values for K

were obtained through trial calculation of equation 3.25 calculated by

using a program written for numerical integration in Fortran IV (G)

language and an IBM 360 system. Values of K were chosen to obtain a good

visual fit between calculated and experimental curves.

Observed relative concentration C/C° in the initial sample coming

out of the column is 0.82 and the ratio quickly reaches 1 before dropping

gradually. Breakthrough curves are not symmetrical around the concentration

zone. Skewness to the right is observed. Calculated curves for the initial

time periods seem to over estimate. Near the peak of the breakthrough

curves the calculated values make better estimation. At the far right there

is generally under estimation since the theoretical values drop to zero

rapidly while the experimental values go little further to zero gradually.

The quantity of 2,4-D recovered in the effluent (Table 5) ranged

from 95.87 to 98.05%. Lower recovery was observed in the effluent at lower
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flow velocity.

The Rf value was 0.967 at 1.1 cm/h and 0.983 at 2.2 cra/h flow

velocity. R.£ values for glass beads and all the soils are presented in

Table 9. It is interesting to note that values for 2,4-D at two

different velocities are not the same. Slightly higher value was observed

at 2.2 cm/h velocity. Similar observation has been made by Giddings,

1965 and Snyder, 1968. These values do not seem to have any relation

with K since the peak was reached almost at the same time for any chosen

value ofK in the calculations, but the values increase with increasing

values of m as predicted by the following:

1 1-Rf
Partition coefficient = ( )

= — given
m Rf

by Lederer and Lederer (1957).

The calculated and observed values during time periods past the

concentration peak in Figures 6 and 7 seem to go together except near the

tail end where the calculated values under-estimate. Such an extended

tailing could be attributed mainly to two processes; molecular diffusion

and hysteresis between adsorption and desorption processes.

Although molecular diffusion is very small for organic chemicals

according to Hartley, 1964, it may show some effect in the long run. By

the time the boundary between herbicide solution and water travels from

the point of introduction to the point of exit it took 9.82 hours. So

some spreading due to diffusion is expected.

It has been assumed in most of the miscible displacement studies

(Nielsen and Biggar, 1963; Miller, et al ., 1965; Lindstrom, et al . . 1967

;

Davidson, et al ., 1968 and Kay and Elrick, 1967) that the partition co-

efficient has the same value at equilibrium during adsorption or desorption.
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The same assumption is made here for simplicity. Some hysteretic -effect

of Atrazine on soils has been reported by Swanson and Dutt, 1970.

Similar effect might be shown by 2,4-D.

Patterns of 2,4-D displacement in glass beads at a velocity of

2.2 cm/h across the cross section at 30 cm and 15 cm distance (Figures

8 and 9) differ slightly. Here the observed relative concentration starts

with a higher ratio than that when the velocity was 1.1 cm/h and reaches

1 quickly and stays until the concentration drops rapidly. This behavior

of almost piston displacement pattern indicates that the extent of ad-

sorption of 2,4-D is very slight. Recovery of the herbicide at 30 cm

was 96.61^ and at 15 cm was 98.05*/ (Table 5)* These values are slightly

higher than the recovery at 1.1 cm/h for their respective distances.

Calculated concentrations are higher than observed during early

time periods. This trend was similar at 1.1 cm/h velocity. Almost perfect

fit is observed near the zone of highest concentration. Observed values,

however, drop too quickly compared to the calculated ones, resulting in a

poor fit. This is apparently due to very little retention in the glass

beads during water movement.

Collecting samples at 15 cm depth was accomplished with a vacuum

device. This helps in understanding the displacement processes as

happening in the profile. It is also possible to draw concentration

profiles in the soil column at given times with a number of sampling

locations in the columns. This method worked satisfactorily as indicated

by smooth breakthrough curves.

Movement of 2,4-D in the Soils

Soils as a group behaved quite differently from the glass beads in

transporting 2,4-D during constant flux infiltration. In general there
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was more adsorption and as a result more spreading of breakthrough curves.

Adsorption in mineral soils like Lakeland fine sand and Fellowship subsoil

was not too much greater than what it was in glass beads. Recovery per-

centage in Lakeland fine sand ranged from 89.38 to 91 . 36$ (Table 6 ) and

in Fellowship subsoil it was 84.58 to 89 . 06$) (Table 7)» but it was only

58.31 to 65 . 77$ for mucky peat soil (Table 8 ). Lakeland fine sand and

Fellowship subsoil, being mineral soils, have a net negative charge on

their surface and have less attraction towards 2 , 4-D molecules which

behave like anions (Scott and Lutz, 1971)- Mucky peat being mostly

organic matter carries some positive charge in addition to high negative

charge. The positive charge therefore attracts the 2,4-D molecules and

hinders the free movement through the profile. There also seems to be

some irreversible adsorption of 2,4-D by the mucky peat. This is evident

from the recovery of only 58 . 31$ even after the prolonged elution of 4

pore volumes. In mineral soils and glass beads herbicide was recovered

within one pore volume of elution process. The separation process is

very distinct in the mucky peat. The R^ value was only 0.434 at 1.1 cm/h

and 0.440 at 2.2 cm/h velocity. These values ranged very high for Lakeland

fine sand and fellowship subsoil (Table 9)* There was an increase in R^,

values for all soils at higher velocities, probably attributable to less

contact time of 2,4-D with pore wall surfaces at faster flow velocities.

The same tendency was observed for glass beads also.

Elution of 2,4-P through Lakeland Fine Sand

Experimental curves look smooth during all time periods at velocity

1.1 cm/h for both 30 cm and 15 cm lengths (Figures 10 and 11). The first

sample showed a relative concentration of 0.46 at 30 cm length and O .58

at 15 cm length. The recovery of applied 2,4-D was found to be 89 . 38$
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at 30 cm and 90.89 at 15 cm length. The breakthrough curves for 2.2 cm/h

velocity are presented in Figures 12 and 13. Here also, the experimental
)

curves are smooth. Slightly higher recovery was observed compared to that at

lower flow velocity. Theoretical curves for both velocities were calculated

according to equation 3.25 for K of 0.07 hours- ^. Calculated values over-

estimate in the early stage of elution. But a good estimate is made around

the zone of highest concentration. Near the tail end the calculated values

underestimate generally at both distances and velocities. These discrepan-

cies have been discussed earlier for glass beads. The same reasons could

be attributed here also. In the sandy soils like Lakeland fine sand the

herbicide moved in high concentration almost with the water flowing in the

profile. There is a great danger that the surface applied chemicals will

readily wash away from the soil and join the drainage water thus polluting

the streams and lakes.

Elution of 2,4-D through Fellowship Subsoil

Experimental and calculated elution curves of 2,4-D through

Fellowship subsoil are presented in Figures 14, 15, 16, and 17. Effluent

concentration in the experiments at 1.1 cm/h flow velocity was found to be

zero for the first 30 ml of effluent. After this, the relative concentra-

tion rose to nearly 1 and dropped gradually, giving a distinct skewed

appearance. The fact that zero concentration was observed in the initial

samples reveals a large degree of adsorption, thereby retarding the zone

of highest concentration to a fraction 0.755 of the distance covered by

the wetting front. Although Fellowship subsoil is mainly a mineral soil

and should have no greater affinity than the Lakeland fine sand, a greater

retention is observed. Fellowship subsoil had a clay content of 27.37» and

therefore had considerably high specific surface area compared to Lakeland



91

fine sand which had only 2$, clay. A high retention of 2,4-D in Fellowship

subsoil seems to he due to adsorption of herbicide molecules on the surface

of the mineral during wetting of mineral by the herbicide solution. This

might be due to some positive charge on the organic matter thus giving.

a

recovery of 84.58 to 89.06$, (Table 7).

1
Theoretical curves were calculated for K = 0.216 hours . Here

also the theoretical curves overestimate the relative concentration in

the early stages. The general fit seems to be satisfactory for the re-

mainder. Experimental values drop gradually compared to calculated as

in the earlier cases. In Fellowship soils with the sandy clay subsoil,

we encounter an interesting situation. Herbicide from the sandy surface

layer will leach readily as we saw in Lakeland fine sand. Once the water

comes in contact with subsoil, water flow will be reduced and at the same

time herbicide will be retained.

Under lower precipitation rates, herbicide will move vertically

down and it will be retained in the subsoil for sometime. Only under pro-

longed precipitation is it likely that the chemical will move out of the

soil and pollute the water going into streams and lakes . Under high

precipitation rate however there is greater danger of washing the chemical

from the top layer into the stream water since there will be little

penetration of water into the subsoil.

Elution of 2,4-D through Everglades mucky peat

Among the three soils used in the studies, mucky peat showed the

greatest adsorption of 2,4-D. Reciprocal of the slope of adsorption

isotherm at equilibrium was found to be O.67 (Table 4) compared to 108.04

for the glass beads. Such a powerful adsorption could result from

the affinity of positive charge of the organic matter towards the negatively
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charged 2, 4-D molecules.

The elution curves of 2 /f-D in Everglades mucky peat are presented

in Figures 18, 19, 20, and 21. One striking fact about these results is

the concentration distribution of 2 ,
4-D in the effluent. No herbicide

was detected in the effluent until a whole pore volume of liquid was

collected. Herbicide then appeared in a very low concentration and it

spread over 3 pore volumes with highest concentration ratio (C/C°) of

only 0.140 during displacement with flow velocity of 1.1 cm/h. At the

same velocity the concentration ratio at 15 cm distance reached a high of

0.185. Breakthrough was also earlier for 15 cm distance than for 30 cm

distance. Pattern of displacement at both distances seemed to be similar.

During the flow velocity of 2.2 cm/h the herbicide appeared in the effluent

a little earlier and also reached a slightly higher concentration ratio of

0.190 at 30 cm and 0.22 at 15 cm distance. Recovery of 2,4-D from mucky

peat during flow velocity of 1.1 cm/h was 58.31% at 30 cm and 60.54% at

15 cm distance. It was slightly higher and reached 62.63% and 65.77%,

respectively when the flow velocity was doubled. Such a low recovery at

either speed indicates that displacement was still not complete due to

greater retention. This was particularly so at lower flow velocity since

the low concentration ratio was observed after 4 pore volume of effluent.

Concentration did seem to reach zero at faster flow velocity. Still the

recovery was 62.63-65.77%. This seems to suggest that there was some

irreversible adsorption of 2,4-D on the mucky peat.

The theoretical curves were calculated for K = . 75 hours
-1

. They

seem to over estimate for all the elution runs except near the tail end

where they dip a little faster than the observed values. Peak for the

calculated and the observed breakthrough curves fall at about the same
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time. The prolonged tailing of experimental concentrations that was

discussed earlier seems to prevail here also indicating effects of

diffusion and hysteresis of partition coefficient.

Surface applied herbicides like 2,4-D in organic soils are re-

tained in the top layers during normal water movement caused by rainfall

or irrigations. There is little danger of removal of chemical deep in the

profile.

Seepage water joining the rivers and lakes is also not likely to

carry the herbicide extensively.



VI. SUMMARY AND CONCLUSIONS

14Miscible displacement of dilute C labeled 2, 4-D herbicide

through initially dry glass beads (105-210pi. ), one organic (Everglades

mucky peat) and two mineral soils (Lakeland fine sand and Fellowship sub-

soil)
,
was studied under conditions of constant liquid influx. The ex-

perimental data were compared to a mathematical model which was based

upon adsorption parameters with diffusion assumed negligible for the con-

centration range of 2, 4-D in the effluent. The model incorporates the

commonly used partition coefficients (ratio of concentrations in adsorbed

to solution phases) from adsorption isotherms and the rate of adsorption

which is newly introduced here.

The flow system consisted of lucite column packed with air dry

porous material. During an experiment the column was placed vertically

in a constant temperature chamber. Studies were made at two liquid flow

velocities. Herbicide solution was introduced at the required flow rate

from the bottom of the air dry column. Constant flow velocity was main-

tained by means of two positive displacement pumps. One pump was used

for herbicide solution and the other was used for pure water. Initially

200 ml of solution was introduced into the column immediately followed by

pure water displacing the solution through the column. Phenol was added

to the water to provide concentration of 0.5% for preventing possible deg-

radation of 2, 4-D during movement through the soil.
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Effluent coining out of the column was collected in fractions of

5 ml each with the help of an automatic fraction collector. Soil solution

was extracted periodically from a porous extraction cup located in the soil

at 15 cm depth. The extract was collected in 25 microliter volume fractions

under partial vacuum. Concentrations of 2,4-D in effluent and extract

samples were determined by liquid scintillation counting. Random effluent

samples were subjected to additional analyses by thin layer chromatography

to determine if degradation of the herbicide occurred. The lack of fit

between the initial stages of the experimental and calculated curves was

attributed to higher adsorption of solute on the porous material during

movement of wetting front compared to adsorption in saturated medium. As

the wetting front of herbicide solution moved through dry soil, sorption rapidly

removed herbicide out of solution. Thus, a concentration gradient becomes

established with time in the solution behind the wetting front and diffusion

tends to move herbicide towards the wetting front. A diffusion term would

probably aid the model in more accurately predicting the initial portion of

the curve. Near the end of the elution process however, predicted values are

lower than observed values. This tailing effect also seems to be due to

diffusion which is at work all along.

Herbicide moved very readily through glass beads and very little

evidence was observed for irreversible adsorption. Calculated and ex-

perimental results of 2,4-D displacement through Lakeland fine sand and

Fellowship subsoil also indicated that the calculated curves overestimated

the concentration before the peak is reached, with a fairly good estimation

near and after the peak. In these two mineral soils, the concentration peak

was reached slightly earlier at higher flow velocity. Quantities of applied

herbicide recovered in the effluent were also fairly high at the higher flow



96

rate. Ready movement of 2,4-D through mineral soils suggests that the

herbicide behaved like an anion. This was also observed by Weber,

et al . , 19653 and Scott and Lutz, 1971- An anion will have very little

affinity towards the negatively charged mineral soils. The elution curves

were markedly different for Everglades mucky peat. Movement of herbicide

was restricted due to a high adsorption rate and as a result the concentra-

tion was spread out over a larger volume of effluent. Relative concentra-

tion C/C° at the peak of the curve was found to be only 0.2 whereas it

reached almost 1.0 for glass beads, Lakeland fine sand and Fellowship sub-

soil. Predicted curves gave higher estimations in the first half of the

curves, while giving better estimates later. Experimental values however

were prolonged after calculated curves reached zero. Herbicide recovery

was less than 60$ of the applied amount at either velocity. This was

quite low compared to die mineral soils and the glass beads where more

than 90$ was recovered in the effluent. The low recovery of 2,4-D from

the mucky peat suggests that irreversible adsorption occurred. This ad-

sorption probably resulted due to stronger attraction of herbicide

molecule to positively charged sites on the organic soil.

In conclusion, 2,4-D herbicide when applied on the soil surface

for the purpose of killing broad leaf weeds showed a great deal of mobil-

ity in the mineral soils. It moved readily through the mineral soils, much

more so in sandy soils without organic matter. Organic matter content in

the soil seemed to reduce the mobility in the profile. In sandy soils

there is some danger of 2,4-D moving with -the ground water endangering

the aquatic plants growing in streams and lakes.

Organic soils offer high resistance to the movement of surface-

applied herbicides like 2,4-D. Even large amounts of precipitation cannot
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effectively carry the herbicide very far down the profile. It is not

likely that drainage water from organic soils would contain dangerous

levels of 2,4-D.

Theory developed here seems to describe quite well 2,4-D movement

in soils under imposed conditions of high flow velocities, no chemical

or microbiological degradation, and no irreversible adsorption.
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