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Table 1—Soil-physical data for data for various displacements
through Glendale clay loam.

6 r-

Exp.
no.

1-1
1-2
1-4
1-5

Tracer

3H
3H

2,4,5-T
3H

Bulk
density, p

g/cm3

1.360
1.360
1.360
1.360

Water
content, 6

Pulse period
Flux, q TI

cm3/cm3 cm/day
Experiment 1

0.460
0.460
0.473
0.460

5.09
5.09
5.11
2.55

2.334
0.512
2.761
1.990

h
days

6.331
1.389
7.672

10.76

Largest
aggregate

size
mm

2.0
2.0
2.0
2.0

Experiment 2
2-1
2-2
2-4
2-5

3H
3H

2,4,5-T
3H

1.361
1.361
1.361
1.361

0.464
0.468
0.479
0.467

4.55
4.57
4.59
2.29

2.361
0.452
2.460
1.762

7.215
1.389
7.708

10.77

2.0
2.0
2.0
2.0

Experiment 3
3-2
3-3
3-4
3-6

3H
2,4,5-T

3H
3H

1.222
1.222
1.222
1.222

0.454
0.475
0.445
0.434

17.0
17.0
4.20
1.32

3.102
3.994
1.909
1.788

2.475
3.212
6.076
9.653

6.3
6.3
6.3
6.3

Experiment 4
4-1
4-2

2,4,5-T
3H

1.309
1.309

0.456
0.433

16.8
4.04

4.948
1.871

4.028
6.021

6.3
6.3

MATERIALS AND METHODS
The same experimental setup as discussed in part II (van Gen-

uchten and Wierenga, 1977) was used to study the movement of
2,4,5-T through 30-cm long soil columns uniformly packed with
the same aggregated (Glendale clay loam soil as was used for the
tritium experiments. Concentrations of 10 ppm of 2,4,5-T were
used for the leaching studies. Radioactive 2,4,5-T with a specific
activity of 4.93 /iCi/mg, and labeled at the carboxyl position was
added to unlabeled herbicide solution. Activities of the 2,4,5-T14C
were determined on a Packard TriCarb Model 3310 liquid scin-
tillation counter, using Aquasol (New England Nuclear, Boston,
Mass.) as the counting medium. Relative effluent concentrations
(cm) were obtained by dividing the herbicide concentrations in the
effluent (Cm) by the concentration of the herbicide pulse (C0)
applied to the columns.

A total of five runs were made with four columns, using Glen-
dale clay loam of two different aggregate sizes and employing soil
water fluxes (q), ranging from 4.0 to 17.0 cm/day. The experi-
mental data for the various 2,4,5-T displacements are given in
Table 1. Included in this table are the soil physical data of several
tritium displacements at similar water contents and flow velocities
through the same columns. The experiments in Table 1 are num-
bered by column and flux (q).

The equilibrium adsorption isotherm for 2,4,5-T and the Glen-
dale clay loam was determined using duplicate 1:1 mixtures of 25
g of soil and 25 ml of various herbicide concentrations in 0.01/V
CaCl2. Each sample was shaken for 24 hours and then centrifuged
at 1,500 rpm for 15 min. The 24-hour shaking period was experi-
mentally determined to be more than sufficient time to obtain equi-
librium between sorbed and solution concentrations (G. A.
O'Connor, 1972)4. Ten milliliters of the supernatant was removed
and analyzed for 14C activity and the count rates were converted to
herbicide concentrations. The difference between the original her-
bicide concentration and that in the supernatant was assumed to be
the result of adsorption.

Equilibrium desorption isotherms were obtained using the same
duplicate 1:1 soil-to-herbicide solution mixtures used for the ad-
sorption study. The 10-ml supernatant sample removed from the
centrifuged samples to determine the initial adsorption was re-
placed by 10 ml of 2,4,5-T-free 0.01/V CaCl2. The soil was
loosened from the tubes by vigorous hand shaking. The samples
were then shaken mechanically for 24 hours to establish a new

4G. A. O'Connor. 1972. Soil adsorption and desorption of 2,4,5,-T.
Agron. Abstr. p. 92.
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Fig. 1 — Equilibrium adsorption and desorption data for 2,4,5-T sorp-
tion on Glendale clay loam.

equilibrium, centrifuged, and another 10-ml extraction and analy-
sis of the supernatant was made. This procedure was followed for
each successive desorption step. In total, seven data points were
determined for each of four desorption curves.

The adsorption studies for 2,4,5-T were repeated using two dif-
ferent soil solution ratios: 20 g of soil mixed with 30 ml of her-
bicide solution, and 30 g of soil with 20 ml of herbicide solution.
No differences in adsorption were found. The adsorption points
obtained with these two additional adsorption studies were used,
together with the earlier results to construct the equilibrium ad-
sorption isotherm.

RESULTS AND DISCUSSION

The equilibrium adsorption and desorption data for 2,4,5-
T and Glendale clay loam are given in Fig. 1. The data
show that adsorption and desorption cannot be described by
the same relation, and hence, are nonsingle valued (hystere-
tic). Both the adsorption and desorption isotherms could be
described by Freundlich-type equations of the form:

S = KCN. [1]

The coefficients K and N in Eq. [1] are different for adsorp-
tion and desorption. Values for K and N are listed in Table
2; they were obtained following the procedures outlined by
Hornsby and Davidson (1973) and van Genuchten et al.
(1974). In this study a value of 2.3 for the ratio NaAs/NAes
was obtained, as shown by the data in Table 2. This value
was found to be independent of the maximum concentration
(Cmax) before desorption is initiated. Similar values were
reported in several earlier studies on the adsorption and
desorption of several pesticides from different soils (Swan-
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Table 2—Parameters used in Eq. [1] to describe the adsorption and
desorption of 2,4,5-T on Glendale clay loam. Cmax is the solution con-
centration before desorption is initiated. The subscripts "ads" and
"des" indicate adsorption and desorption, respectively.

Process Chemical

Adsorption 2,4,5-T
Desorption 2,4,5-T

Cmax = 5.87 Mg/cm'
Cmax" 7.41/L<g/cm^
Cmax = 10.30 jug/cm'
Cmax - 14.35 f*g/cm3

fads ^ads *des

0.616 0.792

1.36
1.51
1.75
2.03

Wdes

0.344
0.344
0.344
0.344

son and Dutt, 1973; Hornsby and Davidson, 1973; van
Genuchten et al..., 1974). Somewhat smaller values (closer
to one) however, were obtained by Farmer and Aochi
(1974) and Wood and Davidson (1975).

Observed and calculated 2,4,5-T effluent curves for col-
umn experiment number 2-4 are shown in Fig. 2. The solid
line represents the analytical solution for the concentration
in the mobile liquid (cm). Since this solution requires a
linear adsorption isotherm (see van Genuchten and
Wierenga, 1976a), it was necessary to approximate the
nonlinear adsorption isotherm in Fig. 1 by a straight line.
The following procedure was used to linearize the equilib-
rium isotherm. We denote the linearized isotherm by
S=Kl

aAsC and require that the areas under the isotherms
over the range 0-10 ppm (all columns were leached with 10-
ppm solutions) for both the linearized and the nonlinear
Freundlich equations be the same (Fig. 1). Thus

r 10 r 10
Kl

adsCdC= 0.
J o J o

[2]

where Kl
aA& (=0.426) is referred to as the linearized adsorp-

tion constant. From the value of 0.426 a retardation factor/?
(for notation see the appendix) of 2.210 was calculated. A
three-parameter curve fitting was then carried out with the
previously described GAUSHAUS nonlinear curve fitting
program (van Genuchten and Wierenga, 1977) to obtain es-
timates for the dimensionless parameters /3, P, and a which
appear in the analytical solution. Results obtained for four

2,4,5-T displacements are given in Table 3. Included in the
table are data obtained from several tritium displacements
through the same columns. The fraction of the adsorption
sites located in the dynamic region of the soil (f), was
subsequently calculated for each 2,4,5-T displacement
using Eq. [17] of van Genuchten and Wierenga (1977) i.e.

= </>+/(/?- i)
or

f• — !
R- 1

For the data of experiment no. 2-4, one obtains

(0.596)(2.21.) -(0.862)
/ = —————(T21J————— = °'376'

[3]

[4]

[5]

The solid line in Fig. 2 was calculated with the analytical
solution and shows a fairly good agreement with the experi-
mental data. The dashed-dotted line was obtained with the
numerical solution of van Genuchten and Wierenga
(1976b), using the value off as calculated above and includ-
ing the nonlinearity of the adsorption isotherm. The dif-
ferences between the nonlinear (numerical) model and the
linear (analytical) model are rather small. The break-
through part of the curve becomes somewhat steeper and the
peak concentration decreases when the nonlinearity is taken
into account. These two effects of the nonlinear isotherm on
the calculated curves are easily explained by considering the
retardation factor Rm of the dynamic region (van Genuchten
and Wierenga, 1976a)

Rm = 1 +fpKNCm
fl-1/e, [6]

Since N<\, Rm will decrease with increasing concentration
Cm. Retardation of the chemical will be more extensive at
the lower and less extensive at the higher concentrations as
compared to the linear case. The net result will be a steeper

i.o

.8

u, .4

.2

•- Kods = 0.616 Nods = 0.792 (NON-SINGLE VALUED)

Kods ' °-426 Nods " '-O00 (SINGLE VALUED)

•— Kads=0-616 Nod3 = 0-792 (SINGLE VALUED)

I 52 3 4
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Fig. 2—Observed and calculated 2,4,5-T effluent curves for experiment 2-4. The open circles represent observed data points.
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Table 3—Summary of various 2,4,5-T and tritium displacements through Glendale clay loam. The tritium data were obtained from van Genuchten
and Wierenga (1977). The superscripts 1 and f indicate linearization and fitted, respectively.

Exp.
no.

1-1
1-2
1-4
1-5
2-1
2-2
2-4
2-5
3-2
3-3
3-4
3-6
4-1
4-2

Tracer

3H
3H

2,4,5-T
3H
3H
3H

2,4,5-T
3H
3H

2,4,5-T
3H
3H

2,4,5-T
%

R

1.027
1.027
2.225
1.027
1.026
1.026
2.210
1.026

1.024
2.139
1.025
1.025
2.223
1.027

(3

0.926
0.926
0.661
0.928
0.850
0.887
0.596
0.830
0.841
0.616
0.872
0.717
0.602
0.788

P

95
95
41
95
45
45
37
45
56
19
56
56
20
57

a

1.47
1.47
0.55
0.56
1.50
1.31
0.88
1.05
0.39
0.21
0.72
1.96
0.39
0.93

/

0.400t
0.400t
0.433
0.400f
0.400t
0.400-j-
0.376
0.400t
0.400t
0.409
0.400t
0.400f
0.399
0.400f

*

0.940
0.940
0.940
0.942
0.862
0.900
0.862
0.841
0.852
0.852
0.884
0.725
0.850
0.798

D
cm2/day

3.7
3.7
8.4
1.9
7.6
7.2
9.1
3.9

24.0
68.0

5.7
2.2

64.0
6.2

a «f

I/day
0.25
0.25
0.09 2.301
0.048
0.23
0.20
0.13 2.279
0.080
0.22
0.12 1.855
0.10
0.086
0.22 2.476
0.12

4ds

0.009
0.009
0.453
0.009
0.009
0.009
0.450
0.009
0.009
0.338
0.009
0.009
0.489
0.009

^ads/^ads

1.06

-
1.06

0.79

1.15

t Assumed to be 0.400.

front and a higher peak concentration for the curve based on
the nonlinear model.

Figure 2 also shows the effect of the observed hysteresis
on the numerical results. The break-through side of the
effluent curve is not affected by the hysteresis, but the rela-
tive concentration during elution decreases much faster and
more prolonged tailing occurs at the higher pore volumes if
hysteresis is taken into account. From Fig. 2 one may
conclude that both the nonlinearity of the adsorption iso-
therm, as well as the observed hysteresis do not affect the
shape and position of the effluent curve to any great extent.
All three calculated curves describe the experimental data
reasonably well. Note that an/-value of 0.376 was obtained
from the data presented in Fig. 2. This indicates that more
than 60% of the adsorption occurs in the stagnant region of
the soil.

The dispersion coefficient D used to construct the three
curves in Fig. 2 is higher than the dispersion coefficient
used to describe tritium displacement through the same col-
umn at the same velocity. Table 3 shows that the Peclet
numbers based on the 2,4,5-T displacements are smaller
than those determined from the tritium data. Theoretically,
only one value of the Peclet number should hold for all dis-
placements through the same column, independent of the
tracer used, provided the flow velocities are sufficiently
high that longitudinal diffusion is negligible compared to
mechanical dispersion (Perkins and Johnson, 1963). The
discrepancies between the Peclet numbers for 2,4,5-T and
tritium are in our opinion due to the existence of kinetic
phenomena during adsorption of the herbicide. This study
assumes equilibrium adsorption, a condition which may not
have been met during the leaching experiments. In a study
of the equilibrium times for 2,4,5-T and Glendale clay
loam, G. A. O'Connor (1972)4 showed that although the
initial adsorption rate was very fast, complete adsorption
could be obtained only after herbicide and soil were shaken
for several hours. When a kinetic adsorption mechanism is
present, the front portion of the effluent curve will be less
steep, as shown in previous studies (van Genuchten et al.,
1974; van Genuchten and Wierenga, 1974). By neglecting
the kinetic effects and using an equilibrium instead of a ki-
netic model, a higher dispersion coefficient will hence be
necessary in order to obtain the same description of the front

portion of the curve. It should be mentioned that in addition
to the occurrence of kinetic phenomena, the curve-fitted
value of the Peclet number will be influenced also by the
fact that a linearized adsorption relation is used in the
model, instead of the nonlinear one observed. However,
this effect is small as shown by the differences between the
solid and dashed lines in Fig. 2. It should be further noted
that a slightly different value of D will somewhat affect the
value of the mass transfer coefficient a that is obtained;
however, it will not influence the value of/obtained with
the curve-fitting procedure.

The solid line in Fig. 2 was obtained with the linear ad-
sorption model, using a value of 0.426 for the (linearized)
adsorption constant, obtained from the batch equilibrium
studies. This coefficient may also be estimated directly from
the effluent curve, using a four-parameter rather than a
three-parameter curve fit. Results for experiment No. 1-4
are shown in Fig. 3, where the solid line was calculated
with a fitted adsorption constant of 0.453, while the dashed
line was obtained with the linearized adsorption constant of
0.426. Both calculated curves are essentially the same.
Note that the values of the parameters D, a, and/obtained
with the four-parameter curve fitting are also very close to
those determined with the three-parameter fitting. Values of
the fitted adsorption constant (ATf

ads)for the four 2,4,5-T dis-
placements are listed in Table 3. The values of /Sff

ads agree
reasonably well with the linearized adsorption constant
^'ads, the average A"f

ads being nearly identical to AT'ads. This
suggests that, when assuming a linear adsorption isotherm,
the adsorption constant can be estimated with reasonable ac-
curacy from the effluent data. However, Green et al. (1972)
in a study on the movement of picloram through two ag-
gregated soils obtained much higher values for Kf

aAs than
could be accounted for by means of equilibrium measure-
ments. It appears that additional experimental verificiation,
using different pesticides and soils is necessary before defi-
nite conclusions can be reached.

Figure 4 compares observed and calculated 2,4,5-T ef-
fluent curves for experiment no. 4-1. The largest aggregate
size used for this experiment was 6.3 mm, compared to 2.0
mm for the data shown in Fig. 2 and 3. The solid line in Fig.
4 again represents the analytical solution using the lin-
earized adsorption constant. A reasonable description of the
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Fig. 3~Observed and calculated 2,4,5-T effluent curves for experiment 1-4. Calculations were based on the linear adsorption model, with and
without fitting the adsorption constant Ka,ls to the effluent data. The open circles represent observed data points.
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Fig. 4—Observed and calculated 2,4,5-T effluent curves for experiment 4-1. The adsorption constant A"1 was obtained by linearization of the equilib-
rium adsorption isotherm. The open circles represent observed data points.

experimental data is obtained, even though in this case the
fitted adsorption constant was found to be 15% higher than
the linearized value (Table 3). Note that an/-value of ap-
proximately 0.40 was obtained from the data in Fig. 4.
Hence 40% of the adsorption occurred in the dynamic and
60% in the stagnant region of the soil. Similar values for/
were obtained for the other displacements (Table 3),
suggesting that the relative location of the sorptlon sites is
not influenced significantly by either aggregate size or bulk
density.

Table 3 further shows that the values of the mass transfer
coefficient, a, obtained from the 2,4,5-T displacements are
lower than those obtained from the tritium displacements at
similar flow velocities. This may be expected since the mass

transfer coefficient is proportional to the diffusion coeffi-
cient (Coats and Smith, 1964), and the diffusion coefficient
of tritium is very large compared to those of most organic
chemicals (Wang et al., 1953; International Critical Tables,
1929). The data in Table 3, except for the displacements in
column 4, show that the ratio of the mass transfer coeffi-
cients of 2,4,5-T and tritium is approximately 0.5 (±0.15)
at similar flow rates. A comparison of experiments 4-1 and
4-2 is meaningless, since the displacements of 2,4,5-T and
tritium in this column were carried out at different velocities
(a is a function of the average pore-water velocity).

The inclusion of hysteresis in the model does not appre-
ciably affect the calculated curves (Fig. 2 and 4). Thus, for
the conditions of this study, intra-aggregate exchange of
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Fig. 5—Observed and calculated 2,4,5-T effluent curves for experiment 1
represent observed data points.

2,4,5-T between mobile and immobile regions was far more
important than the hysteresis in the adsorption-desorption
process. The effects of hysteresis, however, become more
pronounced when intra-aggregate diffusion is neglected, as
was suggested in several earlier studies (e.g., Swanson and
Dutt, 1973; van Genuchten et al., 1974). This is clearly
demonstrated in Fig. 5, where the experimental data of ex-
periment no. 1-4 are compared with calculated curves,
which include (solid line) or neglect intra-aggregate dif-
fusion (dashed and dashed-dotted lines). The dashed line
includes the effect of hysteresis and was obtained with the
numerical program of van Genuchten and Wierenga (1974,
example 1). The dashed-dotted line assumes no hysteresis.
The linear adsorption model without intra-aggregate dif-
fusion (a=0, j6=l) reduces then to the solution of Lind-
strom et al. (1967). The more or less symmetrical curve ob-
tained with this solution fails to describe the data in Fig. 5.
When hysteresis is included in the calculations, the ob-
served tailing during elution of the chemical is fairly well
described. However, hysteresis has no effect on the break-
through side of the curve, and hence, cannot explain the
early appearance of the chemical in the effluent nor the
tailing at the higher concentrations. Tailing during break-
through will remain largely unnoticed when relatively short
pulses are used. This may have influenced earlier conclu-
sions about the importance of hysteresis on solute move-
ment in soils (Swanson and Dutt, 1973; van Genuchten et
al., 1974).

The break in the effluent concentration distributions dur-
ing break-through of the chemical, and its subsequent tail-
ing off, has been observed also by Kay and Elrick (1967)
for the movement of lindane through Honey wood silt loam,
and by J. M. Davidson (unpublished data, 1973) for the
movement of picloram through Norge loam. Kay and Elrick
(1967) attributed the tailing to intra-aggregate diffusion and
adsorption, a phenomena which is substantiated by both ex-
perimental and theoretical descriptions of 2,4,5-T effluent
curves in this study.

4 5 6 7
VOLUME -T

•4, with and without including intra-aggregate diffusion. The open circles

In Fig. 4 a comparison was made between the linear ad-
sorption model and the observed data from experiment No.
4-1. An accurate description of the data was obtained,
especially during break-through of the chemical. The pa-
rameter values presented in Fig. 4 were also used to calcu-
late concentration profiles inside the column for both the
mobile (c^ and the immobile liquids (cim). The results are
given in Fig. 6. The differences in concentration between
the two liquid regions are significant. For example, the rela-
tive concentration in the mobile region at a depth of 20 cm
reaches a value of 0.5 after only 0.8 days, while it takes
about 2.3 days for the concentration in the immobile region
to reach this same value. Previously, (van Genuchten and
Wierenga, 1977) similar distributions for tritium were
shown. Although still considerable, the differences between
cm and cim for tritium were less than those shown in Fig. 6.
This may be expected, since tritium adsorption is very small
(K = 0.009), and material which diffuses into the stagnant
region of the soil can be stored only in the (immobile) liq-
uid.

The fraction of the chemical diffusing into the stagnant
region which will remain in solution may be calculated by
considering the transport equation which describes the dif-
fusional exchange between dynamic and stagnant regions.
Assuming linear adsorption, this equation is given by (van
Genuchten and Wierenga, 1976a, Eq. [16]

[0™ + (1 ~f)pK] (dCim/dt) = a(Cm - C,m). [7]

The first term on the left represents the material stored in the
immobile liquid, while the second term gives the material
adsorbed by the stagnant region. The fraction remaining in
solution hence is given by

Using the data from experiment no. 4-1, one may calculate
that only 17% of 2,4,5-T will remain in solution, while the
remaining 83% will be adsorbed (for tritium nearly 100%
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Fig. 6—Concentration profiles inside column 4, at different times during leaching with 2,4,5-T. Values of the parameters used to construct the
curves are given in Fig. 4. Numbers on the curves indicate time (days) after leaching was initiated.

will remain in solution). Thus, when sorption increases, rel- ft = 4>RJR
atively more material can diffuse into the stagnant region of e water content: 9 = Om+0im (cm3/cm3)
the soil. Since this diffusion is very slow compared to the J» = mobile water content (cm3/cm3)

• . , i , „ r i 1-1 »u i- »u "im = immobile water content (cnr/cirr)rate at which the bulk of the chemical moves through the ^ = fractjon mobi,e water. ̂ = eje

soil, the differences between the concentrations cm and cim p — b,̂  density (g/cm3)
are expected to increase progressively as sorption increases.

APPENDIX-NOTATION

C0 = influent concentration (jttg/cm3)
Cl = concentration break-through side effluent curve
Cm,Cim = concentration in mobile and immobile liquid, respec-

tively (;u,g/cm3)
cm,cim = relative concentrations (Cm/C0;Cim/C0, respectively).
D = dispersion coefficient (cm2/day)
/ = fraction adsorption sites in dynamic region
I0,Ii = modified Bessel functions
K, N = constants in Freundlich sorption isotherm: S = KCN

L = length of column (cm)
P = peclet number of column: P = vmL/D
q = flux
R = total retardation factor: R = 1 + pK/0
Rm = retardation factor of dynamic region: Rm = \+fpK/6m
/?lm = retardation factor of stagnant region:

*im= l+(l-f)pK/Olm
Sm,Sim = adsorption in dynamic and stagnant regions, respec-

tively Og/g)
/ = time (days)
^ = pulse period (days)
T = pore volume T = vat/L = vmt$IL
T! = dimensionless pulse period: Tt = vJ-JL
va = average pore-water velocity (cm/day): va = q!6
vm = average pore-water velocity in dynamic region: vm =

<?/0m(cm/day)
x = dimensionless distance: x = zIL
z = distance (cm)
a = mass transfer coefficient (I/day)
a = dimensionless mass transfer coefficient: a = aLlq
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