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ABSTRACT

The physicochemical dynamics of a pesticide-sediment-water system were
studied utilizing a one-dimensional numerical model of diffusion under
saturated conditions, with nonlinear Freundlich/Langmuir adsorption-
desorption. Specifically, the model was formulated to assess the pollution
potential of pesticides to aquatic systems, based upon their ability to
migrate within the aquatic environment.

Initial physical and chemical characterization of eight freshwater sedi-
ments, and adsorption studies using two chemically dissimilar herbicides—
bromacil and diquat—revealed insightful positive relationships between
adsorption coefficients and sediment properties. Bromacil showed a high
positive correlation between the Freundlich sorption partition coefficient
and the organic carbon content. Diquat adsorption, as characterized by a
Langmuir-type adsorption, showed a high positive correlation between
the Langmuir affinity constant and the surface area, while the Langmuir
adsorption maxima correlated highly with the cation exchange capacity of
sediments treated for the removal of organic matter. Apparent heats of
adsorption for bromacil at 5° and 25°C were low, indicating a predom-
inantly physical type of adsorption. Temperature change was found to have
little or no effect upon the adsorption of diquat over the range of observed
temperatures, 5° and 25°C. Rates of adsorption for both bromacil and
diquat were very rapid, especially on sediments with small organic matter
fractions. In general, diquat took slightly longer than bromacil to attain
equilibrium. The slower adsorption rate of diquat on high-organic-matter
sediments confirms previous findings indicating a possible redistribution
of diquat from adsorption sites on the organic fraction to adsorption sites
on the clay surface. Varying the initial solution concentration of either
bromacil or diquat did not significantly affect the reaction rates. Desorp-
tion studies for bromacil and diquat showed that for each sediment, a
unique linear relationship existed between the adsorbate concentration
at which desorption began and the slope of the desorption isotherm.
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D. L. Corwin and W. J. Farmer

A Mathematical Model of Diffusion under
Saturated Conditions to Assess the Pollution
Potential of Herbicides to Aquatic Systems!

INTRODUCTION

Ir THE WORLD’S DEMAND for food is to be met, it is essential that the use of pesticides
continue. With the continued use of organic and inorganic chemicals in the environment
to control pests, the accumulation of chemical residues becomes significant due to the
sensitivity of various plants and animals. As a combined result of the pesticides’ toxicity
to target and nontarget biological organisms and of worldwide increases in pesticide usage,
environmentalists have grown concerned over the effects associated with pesticide migra-
tion into various compartments of the environment.

Many freshwater organisms are particularly sensitive to chemical residues and are used
as a measure of environmental contamination. As an example, a 96-hour LCs for various
fish was reported as low as 5 ug/L for an organophosphorus pesticide (Pickering et al.
1962). (LCsq refers to the aqueous concentration at which a chemical will kill 50 percent
of its test subjects.) Many bottom-dwelling filter-feeders such as mollusks are known to
accumulate pesticide residues within their tissues. The chemical residues accumulated by
aquatic organisms concentrate pesticides beyond levels that occur in sediments and water.
Where residues are persistent in bottom sediments, benthic organisms may be damaged
even though water concentrations remain low (Wilson and Bond 1969).

Chemical residues in aquatic systems present both real and potential hazards to animals in
the higher trophic levels, including humans (Kraybill 1969; Mrak 1969; Pimentel 1971).
The transfer of residues from prey to predator along the food chain ultimately results in
residue concentrations many thousand times higher than the concentrations present in
ambient water. This sort of trophic accumulation has been demonstrated for Clear Lake,
California (Hunt and Bischoff 1960).

Birds of prey are particularly susceptible to the effects of trophic accumulation, since they
feed on fish and benthic organisms that have been exposed to sediments and water con-
taining pesticides. Birds can generally store high levels of pesticides in their fat deposits
without deleterious effects. During a starvation period, however, these chemicals can be
released into their systems because of fat utilization. The rapid ensuing buildup of these
chemicals in the bloodstream can result in death (Van Velzen, Stiles, and Stickel 1972).

Water and the sediment at the bottoms of water bodies such as rivers, streams, lakes,
and ponds are the major compartments of residence in the aquatic system for persistent
pesticide residues. The principal sources of pesticides to the aquatic environment include
direct applications for the control of water-inhabiting pests; inadvertent applications from
aerial spraying, caused by spray drift; “piggyback” migration on eroded soil particles or in
runoff waters; accidental spills; residues carried from the atmosphere on rain or dust;
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and discharges of factory or sewage effluents into rivers. Surface runoff, piggyback migra-
tion, and aerial transport, however, account for most translocation of pesticides to aquatic
ecosystems (Peterle 1970).

Once pesticides have entered the aquatic environment, they may be adsorbed by suspended
or bottom sediments. An adsorbed pesticide may be released slowly into the overlying
aqueous solution, serving as a source of future contamination even after use of the pesticide
has ceased. Ongoing diffusion and adsorption-desorption processes could continue to supply
pesticide to the surface waters depending on the persistence of the pesticide. Since very low
pesticide concentrations are often toxic to fish and other aquatic life forms, and irrigation
waters containing certain pesticide residues are known to produce lower crop yields, it is
important to have a means of assessing the pollution potential of pesticides in the aquatic
environment.

The object of this paper is to present a simple numerical model of diffusion under
saturated conditions, making possible the assessment of the pollution potential of pesticides
that can migrate from the sediment to the aqueous phase of the aquatic environment.
The model presented in this paper simulates concentration distributions as a function of
time, thereby determining the potential for release of pesticide from adsorption sites on
the sediment into the aqueous solution.

The solution to this particular problem involves three aspects: a characterization of the
physical and chemical properties of sediments selected for their wide-ranging characteris-
tics; an analysis of adsorption-desorption isotherms, including kinetic and thermochemical
studies; and finally the development of a diffusion model that accounts for the reversible
reactions of adsorption-desorption.

MATERIALS AND METHODS

Eight sediment samples were collected from sites located throughout California. The
sites were chosen for their broad range of physical and chemical properties, particularly
with respect to pH, organic matter content, electrical conductivity of the saturated paste,
and particle size distribution. The eight sampling sites consisted of five southern California
and three northern California water bodies. In southern California, the sites were Mock-
ingbird Canyon Reservoir in Riverside County, San Joaquin Marsh on the University of
California’s Irvine campus, and three lakes in the San Bernardino Mountains: Baldwin
Lake, Big Bear Lake, and Jenks Lake. The northern California water bodies were Clear
Lake, a eutrophic lake in Lake County; Castle Lake, a moderately productive cirque lake
in Siskiyou County; and Hill Slough, just outside of Fairfield in the Sacramento Delta
region of Solano County.

Two sediment samples were taken at each site. First, a 7.5-cm-diameter, 45-cm-long core
sample was taken to determine the variation of certain soil properties with depth and
provide a cursory indication of heterogeneity. Then, a composite 15-cm-long core sample
was taken, along with a water sample from the sediment-water interface.

A sampling device originally devised by Barkley (1971) was used to take the sediment
samples. The device consisted of a 7.5-cm (internal diameter) PVC tube that was lowered
into the sediment at the end of a galvanized pipe and raised to the surface after the
openings were sealed. The vacuum created by sealing all openings was sufficient to hold
the sediment sample within the PVC tube. In the case of Castle Lake, however, the sedi-
ment was too suspended to be collected with this sampler, so the 45-cm and 15-cm
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samples were collected with the aid of scuba equipment. Each sample was sealed and
immediately frozen to preserve the chemical and biological state in which it was collected.
The samples were taken in waters ranging from 1.5 m to 6 m deep.

Redox potential and pH were measured at 5-cm intervals on thawed core samples. After
the 45-cm core samples were freeze-dried for 10 to 14 days, the organic carbon content
was determined at 5-cm intervals. In general, each individual sediment was found to vary
little across the range selected for composite core samples (the top 15 cm). The water sam-
ples from the sediment-water interface were analyzed for pH and electrical conductivity.

After freeze-drying, the 15-cm composite core samples were passed through a 2-mm
screen to remove gravel and large organic debris. Initial adsorption studies performed on
the screened fraction revealed that reproducibility problems existed due to sample hetero-
geneity. To rectify this problem a subsample was taken and ground with a rubber-tipped
pestle to pass through a 60-mesh (0.25-mm) sieve. The rubber-tipped pestle reduced physical
abrasion, preventing the reduction of particles beyond their natural particle size.

To see what effect the grinding had on physical and chemical properties of the 2-mm
and 0.25-mm-screened fractions, complete physical and chemical analyses were performed
on each. Electrical conductivity and pH of a saturated paste and a 1:5 sediment-to-water
paste were measured, as were in situ pH, bulk density, particle size distribution, salt content
(CaCO3 + soluble salts), organic carbon content, organic matter content, specific surface
area, cation exchange capacity, exchange acidity, exchangeable bases, and free iron oxides
(Fe203).

The physical and chemical methods commonly used to characterize soils were applied to
the eight selected sediments. Organic carbon content was determined by the Walkley-Black
method outlined by Allison (1965). Organic matter was measured by repeatedly oxidizing
the samples with H,O until no further weight loss was observed. Soluble salts and CaCO3
were determined gravimetrically after repeated treatment with 1 N NaC,H30,-3H,0
adjusted to pH 4.5 with CH3COOH. Mortland and Kemper’s (1965) method for determin-
ing specific surface area was used. This method provided a means of determining both the
internal and external surface area. The pipette method of particle-size analysis was used.
Free iron oxides were determined according to Olsen’s (1965) technique. A dry ash meas-
urement was obtained by subjecting 30- to 40-g subsamples to 375°C for 16 hours, after
pretreatment at 110°C for 24 hours had removed any absorbed water. Cation exchange
capacity and exchange acidity were derived according to the methods outlined by Chapman
and Pratt (1961), and exchangeable bases were determined from the resulting difference.

Adsorption studies for bromacil used the radioassay batch technique with a 1:5 sediment-
to-solution ratio. Stock solutions of 1, 5, 10, 25, 50, 75, 100, and 300 ug/mL bromacil
were prepared from carbon-14-labeled and analytical-grade herbicide in 0.01 M CaCl..
Thin-layer chromatography of the radioactive-labeled samples revealed a purity of more
than 98 percent for bromacil. Twenty milliliters of stock solution and 4 g of 0.25-mm-
screened, air-dried sediment were placed in teflon-coated stainless steel centrifuge tubes
and allowed to equilibrate while shaking in a constant temperature environmental chamber
for 48 hours. Once equilibrated, the slurry was centrifuged at 15,000 rpm for 15 to 30
minutes. A %2-mL aliquot of supernatant was removed and placed in 20 mL of liquid
scintillation cocktail (Lavy, Messersmith, and Knoche 1972), which was then measured
by liquid scintillation analysis. The pH of the supernatant was also taken at this time. The
amount of herbicide adsorbed was determined from the difference between the amount
added and the amount remaining in solution after equilibration. Each concentration was
replicated three to five times. Adsorption isotherms for bromacil were determined at 5°
and 25°C, and from these data the apparent heats of adsorption could be determined.
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Initial kinetic studies for bromacil on three sediments revealed that a 48-hour period
was sufficient to attain adsorption equilibrium. The kinetic studies were by a filtration
method, using stock solution concentrations of 25 and 300 pg/mL.

The filtration method involved mixing a 1:5 sediment-to-bromacil stock solution for a
specific time (ranging from 30 seconds to 4 days), and quickly terminating the reaction
by separating the liquid and solid phases. To achieve this rapid separation, the slurry
was filtered through fritted glass. Very rapid separation was critical, especially for short
reaction times, so the slurry solution was drawn through the filter by suction. Complete
separation was achieved within 2 to 3 seconds. The supernatant was then analyzed by liquid
scintillation.

According to desorption equilibrium reaction rates for bromacil on Baldwin Lake sed-
iment, desorption after 48 hours was approximately 90 percent of what it was after 10
days. The potential for degradation effects was considered justification for not proceeding
longer than 10 days. Two days was selected as sufficient time for the attainment of desorp-
tion equilibrium.

Diquat adsorption studies were similar in technique, except that ultraviolet spectroscopy
was the method of measurement. Stock solutions of 1,000, 2,500, 5,000, 25,000, 40,000,
50,000, 100,000, and 125,000 pg/mL of diquat dibromide monohydrate were prepared
from analytical-grade diquat (purity greater than 99 percent). Following equilibration and
centrifugation, an aliquot was diluted with a pH 4.5 buffer solution of NaC,H30, - 3H,0
and CH3COOH. Absorbance measurements at 208 nm on a spectrophotometer determined
the concentration remaining in solution. Initial reaction-rate experiments used the same
filtration technique outlined for bromacil, and indicated a 48-hour period as sufficient to
attain equilibrium. Desorption equilibrium rates for diquat on Baldwin Lake sediment
revealed that 95 percent of the desorption that occurred after 10 days had already occurred
after 48 hours; consequently, a 48-hour equilibration was chosen for the desorption equi-
librium. Thermochemical adsorption isotherm studies were performed at 5° and 25°C.

Adsorption isotherms were also determined on treated samples for bromacil and diquat.
Several types of treated sample were used. One treated sample consisted of 0.25-mm-
screened sediment that had been treated repeatedly with H;O> to remove the organic matter
fraction. Another consisted only of the mineral fraction available for adsorption, obtained
by treating a 0.25-mm-screened subsample with 1 N NaC,H30;- 3H,0 followed by H,0,
to obtain the mineral fraction, and then subjecting it to 600°C for 2 hours to collapse
the interlayer spacing.

Desorption studies were carried out at 25°C for bromacil and diquat with selected
sediments. The desorption experiments used the slurry from previous adsorption experi-
ments, except that 10 mL of supernatant were removed from the centrifuged samples
and replaced with 10 mL of 0.01 M CaCl,. The tubes were then shaken in the environ-
mental chamber for 48 hours, centrifuged, and measured as before. This process was
repeated for five to six successive desorptions.
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THEORY

The general equation governing the diffusion of a chemical under isothermal, water-
saturated conditions within a sorbing porous medium is

6C S 6°C
Ov 50+ Po g = Do gz = HIOC = pspS B

where C (ug/mL) and S (ug/g) are the equilibrium solution and adsorbed concentrations,
respectively; 6, (cm3/cm?) is the volumetric water content; pp, (g/cm?) is the bulk density;
D, (cm?/day) is the porous diffusion coefficient (assumed constant); x (cm) is the distance;
and ¢ (days) is the time. The coefficients y; (days—*) and p; (days —!) are kinetic coefficients
of first-order pesticide degradation for liquid and solid phases, respectively.

Two different types of adsorption isotherm are generally encountered in pesticide-soil-
water interactions: Freundlich and Langmuir isotherms. For Freundlich-type adsorption,
the relation between S and C is given by

S = KCV/n, (2]
where K and 1/7 are empirical coefficients representing the strength of adsorption and

the degree of nonlinearity of adsorption, respectively. Substituting the differentiated form
of equation 2 into equation 1 results in equation 3,

6C_ D, C 1

5t OR; ox R [ + nudRe—1)]C, (3]
where the retardation factor Ryis given by
= obK ~(1/m-1
Re=1+ B.n C [4]

for Freundlich-type adsorption. In the case of Langmuir-type adsorption we have

_ kb
>=1kC’ g

where £ and & represent the Langmuir affinity constant and adsorption maximum, respect-
ively. Similarly, substituting the differentiated form of equation 5 into equation 1 results
in equation 0,

6C_ D, 6C 1
T RE Ee et m(IHOR-DC, (6]
where
_ __Pokb
Ri=1+ 6,(1+kC)? 7

for Langmuir-type adsorption.

Initial and boundary conditions were imposed to simulate those that might be found in
a riverbed or streambed without convective-dispersive flow. Equations 8a, 8b, and 8c
outline the initial and boundary conditions.

initial conditions:
C(x,0) =C, O0<x=<L [8a]
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boundary conditions:
C(0,t)=0 t=0 [8b]

6 _
Bx C(Lt)=0 t=0 [8c]

These conditions describe an aquatic system in which the sediment has an initial equilib-
rium solution concentration of C, distributed uniformly through the sediment solution,
from the sediment-water interface (x=0) to some finite depth (x =L). The pesticide con-
centration at the sediment-water interface remains zero at all times, indicating a fast-

flowing, well-mixed stream that removes the pesticide as soon as it diffuses from the
sediment into the overlying water. An impermeable layer at x =L restricts any movement

of pesticide below depth L (fig. 1).

WATER

x=0 WATER.-‘S,E?'MENT !NT'ERFACE"l. — C(0H) =0

Foo| SEDMENT - L g,
o ‘ .

% = Ll // 7777 i O =0

IMPERMEABLE

7,

Fig. 1. A schematic illustration showing the initial and boundary
conditions for the diffusion of a pesticide through sediment and
into an overlying water body with an impermeable layer at the lower
boundary.

Using the method of explicit finite-differences on equation 3 we get equation 9 for
0<x<1,

= A (cly + Cly)

~ OR((Ax)?
-1 - — _ZDpdt i

where 7 refers to position, j refers to time, and where

Ri=1+ %(cg)wm—u [10]



HILGARDIA « Vol. 53 » No. 3 « July 1985 7
for Freundlich-type adsorption. For Langmuir-type adsorption, we have

CI*t = 22t (Clyy + Cluy)

T O,R(4x)?
_1 i\ (Ro— __2Dpdt |
+1{1 R, (11 + pg(1+kC)) (Ri—1)]4t 0VR|(Ax)2>C" [11]
where
_ ppkb
R=1+ L+ KCT [12]

Imposing the lower boundary condition at x =L, we get

i+1 . 2Dpdt 1 _

C; 0va(AX)2(C'—1) + { 1 R; [/Jl + n;us(Rf 1)]At
2D, At ;

_ _“Ypet i

O.Re(4x)? } ! [13]

for Freundlich adsorption, and

j+1 — _2Dpdt _1 i\ (R—
cl 0VR1(Ax)2(C“1)+“ R, [ + ps(1+kCl) (Ri—1)] 4t

2D, At j
— _=PpL \l
6,Ry(Ax)? tG (14]

for Langmuir adsorption.

This explicit method has the advantage of being a simple numerical technique, but it
suffers from inherent instability. In order to maintain stability and accuracy, 4x and 4¢
must be selected so that {% — [¥ (BA4t)]} = » and 1 = BA¢ (assume B = 0 and
7 = 0), where for the Freundlich case B = (1/Ryf) [u; + (us/N)Ry — 1)] and » =
(D, A4t)/[6,R/( Ax)?], and where for the Langmuir case B = (1/R))[u; + p; (1 + £C})
(R; — 1)} and » = (D,A4¢)/[60,R(Ax)?]. The explicit method’s accuracy is limited by
the truncation error E = O(4¢) + O[(4x)?]. Consequently, Ax and A¢ must be small
enough to maintain stability, but not so small that calculations become inefficient. The
values of Ax and A¢ were selected as 0.5 cm and 0.1 days, respectively. The value for
D, was derived from the Millington-Quirk (1961) relationship, which, for saturated con-
ditions, is written

D, = (6,)43D, [15]

where D (cm?/day) is the molecular diffusion coefficient in aqueous solution. This model
does not account for solid-liquid phase diffusion of adsorbed molecules, but it was used
since under saturated conditions only values of the volumetric water content and the
molecular diffusion coefficient in aqueous solution are required. D at 25°C was selected
as 2.5 X 107¢ cm?/sec (0.2160 cm?/day), which can be used as a representative value
for most organic pesticides (Hartley 1964; Jury, Spencer, and Farmer 1983).

Assuming that the diffusing material is roughly spherical, the diffusion coefficient in
a fluid should obey the Stokes-Einstein equation,

1 kT

D= 6 mwyr’ [16]
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where £ is Boltzmann’s constant, T is the temperature in kelvins, # is the coefficient of
viscosity, and 7 is the radius of the diffusing material. Since the coefficient of viscosity
of a fluid is a function of temperature—

1 (8kmT)”
n= 3 (szdz) [17]
(where m is the molecular mass and & is the diameter of the molecule)—then D is a
function of ¥'T Using equations 16 and 17, and assuming that D is equal to 0.2160
cm?/day at 25°C, one can further assume that D is equal to 0.2087 cm?/day at 5°C.

The accuracy of the explicit numerical solution (eq. 9 and 13) was determined by
comparing the finite-difference solution of the diffusion equation for zero and linear adsorp-
tion with no degradation to the analytical solutions of the same problems. The analytical
solutions to an analogous boundary-value problem for zero and linear adsorption (eq. 1

and 8) were reported by Carslaw and Jaeger (1959). The solution for zero and linear
adsorption is

D, (2n+1pm%,  (2n+1)m(L—x)
. _~p \e” A7 \e? P 7B\ AT
o ot PTG R A Jreos 2L ;

(18]

where R = 1 for zero adsorption, and R = 1 + (p,K/v) for linear adsorption, with K
representing the linear adsorption coefficient.

A good agreement between the finite-difference and analytical solution for zero adsorp-
tion was obtained. After 10 successive time increment iterations using space and time
grids of 0.5 cm and 0.1 days, respectively, the maximum difference between the numerical
and analytical solution never exceeded 2 percent. Similar results were found for linear
adsorption, where the overall error after 10 time increment iterations was also within the
limit of 2 percent.

Additional parameters that were needed included half-life values for diquat and bromacil,
and initial equilibrium solution concentrations. Under saturated soil conditions, bromacil
has been found to have a half-life of 200 days (Wolf and Martin 1974). No quantitative
values for the half-life of diquat appear to be available in the literature, probably partly
because the chemical nature of diquat complicates the study of its persistence in soils.
Diquat adsorbed by montmorillonitic clay minerals at levels below the cation exchange
capacity is tightly adsorbed and to a great extent becomes biologically unavailable to micro-
organisms and plant roots (Coats et al. 1966; Funderburk, Negi, and Lawrence 1966;
Knight and Tomlinson 1967; Weber and Coble 1968; Weber, Meek, and Weed 1969;
Weber and Scott 1966). In unpublished work, Weber and Weed point out that carbon-14
diquat that had adsorbed onto the internal surfaces of montmorillonite clay in aqueous
soil-nutrient suspensions had not been degraded by microorganisms after a 1-year period.
The adsorption of cationic herbicides, therefore, results in their persistence in their original
form, but in a much reduced biologically active state. Because of this, diquat was assumed
to persist indefinitely.

For comparison purposes, two initial equilibrium solution concentrations—5 and 100
ug/mL—were used for both diquat and bromacil. The 5-ug/mL solution concentration is
a high value in situations where bromacil is used properly, but may be attained if over-
application or a minor accident or spill has occurred. An initial equilibrium solution
concentration of 100 pg/mL for bromacil would definitely reflect a major accident or spill.
For diquat, either 5 pg/mL or 100 pg/mL in the equilibrium solution would be considered
very high, since diquat is highly adsorbed by the soil-sediment matrix. Even low levels of
diquat in the equilibrium solution represent uncommonly high adsorbed levels.
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DISCUSSION OF RESULTS

Tables 1 and 2 summarize the chemical and physical properties of the 2.0-mm- and
0.25-mm-screened sediment fractions, respectively. As expected, the removal of the medium,
coarse, and very coarse sand fractions had very little effect upon the sediment properties,
especially when a proportional weight adjustment is made when calculating the properties.
It was felt that using the 0.25-mm-screened fraction for the adsorption-desorption studies
would ameliorate the problem of reproducibility experienced with the 2.0-mm-screened
fraction. Furthermore, because the coarse and medium sand fractions together never con-
stituted more than 5 percent of the total sediment sample for any of the sediments (they
constituted less than 2 percent for six of the eight sediments), their removal should not
significantly alter the magnitude of adsorption. The data in tables 1 and 2 also show the
wide range in properties between the various sediments. The only consistent similarities
among the sediments are a relatively high level of fine material and a low percentage of free
iron oxides.

Graphs of typical in situ pH and organic carbon content profiles for the 45-cm core
samples of Baldwin Lake and San Joaquin Marsh are presented in figure 2. Except for Big
Bear Lake, each of the eight sites revealed only a slight variation in pH and organic carbon
content over the depth selected for the composite core samples, O to 15 cm. The 0- to 15-cm
sample was used for all subsequent adsorption-desorption analyses.

To compare the sediments to soils, certain descriptive features including the ratio of
organic matter to organic carbon, the specific surface area per gram of organic matter,
and the cation exchange capacity (CEC) of the organic matter fraction were calculated
for the 2.0-mm-screened fraction. Broadbent (1953) found that the organic-matter-to-
organic-carbon ratio (OM:OC) for surface soils was 1.9, and 2.5 for subsoils. This agrees
quite well with the 1.8 to 2.2 range found for the eight sediments. The area per gram
of organic matter for the sediments ranged from 198 to 478 m?/g, which is considerably
less than the 558 to 803 m?2/g for soils that Bower and Gschwend (1952) reported. After
excluding San Joaquin Marsh (CEC = 20 meq/100 g), the cation exchange capacity of the
organic matter fraction averaged 217 meq/100 g for the remaining sediments. This agrees
favorably with the figures Baver (1930) reported for soils, 112 to 252 meq/100 g.

The results of simple and multiple regression analyses made among sediment properties
that customarily correlate well in soils are shown in table 3. The relationships of pH to
exchange acidity, and charge density to cation exchange capacity and total area showed
high positive correlations. The remaining relationships, such as internal surface area to
clay percentage; total surface area to clay percentage; total surface area to silt percentage
and clay percentage; total surface area to organic matter; and total surface area to organic
matter, percent silt, and percent clay, show no correlations.

Analysis of water samples taken from the sediment-water interface (table 4) showed that
the pH of the water tended in most cases to be higher than that of the sediment. The
electrical conductivity of the water samples tended to be lower than the electrical conduc-
tivity of saturated sediment pastes.
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TABLE 1. CHEMICAL AND PHYSICAL CHARACTERISTICS
OF THE 2-MM-SCREENED FRACTION OF FRESHWATER SEDIMENTS

Big Mockingbird San
Characteristic* Baldwin Bear Castle Clear Hill Jenks Canyon Joaquin
and unit of measure Lake Lake Lake Lake Slough Lake Reservoir Marsh

EC. dS/m 1.0 1.6 0.5 1.6 6.4 0.5 3.1 9.4
ECy.5d5/m 0.6 1.0 0.2 0.8 2.1 0.2 1.2 3.0
pHsp (distilled H0) 8.4 6.9 5.2 6.2 6.8 5.6 6.4 6.8
pHj.s (distilled H20) 8.5 6.8 5.1 6.5 6.9 5.6 6.5 6.9
pH in situ 8.6 6.4 5.6 6.2 6.7 5.6 6.5 6.8
Bulk density g/m? 119 085 0.09 036 054 1.68 1.00 1.07
Volumetric water
content cm3/cm? 0.72 0.44 0.17 032 0.28 0.53 0.50 0.47
Texture:
Sand percent 5.0 179 23.0 11.2 0.9 2.0 1.2 4.2
Silt percent 254 537 523 489 40.0 0610 49.2 28.9
Clay percent 69.6 284 247 399 59.1 370 49.6 66.9
Salt content percent 39.4 17.1 1.1 5.0 6.1 2.6 11.5 10.7
OC content percent 1.2 68 132 10.2 4.1 39 1.9 2.0
OM content percent 2.1 134 248 218 7.9 7.2 3.5 4.3
OM:OC ratio 1.8 2.0 1.9 21 1.9 1.9 1.8 2.2
Dry ash content percent 3.04 1274 2528 19.67 585 6.79 4.14 3.22
CEC megq/100 g 370 55.0 401 509 311 213 29.3 37.3
EA meq/100 g 0.6 7.3 235 219 8.0 9.5 9.8 2.5
EB meq/100 g 364 477 166 29.0 231 118 19.5 34.8
Fe03 percent 030 033 045 125 077 181 1.55 0.50
Specific surface area m?/g
Untreated:
Total,, 159.1 141.7 559 956 1525 71.1 165.0 221.4
Treated:
Total, 153.0 118.8 3.1 260 148.6 395 156.3 220.3
External 60.1 18.0 3.6 101 547 113 37.2 80.1
Internal 929 100.8 0 159 939 282 119.1 140.2
Area in m?/g OMS 443 290 216 345 198 478 405 246

*Key to abbreviations:
ECe = electrical conductivity of saturation extract; EC1.5 = electrical conductivity of 1:5 sediment-to-
solution extract; pHsp = pH at saturation; pH1.5 = pH of 1:5 sediment-to-solution suspension; salt =
soluble salts and CaCO3; OC = organic carbon; OM = organic matter; CEC = cation exchange capacity;
EA = exchange acidity; EB = exchangeable bases. Use this key also for table 2.

tUntreated (1 N CaCly).

¥ Treated (H202, 1 N CaCly).

SA : 2/g.
reain m¥/g: | ialy — [total; X (1.00 — residual OM)]
oM = O .
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TABLE 2. CHEMICAL AND PHYSICAL CHARACTERISTICS
OF THE 0.25-MM-SCREENED FRACTION OF FRESHWATER SEDIMENTS

Big Mockingbird San
Characteristic* Baldwin Bear Castle Clear Hill Jenks Canyon Joaquin
and unit of measure Lake Lake Lake Lake Slough Lake Reservoir Marsh

EC. dS/m 1.03 220 052 1.76 7.60 0.54 2.12 9.20
ECy:5 dS/m 0.54 050 0.21 072 320 0.14 0.60 3.11
pHsp (distilled H,0) 8.6 7.2 5.7 6.6 7.0 6.1 7.1 7.8
pH1.s (distilled HO) 9.0 7.2 5.8 6.8 7.2 6.2 7.4 8.1
pHsp (0.01 M CaCly) 8.0 6.7 4.9 5.7 6.6 5.3 6.5 7.3
pH1:5(0.01 M CaCly) 8.0 6.7 4.8 6.0 6.6 5.4 6.7 7.1
Silt, fine sand, and very fine
sand content percent  26.3 654 67.9 55.1 40.3 62.2 49.8 30.2
Clay content percent 733 346 321 449 596 378 50.2 69.8
Salt content percent 37.3 15.6 0.6 3.6 4.5 0.8 11.3 123
OC content percent 1.0 79 145 133 4.4 3.0 2.1 2.6
OM content percent 20 137 224 208 6.7 4.7 3.4 4.1
OM:OC ratio 2.0 1.7 1.5 1.6 1.5 1.6 1.6 1.6
Dry ash content percent 263 1277 21.74 18.65 6.29 5.42 4.23 3.52
CEC meg/100 g 418 627 338 59.1 419 265 36.3 48.5
EA meq/100 g 0.2 55 19.0 19.1 9.4 11.1 7.1 5.8
Fex03 percent 029 036 038 150 085 1.79 1.56 0.65
Saturation percentage 60 52 185 88 52 32 50 44
Charge density C/m? 0.243 0342 0470 0.507 0.266 0.348 0.207 0.208
Specific surface area m?/g
Untreatedt:
Total 165.7 177.0 69.4 1124 151.7 734 168.8 225.1
Treated¥:
Total 158.2 168.2 276 63.2 1481 58.0 150.9 217.8
External 604 279 273 223 544 18,6 36.1 78.9
Internal 97.8 140.3 03 409 93.7 394 114.8 1389

Mineral fraction$
Total specific
surface m?/g 196.6 100.5 27.6 63.6 1309 509 87.4 251.3
CEC meq/100 g 36.2 445 11.2 316 332 161 28.0 49.7
Charge density C/m? 0.178 0427 0392 0480 0.245 0.305 0.309 0.91

*For key to abbreviations, see footnote, table 1.
tUntreated (1 N CaCly).

$Treated (H202, 1 N CaCly).

$Treated (1 N NaCH303 - 3H20, H202, 1 N CaClp).
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IN SITU pH PERCENT ORGANIC CARBON
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Fig. 2. (a) In situ pH, and (b) percent organic carbon, shown
as functions of depth for Baldwin Lake and San Joaquin Marsh
sediments.

TABLE 3. CORRELATIONS BETWEEN SEDIMENT PROPERTIES
OF THE 0.25-MM-SCREENED FRACTION

Linear correlation Multiple correlation
coefficient coefficient
Properties correlated r r

pH to exchange acidity 0.865%
Internal surface area to percentage clay 0.512
Sediment treated with H»O and 1 N CaCl;:
Total surface area to percentage clay 0.622
Total surface area to
percentage silt and percentage clay 0.601
Sediment untreated:
Total surface area to organic matter content 0.393
Total surface area to
organic matter content and percentage clay 0.502
Total surface area to organic matter
content, percentage silt, and percentage clay 0.503
Charge density to cation exchange capacity and total surface area:
Sediment treated with H,O, and 1 N CaCl, 0.954
Sediment treated with 1 N NaC>H30; - 3H,0
followed by H,O> 0.907

*Significant at the 1 percent level.
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TABLE 4. pH AND ELECTRICAL CONDUCTIVITIES OF WATER TAKEN JUST ABOVE
THE SEDIMENT-WATER INTERFACE FOR THE EIGHT FRESHWATER SAMPLE SITES

Electrical conductivity at 25°C

Sample site pH ds/m
Baldwin Lake 8.3 1.2
Big Bear Lake 7.9 0.5
Castle Lake 5.8 0.2
Clear Lake 6.9 0.3
Hill Slough 7.4 3.4
Jenks Lake 6.9 0.2
Mockingbird Canyon Reservoir 6.7 0.6
San Joaquin Marsh 8.2 6.8

Adsorption-desorption studies

Before any adsorption equilibrium experiments could be undertaken with bromacil,
kinetic experiments were necessary to determine the time required to reach equilibrium for
a particular concentration. Three of the eight sediments were selected for kinetic experi-
ments: Baldwin Lake, Clear Lake, and Hill Slough. These sediments provided the full
range of properties represented by all eight sediments.

Initial kinetic studies with Baldwin Lake sediment revealed some interesting results.
Kinetic studies were carried out on samples of Baldwin Lake which were pretreated in
different manners: samples dried at 105°C, and samples dried at 105°C then pretreated
with 0.01 M CaCl; for 24 hours in a shaker. Pretreatment occurred just before the addition
of a stock solution of bromacil that brought the initial bromacil concentration to the desired
level, 25 or 300 pg/mL. Baldwin Lake sediment reaches an adsorption maximum before
coming to equilibrium in the case of no preequilibration with CaCl, (fig. 3). The adsorption

G : ; :
g-

- Co=300ug/mi

a

Wl

&3 BROMACIL

[o] L L L LA ! L L

(] 14

=] e e N 1
= a °

=2

2

o .

s L o -

=4 Co=25ug/mi

—— BALDWIN LAKE, pH=7.95
— — CLEAR LAKE, pH=6.0
~—=— HILL SLOUGH, pH=6.6

L L

oNO PREEQUILIBRATION
(a) 24 HR PREEQUILIBRATION

1 e L 1
A—

o] 20 40 60 80 100 200 300 400 500 600
TIME®S (sec)0?

Fig. 3. Bromacil adsorption equilibrium kinetics at 25°C: amount
of bromacil adsorbed vs. time®> for three freshwater sediments
using initial solution concentrations of (2) 25 ug/mL and (b) 300
pg/mL.
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maximum is reached approximately 1 minute after bromacil is added, and equilibration
occurs at 20 minutes for 25 pg/mL, and between 20 and 60 minutes for 300 pug/mL.
This adsorption maximum may be attributable to hydrophobic sites created by drying the
samples at 105°C to remove all hygroscopic water adsorbed on the surface. As a result,
bromacil is preferentially adsorbed at first. After a short time, however, water begins to
compete more favorably for adsorption sites, and gradually equilibrium is reached.

It appears from the data in figure 3 that equilibrium takes longer at higher initial
bromacil concentrations if there is no preequilibration with CaCl,. Sixty minutes pass
before equilibration of an initial bromacil concentration of 300 ug/mL, while just 15
minutes are required for an initial concentration of 25 ug/mL. As a consequence of these
results, an equilibration time of 48 hours was selected for bromacil and air-dried sediments.
This provided more than adequate time for equilibrium to be reached by all sediments,
regardless of the existence of postulated hydrophobic sites due to drying.

Further analysis of the equilibrium-rate graphs for sediments pretreated with CaCl,
(fig. 3) reveals that bromacil adsorption is generally very rapid, especially on the sediments
with small organic matter fractions. At both concentration levels equilibrium is reached
in less than 4 minutes for Baldwin Lake and Hill Slough sediments, which have organic
matter contents of 2.0 percent and 6.7 percent, respectively, while Clear Lake (organic
matter content 20.8 percent) took approximately 48 hours to reach equilibrium. It would
appear that occluded, less-readily available sites become more available with time. The rapid
adsorption of bromacil by sediment from Baldwin Lake and Hill Slough, however, indicates
a predominantly physical adsorption. The time required to reach equilibrium was not
noticeably affected by the initial concentration of bromacil.

The similar rate constants calculated from the kinetic data using the method outlined
by Haque et al. (1968) further substantiate the proposition that concentration has no
apparent effect on the rate of reaction for either of the two concentrations observed (table
5). These rate constants also confirm quantitatively that sediments with low organic matter
contents adsorb bromacil more quickly, since the Baldwin Lake and Hill Slough sediments
have higher rate constants.

Adsorption studies for bromacil were performed on each of the eight untreated sediments
and a variety of treated sediments in an attempt to understand how bromacil partitions
itself among the various fractions found in sediments’ organic matter and mineral fractions

TABLE 5. RATE CONSTANTS AND GIBBS FREE ENERGY OF ACTIVATION
FOR THE ADSORPTION OF BROMACIL AT TWO CONCENTRATIONS
ON THREE SELECTED SEDIMENTS

Rate Gibbs free energy
Initial constant of activation
concentration k' AG+*
Sample site pug/mL sec™! kcal/mole
Baldwin Lake 25 0.018 19.8
300 0.018 19.8
Clear Lake 25 0.013 20.0
300 0.012 20.1
Hill Slough 25 0.019 19.8
300 0.017 19.9
«, kT —4G%# k'h ) ,
k' = e T RT AG+ = —RT 1n *T k = Boltzmann’s constant; h = Planck’s constant;

R = Gas constant; T = Temperature (kelvins).
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(including internal and external surfaces of the mineral fraction). In all cases, the data
for bromacil adsorption conformed best to the Freundlich adsorption isotherm.
The Freundlich equation is a purely empirical model, expressed as

S = KaasCV/7, [19]

when dealing solely with adsorption processes. In this case, K, represents a measure of
the extent of adsorption while 1/ indicates the nonlinear relationship between adsorption
and the solution equilibrium concentration.

Equation 19 can be rewritten in a log form that simplifies the determination of the
Freundlich adsorption coefficients from experimental data:

log S = % log C + log Kags. [20]

With this equation, K,z and 1/7 can be solved readily by linear regression analysis using
a log transformation, or by a log-log plot of the amount of chemical adsorbed per gram
of sediment S and the equilibrium solution concentration C. In this case, 1/7 represents
the slope and log K, 4, represents the intercept.

Table 6 summarizes the adsorption coefficients for all eight sediments. The average value
of 1/n for the eight untreated sediments at 25°C is slightly less than unity (average 1/7 =
0.92), while the adsorption partition coefficient K,4; ranges from 0.556 to 6.353. A com-
parison of the adsorption coefficients for untreated sediments at 5° and 25°C shows that
as temperature decreases, the degree of nonlinearity 1/z remains essentially unchanged,
but the adsorption partition coefficient increases. This is to be expected, since adsorption
is an exothermic process; the higher the temperature, the lower the adsorption. The
apparent heat of adsorption of each sediment (table 6) is calculated by

_ R 1n(K/Kj3)

AH =" [21]

where K is the adsorption partition coefficient at temperature Ty, K is the adsorption
partition coefficient at temperature T, and R is the gas constant. The apparent heats of
adsorption in table 6 are uncorrected for bromacil solubility at 5° and 25°C. The apparent
heat of adsorption of bromacil is low for each sediment, further indicating a physical type
of adsorption, probably by weak van der Waals forces.

Treatment of the sediments with 1 N NaC,H30;-3H,0 to remove any CaCO3 plus
soluble salts, and then with H,O, to remove the organic matter, left only the mineral
fraction. Adsorption studies on this fraction yielded the results expected, when interpreted
qualitatively. In nearly all cases, the isotherms became more closely linear (indicated by
1/n approaching unity). This might be explained in that the mineral fraction contains
surfaces that are more chemically homogeneous than organic matter, and therefore less
likely to produce nonlinearity in the adsorption isotherm. Except for Baldwin Lake, the
adsorption partition coefficient decreased with removal of the organic matter fraction,
shown by prior investigators to be the single soil constituent most closely associated with
the degree of adsorption (Furmidge and Osgerby 1967; Goring 1962; Graham-Bryce 1967;
Lambert 1968; Peck, Corwin, and Farmer 1980). The 1 N NaC;H;30,-3H,0 treatment
was probably the most significant factor causing the increase in K4 for Baldwin Lake,
since the removal of CaCO3, an inert adsorptive surface, would have increased the amount
of clay per gram of sample, thereby increasing the number of potential adsorption sites
for bromacil, and would have reduced any competition with Ca*2 for adsorption sites.

By heating the mineral fraction to 600°C for 2 hours, the interlayer spacing of the
expanding lattice clays was collapsed, removing any internal surface adsorption sites. This
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produced some unexpected results that are probably attributable more to the extreme heat-
ing process than to adsorption onto the external surfaces of clays. There is a conspicuous
decrease in 1/7z in all sediments, indicating increased nonlinearity in the adsorption iso-
therms. This is unexpected, since a mineral fraction adsorption medium with only external
clay surfaces would seem likely to yield linear isotherms because of the homogeneity of the
adsorption surface. The removal of internal adsorptive surfaces would also be expected to
produce less drastic increases in the adsorption partition coefficient than were found.
K45 increased from 5 to 40 times in magnitude. These combined factors suggest that
the heating process substantially altered the adsorptive surfaces of the mineral fraction.

Interpreting the results from these treated samples obviously requires extreme caution
because of possible changes in the sediments caused by such drastic pretreatment. Never-
theless, the results certainly indicate the presence of possible adsorption sites other than
those provided by the organic matter.

Earlier investigators (Goring 1967; Hamaker and Thompson 1972; Karickhoff 1981;
Lambert 1968; Lambert, Porter, and Schieferstein 1965) have found that when the
adsorption partition coefficient is normalized to organic carbon (OC) by the equation

Koc = ;,ES’E x 100, [22]
Koc is generally less variable than when K is expressed solely on a total sediment basis
(table 6). Baldwin Lake (organic carbon content 1.0 percent) had a higher Ko¢ than the
other sediments. This is commonly the case for low organic matter soils or sediments.
Hamaker and Thompson (1972) proposed that this was because the mineral phase may
make a significant contribution to the total adsorption. In contrast, San Joaquin Marsh
sediment (organic carbon content 2.6 percent, clay content 69.8 percent) showed a Koc
similar to those of the other sediments even though its organic carbon content and clay
content were roughly equal to those of Baldwin Lake (organic carbon content 1.0 percent,
clay content 73.3 percent). Just why the clay provided sites for adsorption of bromacil
on Baldwin Lake sediment but not on San Joaquin Marsh sediment remains unknown.

Linear regression analysis of the adsorption partition coefficient and individual sediment
properties (table 7) confirms previous findings for soils that show high positive correlations
between the organic fraction (as reflected by percentage organic matter, percentage organic
carbon, or percentage dry ash) and the degree of adsorption represented quantitatively by
K45 (Furmidge and Osgerby 1967; Goring 1962; Graham-Bryce 1967; Lambert 1968;
Peck, Corwin, and Farmer 1980). A positive correlation also exists between charge density
and degree of bromacil adsorption, both for untreated sediments and for sediments treated
for the removal of organic matter.

Multiple regression analyses of the Freundlich adsorption coefficient for bromacil and
sediment properties indicate that K,4; is best predicted from the combined properties of
organic matter (% OM), exchange acidity (EA), free iron oxides (% Fe,Os3), and clay
(% clay), when used as the independent variables of a linear multiple regression equation:

K aas = 0.800 + 0.248 (% OM) — 0.007 (EA) + 0.011 (% clay) — 0.810 (% Fe,03)
2 = 0.986. (23]

The results of bromacil desorption studies performed on Big Bear Lake, Castle Lake,
and Clear Lake are summarized in table 8. The desorption isotherms conformed well to
the Freundlich equation,

Sdes = Kdes Cl/n [24]

where Sy, is the amount of chemical (per mass of adsorbent) remaining adsorbed to the
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adsorbent’s surface after a desorption, C is the equilibrium concentration in solution, and
K 4es and 1/7 are the Freundlich desorption coefficients. K reflects the degree of ad-
sorption after desorption has occurred. For the organic sediments of Castle Lake and
Clear Lake, K4, increases and 1/# decreases with an increase in the concentration of

TABLE 7. LINEAR REGRESSION ANALYSIS OF FREUNDLICH SORPTION PARTITION
COEFFICIENT, £,4;, AND INDIVIDUAL SEDIMENT PROPERTIES FOR BROMACIL AT 25°C

Correlation
coefficient Regression equation

Soil property r kags = r?
Exchange acidity 0.632 0.982 + 0.204 exchange acidity 0.400
pHi.5 (0.01 M CaCly) —0.459 9.292 — 0990 pHji:s 0.210
Organic matter 0.908 0.637 + 0.238 percentage organic matter  0.824
Organic carbon 0.902 0.709 + 0.367 percentage organic carbon 0.813
Dry ash 0.911 0.473 + 0.263 percentage dry ash 0.829
Clay —0.487 6.242 — 0.066 percentage clay 0.237
Feo03 —-0.379 4.175 — 1.331 percentage Fe;03 0.144
Exchangeable bases -0.021 3.055 — 0.003 exchangeable bases 0.000
Untreated sediment sample:

Total area —0.518 5.878 — 0.021 total area 0.268

Total cation total cation

exchange capacity —0.313 0.589 + 0.054 exchange capacity 0.098

Charge density 0.846  —2.136 + 15.698 charge density 0.716
Sediment sample treated with H0; to remove organic matter:

Total area —0.602 5.358 — 0.019 total area 0.363

Total cation total cation

exchange capacity —0.322 4.603 — 0.053 exchange capacity 0.104

Charge density 0.800 —1.641 + 15.852 charge density 0.639

TABLE 8. LINEAR REGRESSION ANALYSIS OF FREUNDLICH DESORPTION
ISOTHERMS FOR BROMACIL ON SELECTED SEDIMENTS AT 25°C

Regression equations

Sediment sample So* Kest 1/n 1/n= r”
Big Bear Lake 10.02 4.77 0.71  0.7348 + 0.0003S, 0.88
(Kaast = 3.93) 43.78 5.36 0.76
116.25 4.85 0.80
407.09 3.93 0.86
Castle Lake 13.27 6.72 0.85  0.8425 — 0.00003 S, 0.96
(Kad:* = 6.35) 64.34 8.13 0.84
184.04 9.56 0.83
674.71 10.56 0.82
Clear Lake 12.27 6.71 0.81  0.8158 —0.0005S, 0.99
(Kaast = 5.26) 58.37 7.71 0.79
161.50 11.00 0.74

* .. . . .
Initial adsorbate concentration at which desorption began.

tFreundlich desorption partition coefficient.
¥Freundlich adsorption partition coefficient.
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bromacil adsorbed onto the sediment surface before desorption. This suggests that at
higher adsorbate concentrations the desorption isotherm becomes more nonlinear and the
strength of adsorption increases. For a more mineral-type sediment, Big Bear Lake, the
opposite was true. From the linear regression analysis of 1/7 and the initial adsorbate
concentration of Big Bear Lake sediment, an empirical relationship was found (table 8).
Regression equations with 72 ranging from 0.88 to 0.99 indicate that it is possible to predict
with reasonable certainty the desorption values of 1/% for the three sediments from any
acceptable initial adsorbate concentration of bromacil. By knowing both the desorption
1/n, as determined from the regression equation, and the initial adsorbate concentration
at which desorption commences, the desorption isotherm can be determined. This means
of modeling the adsorption-desorption process is effective as long as desorption is a con-
tinuous process uninterrupted by readsorption. This would be the expected case for the
diffusion of an adsorbed chemical from a sediment into an overlying water body.

Initial kinetic studies were also performed with diquat to determine the time required
to attain equilibrium, as well as to obtain further insight into the intermolecular inter-
actions involved in adsorption. Figure 4 shows that diquat took a slightly longer time to
attain equilibrium than did bromacil. This is also apparent from the lower reaction rate
constants for diquat (compare tables 5 and 9). Once again, the lowest rate constants are
associated with Clear Lake, which is most notably different from Baldwin Lake and Hill
Slough in the high organic matter content of its sediment. From the reaction-time graphs,
especially those of Clear Lake and Hill Slough, diquat’s behavior appears to begin with
a rapid adsorption period, followed by a slow increase in adsorption. This is quite evident
in figure 45, where Clear Lake sediment continues slowly to adsorb diquat. Even after
3 days, equilibrium is not reached. Since only slight increases were seen beyond 2 days
for any of the three sediments, a 48-hour period was adopted as an acceptable equilib-
rium time for adsorption equilibrium work. The continued slow, steady increase in the
adsorption of diquat by the sediments agrees with that of diquat adsorption by soils as
indicated in a review by Knight and Tomlinson (1970). They concluded that the chemical
was redistributed in soils, particularly in peat or muck soils. Ostensibly, diquat is initially

40

20F
(b) DIQUAT

AMOUNT ADSORBED (mg/g)

40-(' $

20  BALDWIN LAKE, pH=7.95
4 CLEAR LAKE, pH =60

(a) o HILL SLOUGH, pH=6.6

% 20 40 60 80 100 ' 200 300 400 500 600
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Fig. 4. Diquat adsorption equilibrium kinetics at 25°C: amount of
diquat adsorbed vs. time®> for three freshwater sediments using
initial solution concentrations of (z) 10,000 pg/mL, and (4) 20,000
ug/mL.
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TABLE 9. RATE CONSTANTS AND GIBBS FREE ENERGY OF ACTIVATION
FOR THE ADSORPTION OF DIQUAT AT TWO CONCENTRATIONS
ON THREE SELECTED SEDIMENTS

Gibbs free energy
Initial Rate constant of activation
concentration k' 4G+
Sediment sample ug/mL sec™! kcal/mole
Baldwin Lake 10,000 0.012 20.1
20,000 0.014 20.0
Clear Lake 10,000 2.78 x 103 20.9
20,000 2.60x 103 21.0
Hill Slough 10,000 0.014 20.0
20,000 0.016 19.9

reversibly adsorbed onto the organic matter of soil, but with time there is a migration to
clay surfaces. Adsorption in soils and in sediments seems to follow the general pattern of
an initially rapid physical adsorption followed by the slow establishment of stronger chem-
isorption bonds.
The adsorption equilibrium data for diquat on treated and untreated sediment samples
conformed quite well to the linear form of the Langmuir equation,
CcC _ 1 C

ST b ]
where S is the amount of chemical adsorbed per unit weight of adsorbent (1 g/g), C is the
equilibrium solution concentration (ug/mL), & is the adsorption maximum, and £ is an
affinity constant related to the bonding energy of adsorbent to adsorbate. Linear regression
lines were calculated and the Langmuir constants & and £ were found for each of the eight
sediments (table 10). The 72 values for the regression lines ranged from 0.993 to 1.000,
indicating that the adsorption data conformed extremely well to the Langmuir linear
equation over the selected range of concentrations.

As expected for a cationic herbicide, the adsorption maxima for diquat were relatively
high. Like previous studies on montmorillonite (Weber, Perry, and Upchurch 1965), this
study showed temperature to have for the most part little or no effect upon the adsorption
of diquat over the relatively narrow range of observed temperatures, 5° and 25°C. Though
this is not readily apparent from the calculated Langmuir adsorption constants of table 10,
it becomes much more obvious when the adsorption isotherms at 5° and 25°C for each
sediment are plotted (fig. 5). Castle Lake and Hill Slough sediments are notable exceptions—
increased temperatures resulted in a conspicuous increase of their adsorption maxima.
This direct relationship of temperature to adsorption maximum was also observed by
Weber, Perry, and Upchurch, but on charcoal.

A qualitative comparison of diquat adsorption isotherms and their corresponding Langmuir
adsorption constants at 25°C for the treated and untreated sediments revealed expected
results (table 10). The removal of the organic matter fraction with H>O, resulted only
in a slight decrease of the adsorption maximum for Baldwin Lake, Mockingbird Canyon
Reservoir, and San Joaquin Marsh sediments, since their organic matter fractions were very
low (below 4.1 percent). In all other cases, removal of the organic matter produced a
significant reduction in the adsorption, indicating the importance of organic matter as a
supplier of adsorption sites. The removal of CaCO3 from the mineral fraction after the
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organic matter had been removed (1 N NaC,H30,-3H,0 + H,0; treatment) resulted in
increased adsorption for Baldwin Lake, Big Bear Lake, and San Joaquin Marsh sediments.
This result was expected, since the removal of CaCO3 is known to reduce the competition
of Ca*? for exchange sites. In addition, each sediment had a sizable amount of CaCO3
present, and CaCO3 would not be expected to offer any adsorption sites. The fact that
Mockingbird Canyon Reservoir actually decreased when its sizable CaCO3 fraction was
removed is not readily explained. A comparison of the adsorption of diquat on the external
surfaces of each sediment’s mineral fraction (1 N NaC,;H30,-3H,0 + H,0, + 600°C
treatment) and on the entire mineral fraction (1 N NaC,H30,-3H,0 + H,0; treatment)
indicated that in most cases the majority of adsorption occurred on the external surfaces
even though the internal surface area was greater. Steric hindrance and charge density
differences between external and internal surfaces seem to be possible causes. Mockingbird
Canyon Reservoir sediment is the only obvious exception to the predominance of external
surface adsorption.

Correlations between individual sediment properties and the Langmuir affinity constant £
are shown in table 11. Surface area was the only property that correlated highly to the
affinity constant, with a correlation coefficient of 0.937. Even though only a moderate
negative correlation existed between charge density o and &, a plot of ¢ and £ revealed a
particularly interesting exponential relationship (fig. 6). The affinity constant £ increases
exponentially as a function of decreasing charge density. This means that the charge sep-
aration of diquat is such that a charge density on the adsorbent surface of approximately 0.2
coulombs/m? (6 X 10% esu/cm?) results in the greatest bonding energy of adsorbent for di-
quat over the range of observed charge densities. Knowledge of the charge density of an ad-
sorbent permits a means of approximating the affinity constant from the “best fit” equation,

k = 0.0508 (0.001)¢ — 0.0012, [206]

where o is the charge density in coulombs/m?

Table 12 provides a similar linear regression analysis for the Langmuir adsorption
maxima 4. On the basis of individual sediment properties, & also correlates well with surface
area (» = 0.904). Previous work with diquat has demonstrated that diquat adsorption on
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Fig. 5. Representative adsorption equilibrium isotherms at 5°C
and 25°C, for Big Bear Lake and Clear Lake sediments.
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clays was related directly to the clays’ cation exchange capacity, and as such involved an
ion-exchange mechanism of adsorption (Dixon et al. 1970; Gamar and Mustafa 1975;
Philen, Weed, and Weber 1970; Weber, Ward, and Weed 1968; Weber and Weed 1968).
This is also the case for the eight sediments after they were treated to remove organic

TABLE 11. LINEAR REGRESSION ANALYSIS OF LANGMUIR AFFINITY CONSTANTS,
£, AND INDIVIDUAL SEDIMENT PROPERTIES FOR DIQUAT AT 25°C

Correlation
coefficient Regression equation

Soil property r kx10-3= r?
Exchange acidity —0.846 11.695 — 0.554 exchange acidity 0.716
pHi:5 (0.01 M CaCly) 0.816 —16.586+ 3.580 pHi:s 0.665
Organic matter —0.699 9.963 — 0.372 percentage organic matter 0.489
Organic carbon -0.722 9.989 — 0.597 percentage organic carbon 0.522
Dry ash —0.722 10.332 — 0.424 percentage dry ash 0.521
Clay 0.612 —2.070 + 0.167 percentage clay 0.375
Fe03 —0.246 7.966 — 1.757 percentage Fe;O3 0.061
Exchangeable bases 0.590 0.262 + 0.178 exchangeable bases 0.349
Untreated sediment sample:

Total area 0.937 —4.425 + 0.075 total area 0.878

Total cation total cation

exchange capacity 0.233 2.778 + 0.081 exchange capacity 0.054

Charge density —0.884 17.113 — 33.295 charge density 0.782
Sediment sample treated with H>O to remove organic matter:

Total area 0.836 0.209 + 0.077 total area 0.699

Total cation total cation

exchange capacity 0.739 3.956 + 0.398 exchange capacity 0.547
Charge density —0.590 20.359 — 37.541 charge density 0.348
oo
ool

k=0.0508 x (0.001)°-0.0012
r2:0.97
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Fig. 6. Langmuir affinity constant, &, for diquat, as related to the
charge density, 0, of seven freshwater sediments.
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matter (» = 0.904). Untreated sediments showed little correlation between total cation
exchange capacity and & (» = 0.658). Apparently, the organic matter fraction influences
the ion exchange process through its effects on the structure of solvating water of the
macromolecular organic matter, since water structure is important in determining the
extent of adsorption (Hamaker and Thompson 1972).

TABLE 12. LINEAR REGRESSION ANALYSIS OF LANGMUIR ADSORPTION MAXIMA,
b, AND INDIVIDUAL SEDIMENT PROPERTIES FOR DIQUAT AT 25°C

Correlation
coefficient Regression equation
Soil property r bXxX 103 = r?
Exchange acidity —0.389 48.490 — 0.685 exchange acidity 0.151
pH1:5 (0.01 M CaCly) 0.677 20.786 + 10.267 pHj:s 0.458
Organic matter —0.280 50.115 — 0.521 percentage organic matter 0.078
Organic carbon —0.294 50.245 — 0.851 percentage organic carbon 0.087
Dry ash —0.353 51.862 — 0.724 percentage dry ash 0.125
Clay 0.619 15.297 + 0.592 percentage clay 0.383
Fe;03 -0.256 50.943 — 6.385 percentage Fe203 0.066
Exchangeable bases 0.769 17.344 + 0.811 exchangeable bases 0.592
Untreated sediment sample:
Total area 0.904 8.729 + 0.254 total area 0.817
Total cation total cation
exchange capacity 0.658 9.824 + 0.804 exchange capacity 0.433
Charge density —0.485 65.733 — 63.853 charge density 0.235
Sediment sample treated with HO3 to remove organic matter:
Total area 0.893 11.165 + 0.223  total area 0.798
Total cation total cation
exchange capacity 0.904 —4.954 + 1.322 exchange capacity 0.818
Charge density -0.577 67.953 — 99.754 charge density 0.333
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Fig. 7. Representative diquat adsorption-desorption equilibrium
isotherms at 25°C, for Big Bear Lake and Clear Lake.
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Diquat desorption studies were performed on each sediment at four initial adsorbate
concentrations. Typical adsorption-desorption isotherm curves for diquat are plotted in
tigure 7. The desorption curves were described with the linear form of the Langmuir
equation. Table 13 summarizes the adsorption maxima & and affinity constants £ calculated
for each desorption curve, using linear regression analysis. For all eight sediments, diquat was
adsorbed so tightly to the sediment surface for an initial adsorbate concentration of 2,500
Hg/g that no desorption occurred. Presumably, at very high adsorbate concentrations,
sorption includes both ion exchange and partitioning into the organic carbon fraction. At
the lower adsorbate concentrations, sorption is essentially the result of ion exchange alone.
The strong bond of ion exchange holds diquat so tightly that no desorption can occur
for any of the eight sediments at initial adsorbate concentrations below 2,500 ug/g. A
linear relationship was found to exist for diquat as for bromacil, between the slope (1/6)

TABLE 13. LINEAR REGRESSION ANALYSIS OF LANGMUIR DESORPTION
ISOTHERMS FOR DIQUAT ON EIGHT FRESHWATER SEDIMENTS AT 25°C

Adsorption  Affinity Regression
So* maxima  constants equations
Sediment sample uglg b k 1/6 r?
Baldwin Lake 2,500 —t —t 495 % 10-3 0.99
37,240 37,453 0.350 —(6.13 X 1010) S,

40,400 40,650 0.053
43,125 43,290 0.011
Big Bear Lake 2,500 -t -t 3.66 X 10—3 0.95
38,600 42735 0034  —(3.32x10-19)S,
43,535 44,053 0.075
52,000 52,356 0.019
Castle Lake 2,500 —t -1t 1.009 x 10—+ 0.99
16,250 16,722 0.0087 —(2.57 X 107?) §4
18,125 18,657 0.0063
22,250 22,676 0.0042
Clear Lake 2,500 —t —t 413 x 103 091
33,500 37,594 0.0063  —(4.22 X 10—19) S,
37,700 38,023 0.050
45,250 45,662 0.014
Hill Slough 2,500 —* —t 4.48 x 10— 0.99
38,030 38,168 0.755 —(4.94 X 10—10) S
43,060 43,290 0.130
52,375 52,632 0.012
Jenks Lake 2,500 —t -t 8.35x 10~ 1.00
21,100 21,552 0.013 —(1.76 X 10—?) S,
22,200 22,472 0.015
24,463 24,691 0.007
Mockingbird Canyon 2,500 -1 -t 4.94 % 10— 1.00
Reservoir 37,500 37,594 0.573 —(6.09 X 10~19) S,
40,850 40,984 0.285
43,750 43,860 0.382

San Joaquin Marsh 2,500 —t —t 3.83x10— 0.98
39,880 40,000 1.53 —(3.48 X 107°) S,
49,530 49,505 1.35
69,500 69,444 1.22

*Initial adsorbate concentration at which desorption began.
*No desorption was detected at So = 2,500 ug/g.
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of the desorption isotherm and the initial adsorbate concentration from which desorption
occurred. In table 13, 72 values close to unity confirm the close relationship between the

slope of the desorption isotherms for each sediment and the initial adsorbate concentration
on the adsorbent surface.

Diffusion model simulations

Figure 8 illustrates the diffusion of bromacil through each of the eight freshwater
sediments, as influenced by temperature, assuming that degradation proceeds at a constant
rate irrespective of temperature changes. Degradation, however, is usually temperature-
dependent, and lowering the temperature could reduce the degradation rate. The lack of
data on the degradation rate of bromacil necessitated the assumption of a constant degra-
dation rate with temperature change. For the same reason, it was also assumed that y; for
bromacil was equal to zero (see eq. 1). Baldwin Lake sediment shows the smallest effect
of temperature on the diffusion process (fig. 82); consequently, only a small change in the
rate of diffusion would be detectable between winter and summer at a given site. The
opposite is true of Clear Lake sediment, which would demonstrate a rather wide range of

diffusion rates as temperature changed (fig. 84).

Temperature can significantly influence both the physical and chemical aspects of the
diffusion process. Since the adsorption of bromacil is an exothermic reaction, adsorption
decreases at higher temperatures, thereby lowering the retardation effect of adsorption.
Diffusion is more rapid, since more chemical remains in solution. The temperature effect
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Fig. 8. Influence of temperature, 5° and 25°C, on the simulated diffusion of bromacil through
eight freshwater sediments. Initial equilibrium solution concentration is 5 ug/mL; degradation rate

is assumed constant with temperature, at u; 0.00347/day; aqueous diffusion coefficient, D, at 5°C
is 0.2087 cm?/day; and D at 25°C is 0.2160 cm?/day.
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is complicated further when bromacil’s solubility is considered. In addition, lower temper-
atures decrease the molecular diffusion coefficient. The net result is a concentration range
within which the potential equilibrium solution concentration distributions for bromacil
will most likely occur after a given time at sediment temperatures between 5°C and 25°C,
disregarding any hysteretic effects.

A comparison of figures 8a through 4 shows that the fastest diffusion occurs in Mock-
ingbird Canyon Reservoir sediment at 25°C, while the slowest occurs in Clear Lake
sediment at 5°C. After 600 days, only 8.4 percent of the initial bromacil equilibrium
solution concentration remains in Mockingbird Canyon Reservoir sediment at 25°C, while
53.2 percent remains in Clear Lake sediment at 5°C. Mockingbird Canyon Reservoir
sediment is characterized by a high bulk density, high volumetric water content, low
strength of adsorption, and nearly linear adsorption isotherm. In contrast, Clear Lake
sediment has a low bulk density, low volumetric water content, high strength of adsorption,
and nearly linear adsorption isotherm. Since Clear Lake and Mockingbird Canyon Reservoir
are representative cases of low and high diffusion, respectively, further references and
comparisons will be restricted primarily to these two sediments.

Figure 9 shows the adsorbed phase distribution of bromacil for Clear Lake and Mock-
ingbird Canyon Reservoir sediments for the same time periods as figure 8. As expected,
the sediment that displays less adsorption (Mockingbird Canyon Reservoir) will have a
greater proportion of bromacil removed by diffusion and degradation processes. For example,
less than 10 percent of the initial adsorbate concentration of bromacil remains on Mocking-
bird Canyon Reservoir sediment after 600 days, but approximately 50 percent remains on
the Clear Lake sediment. The net release of pesticide from the adsorbed and solution
phases into the overlying water, however, is of greater environmental concern.

Generally, the net contribution of a pesticide from the adsorbed and solution phases
of a high-organic-matter sediment is great because that sediment adsorbs more pesticide,
and ends up with more accumulated pesticide to release. This generality applies when
comparing two sediments with the same bulk density, but with variations in pesticide
adsorptive capacity caused primarily by organic matter content. For instance, assuming
similar bulk densities, after 600 days the combined solution and adsorbed phases of Clear
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Fig. 9. Adsorbed phase concentration for the simulated diffusion
of bromacil through two freshwater sediments, (z) Clear Lake and
(b) Mockingbird Canyon Reservoir. C, refers to the initial equilib-
rium solution concentration.
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Lake sediment would release nearly twice as much pesticide into the overlying water as
would Mockingbird Canyon Reservoir sediment. Taking the true bulk densities into account,
however, the net releases of the two sediments are approximately equal. If pollution of
the overlying aqueous solution is the primary concern, due to a concern for the sensitivity
of fish to organic pollutants, then at an equivalent initial equilibrium solution concentration
Clear Lake and Mockingbird Canyon Reservoir will have similar pollution hazard potentials.
On the other hand, filter-feeding organisms that graze for organic matter within the top
few centimeters of sediment will encounter high pesticide concentrations on particles that
have high adsorptive capacities, as in Clear Lake. Either for fish or for benthic organisms,
the pollution level of Clear Lake appears to pose a potential threat.

Using the diffusion model, the effect of degradation can be separated from the physical
process of diffusion in the overall removal of bromacil from the equilibrium solution
(fig. 10). The adsorption process complicates degradation, since it determines the amount
of pesticide that will remain in the solution and adsorbed phases. This partitioning can
affect the degradation rate since solution and adsorbed phase degradation rates may differ
significantly. In Clear Lake sediment approximately 85.7 percent of the initial equilibrium
solution concentration remains after 100 days without allowance for degradation, while
80.9 percent remains with allowance for degradation. After 600 days, 65.7 percent and
46.4 percent remain, respectively. Mockingbird Canyon Reservoir sediment does not display
as much increasing difference with time: approximately 66.9 percent of the initial bromacil
solution concentration remains after 100 days without degradation, and 56.1 percent
remains with degradation; while after 600 days, 23.3 percent and 8.5 percent remain,
respectively. Because of the greater adsorption of bromacil by Clear Lake sediment than by
Mockingbird Canyon Reservoir sediment, the degradation process plays a more significant
role in the removal of Clear Lake’s bromacil, since bromacil persists there for a greater
length of time. The small initial influence of degradation on the removal of bromacil
from the equilibrium solution for Clear Lake sediment is caused by the small amount
that remains in solution due to the high degree of adsorption. The greater retardation of
movement of bromacil in Clear Lake sediment causes more bromacil to be removed by
degradation with increased time, since it is slowly released into solution where it can
undergo degradation. In the case of Mockingbird Canyon Reservoir there is comparatively
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less degradation, since bromacil is removed more by diffusion than degradation. Degrada-
tion plays an extremely crucial role in the removal of bromacil both from solution and,
directly or indirectly, from the adsorbed phase. Even if degradation does not occur in the
adsorbed phase, as assumed in our model, it most certainly will decrease the equilibrium
solution concentration, and in turn cause desorption of the pesticide from the adsorbed
phase.

Because bromacil adsorption is nonlinear, higher initial concentrations will leave greater
proportions of bromacil in the equilibrium solution, relative to the initial solution concen-
tration (fig. 11). Higher initial solution concentrations diffuse more rapidly because pro-
portionally lower amounts of bromacil are adsorbed. Since Big Bear Lake exhibits the
greatest nonlinearity of adsorption (1/72 = 0.806), the difference in diffusion rates for low
and high initial solution concentrations are greater for this sediment than for the others.

Figure 12 compares the equilibrium solution concentration distributions for bromacil
diffusion with hysteretic and nonhysteretic treatment of the adsorption-desorption reactions
at two initial concentrations and for three sediments (Big Bear Lake, Castle Lake, and Clear
Lake). In the diffusion problem outlined by equations 3 and 84 through ¢, the sediments
continually desorb pesticide material because of the constant decrease in solution concen-
tration that results from the diffusion and degradation processes, so the use of desorption
isotherms as in table 8 seems appropriate. The use of the batch-technique Freundlich
coefficients for desorption isotherms, Kg.; and 1/7, produces slight but important dif-
ferences between the equilibrium solution concentrations of hysteretic and nonhysteretic
curves (fig. 12). Hysteresis is most significant for Big Bear Lake (fig. 122 and 4). The data
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Fig. 11. Effect of the initial equilibrium solution concentration,
C,, on the simulated diffusion of bromacil through Big Bear Lake
sediment.
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in figures 124, 4, ¢, and f imply that, because of increased adsorption, hysteresis reduces
the amount of bromacil available for diffusion in the solution phase. This is confirmed
by the determination of the total amount of bromacil remaining in the sediment profile,
which is greater for hysteresis than for no hysteresis. Figures 124 and e demonstrate a
retardation of the diffusion process for the solution phase as well. Determination of the
total amount of bromacil remaining in the sediment profile for figures 124 and e, similarly,
shows the retardation of the diffusion process under hysteresis. But although hysteresis
slows diffusion out of the sediment, the equilibrium solution concentration for hysteresis
may be either greater or less than for no hysteresis, depending on time and individual
sediment characteristics.

The diffusion of diquat is shown in figure 13 for each of the eight freshwater sediments,
at 5° and 25°C. Unlike bromacil, diquat at 5°C did not always diffuse slower than at
25°C. The dominant factor determining the net effect of temperature on diquat’s diffusion
is the specific effect temperature has upon the adsorption-desorption process of each
individual sediment (table 10). Baldwin Lake, Castle Lake, and Clear Lake demonstrate
an increased retardation of diquat with decrease in temperature (like bromacil), while Big
Bear Lake, Hill Slough, Jenks Lake, and San Joaquin Marsh show an increased diffusion
rate brought about by a decrease in adsorption. Mockingbird Canyon Reservoir sediment
seemed unaffected by temperature over the narrow range of observation. Diquat diffusion

was the most rapid for Castle Lake, 25°C. The slowest diffusion was for San Joaquin
Marsh, 5°C.
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A number of properties and conditions influence the diffusion of diquat: hysteresis,
adsorption capacity, nonlinearity of adsorption, porosity, bulk density, temperature, concen-
tration gradient, and diffusion coefficient. Aside from temperature and adsorption inter-
actions, these properties influence the diffusion of diquat in a similar manner. The greatest
contrasting feature between bromacil and diquat is the extremely high and tenacious
adsorption of diquat by the sediments. This is to be expected, since bromacil’s adsorption
is by nonpolar partitioning, while diquat is adsorbed by ion exchange. The strong adsorp-
tion of diquat makes the degradation rate of the adsorbed phase an extremely important
factor in judging its pollution potential. Filter-feeding organisms are, presumably, threatened
by the ingestion of organic materials containing high levels of adsorbed diquat. Since diquat
is held so strongly, the only means of removing it as a threat to benthic organisms is by
degradation. There is little data available concerning the degradation of adsorbed diquat,
but diquat appears to persist in the adsorbed phase for a very long time (Weed Science
Society of America 1974). It is essential, therefore, to have some understanding of the
physiological effects that strongly adsorbed pesticides have upon benthic organisms when
they are ingested. It must be known whether or not diquat is totally biologically inactive
and nontoxic in the adsorbed state.
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CONCLUSIONS

A mathematical model has been developed to provide quantitative information for assess-
ing the pollution potential of a pesticide diffusing from a bottom sediment into an overlying
water body. An explicit finite-difference solution to the general diffusion equation for a
sorbing porous medium under saturated conditions is given. The finite-difference solution
satisfies boundary conditions descriptive of a stream or well-mixed lake. By entering
descriptive physical and chemical parameters, the solution generates equilibrium-solution
and adsorbed-phase concentration distributions through the sediment at selected time
intervals.

Before determining whether a pesticide can pose a threat to the aquatic environment,
it is necessary to consider which compartment of the aquatic environment will prove most
sensitive to the pesticide’s presence. This can be accomplished by determining in which
compartment of the aquatic environment the most sensitive organism resides or interacts.
Since many fish are especially sensitive to low pesticide concentrations, the overlying water
body is often viewed as the critical portion of the aquatic environment. Organic sediments,
however, can adsorb high pesticide concentrations. When ingested by filter-feeding benthic
organisms, these sediments can in turn concentrate the pesticide to many times the ambient
concentration, and then pass it further up the food chain. If the pesticide does not degrade
to any great extent in the adsorbed phase, it can remain adsorbed in a biologically inactive
state for a considerable period, and then desorb into the solution phase. This could extend
the expected persistence of the pesticide within the sediment. All these factors must be
considered before a pesticide can be assessed for its potential as a pollutant hazard.

A number of interacting physical, chemical, and biological factors influence the diffusion
process. These include temperature, the chemical nature of the pesticide, adsorption-
desorption processes, the presence or absence of adsorption hysteresis, initial pesticide
concentration levels, degradation, and the physical and chemical properties of the sediment.

Bromacil is a modestly adsorbed herbicide that diffuses less in sediments of cooler
climates than in those of warmer climates. A broad range of diffusion rates would be
expected for sediments that vary widely in their physical and chemical properties (organic
matter content, pH, volumetric water content, and bulk density). Properties such as organic
matter content, exchange acidity, free iron oxides, and clay content all influence the adsorp-
tion of bromacil, and in turn retard diffusion. Bulk density and volumetric water content
are physical properties that influence the extent of adsorption and the diffusion path,
respectively. Because the diffusion of bromacil through mineral and organic sediments is
slow, degradation plays a significant role in the removal of bromacil from the aquatic
environment. Hysteresis can also potentially influence the degree to which a pesticide is
available for migration via diffusion.

An analysis of the eight sediments at the same initial equilibrium solution concentration
shows that Clear Lake sediment retains bromacil to the greatest degree, while Mockingbird
Canyon Reservoir sediment releases proportionally more bromacil into the overlying water.
In general, the sediments with higher adsorptive capacities do not release bromacil as
quickly in proportion to the initial equilibrium concentration as do those with lower capac-
ities, but the greater amount of bromacil adsorbed to the higher adsorption capacity sedi-
ments acts as a continued source of the pesticide. The result of the high adsorptive capacity
is that the net release of pesticide to the overlying water is greater for these sediments.

In contrast to bromacil, diquat is very strongly adsorbed, and as such persists for a very
long period in a biologically inactive state. Whether or not diquat poses an actual threat
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to any of the benthic organisms that ingest contaminated sediment particles remains to be
experimentally explored. Nevertheless, potentially high concentrations of diquat could
accumulate in these organisms and move up the food chain. Diquat’s greatest threat to
aquatic organisms and their predators is not through diffusion, but through ingested organic
sediment material carrying adsorbed diquat. Of the eight freshwater sediments, San Joaquin
Marsh poses a greater potential threat than any of the other sediments because of its
greater adsorptive capacity.

Further research in pesticide persistence and the kinetics of biological and chemical
degradation is necessary for accurate evaluation of the threat of these chemicals to the
aquatic environment. No real confidence can be given to assessments such as the one
proposed in this model unless half-lives for the specific set of conditions are available.
Widely varying half-lives can be found in the literature for a single pesticide, depending
upon the conditions under which degradation was observed. A more complete study of
pesticide half-lives under aerobic and anaerobic conditions, on adsorbed surfaces and in
solution, must be conducted before assessment models can have practical value for a broad
range of pesticides and sediments.

ACKNOWLEDGMENTS

The research leading to this report was supported by the University of California Water
Resources Center, as part of Water Resources Center Project UCAL-WRC-W-485. The
authors wish to thank E. I. Du Pont de Nemours and Co. for supplying analytical-grade
and carbon-14-labeled bromacil, and Chevron Chemical Company for supplying analytical-
grade diquat.



34 Corwin and Farmer: A Mathematical Model of Diffusion. ..

LITERATURE CITED

ALLISON, L. E.
1965. Organic carbon. In American Society of Agronomy Monographs, no. 9 (part 2), Methods of Soil
Analysis, pp. 1367-78. New York: American Press, Inc.
BARKLEY, J. H.
1971. A simple mud sampling device. Bull. Environ. Contam. Toxicol. 6:313-15.
BAVER, L. D.
1930. The effect of organic matter upon several physical properties of soils. J. Am. Soc. Agron. 22:703-8.
BOWER, C. A,, and E B. GSCHWEND
1952. Ethylene glycol retention by soils as a measure of surface area and interlayer swelling. Soil Sci.
Soc. Am. Proc. 16:342-45.
BROADBENT, E E.
1953. The soil organic fraction. Adv. Agron. 5:153-83.
CARSLAW, H. S., and J. C. JAEGER
1959. Linear flow of heat: The infinite and semi-infinite solid. I» Conduction of Heat in Solids, 2d
ed., chap. 2. Oxford: Oxford Univ. Press.
CHAPMAN, H. D., and P. E PRATT
1961. Soil analysis. In Methods of Analysis for Soils, Plants, and Waters, pp. 28-30. Berkeley and
Los Angeles: Univ. of Calif. Press.
COATS, G. E,, H. H. FUNDERBURK, JR., J. M. LAWRENCE, and D. E. DAVIS
1966. Factors affecting persistence and inactivation of diquat and paraquat. Weed Res. 6:58-66.
DIXON, J. B, D. E. MOORE, N. P. AGNIHOTRI, and D. E. LEWIS, JR.
1970. Exchange of diquat2* in soil clays, vermiculite, and smectite. Soil Sci. Soc. Am. Proc. 34:805-8.
FUNDERBURK, H. H,, JR., N. S. NEGI, and J. M. LAWRENCE
1966. Photochemical decomposition of diquat and paraquat. Weeds 14:240-43.
FURMIDGE, C. G., and J. M. OSGERBY
1967. Persistence of herbicides in soil. J. Sci. Food Agric. 18:269-73.
GAMAR, Y., and M. A. MUSTAFA
1975. Adsorption and desorption of diquat2+ and paraquat2+ on arid-zone soils. Soil Sci. 119(4):290-95.
GORING, C. A. 1.
1962. Control of nitrification by 2-chloro-b (trichloromethyl) pyridine. Soil Sci. 93:211-18.
1967. Physical aspects of soil in relation to the action of soil fungicides. Annu. Rev. Phytopathol.
5:285-318.
GRAHAM-BRYCE, I J.
1967.  Adsorption of disulfoton by soil. J. Sci. Food Agric. 18:72-77.
HAMAKER, J. W, and J. M. THOMPSON
1972.  Adsorption. In Organic Chemicals in the Soil Environment (C. A. I. Goring and J. W. Hamaker,
Eds.), vol. 1, pp. 49-143. New York: Marcel Dekker Inc.
HAQUE, R,, E. T. LINDSTROM, V. H. FREED, and R. SEXTON
1968. Kinetic study of the sorption of 2,4-D on some clays. Environ. Sci. Technol. 2(3):207-11.
HARTLEY, G. S.
1964. Herbicide behavior in soil. In The Physiology and Biochemistry of Herbicides (L. J. Audus, Ed.),
pp. 111-61. New York: Academic Press.
HUNT, E. G., and A. 1. BISCHOFF
1960. Inimical effects on wildlife of periodic DDT applications to Clear Lake. Calif. Fish Game
46:91-106.
JURY, W. A, W. FE. SPENCER, and W. F. FARMER
1983. Behavior assessment model for trace organics in soil: I. Model description. J. Environ. Qual.
12(4):558-64.
KARICKHOFF, S. W.
1981. Semi-empirical estimation of sorption of hydrophobic pollutants on natural sediments and soils.
Chemosphere 10:833-46.
KNIGHT, B. A. G,, and T. E. TOMLINSON
1967. The interaction of paraquat (1,1'-dimethyl 4,4'-dipyridylium dichloride) with mineral soils. J.
Soil Sci. 18:233-43.
1970. In Sorption and Transport Processes in Soils, p. 54. Soc. Chem. Ind. London Chem. Eng. Group
Proc.
KRAYBILL, H. F, Ed.
1969. Biological effects of pesticides in mammalian systems. Ann. N.Y. Acad. Sci. 160:1-422.
LAMBERT, S. M.
1968. Omega (£2), a useful index of soil sorption equilibria. J. Agric. Food Chem. 16(2):340-43.



HILGARDIA ¢ Vol. 53 « No. 3 * July 1985 35

LAMBERT, S. M., P. E. PORTER, and R. H. SCHIEFERSTEIN
1965. Movement and sorption of chemicals applied to the soil. Weeds 13:185-90.
LAVY, T. L., C. G. MESSERSMITH, and H. W. KNOCHE
1972. Direct liquid scintillation radioassay of '“C-labeled herbicides in soils. Weed Sci. 20(3):215-19.
MILLINGTON, R. J., and J. P. QUIRK
1961. Permeability of porous solids. Trans. Faraday Soc. 57:1200-1207.
MORTLAND, M. M., and W. D. KEMPER
1965. Specific surface. In American Society of Agronomy Monographs, no. 9 (part 1), Methods of
Soil Analysis, pp. 532-44. New York: American Press, Inc.
MRAK, E. M.
1969. Report of the Secretary’s commission on pesticides and their relationship to environmental health.
U.S. Dept. of Health, Education, and Welfare. Washington, D.C.: Government Printing Office.
OLSEN, R. V.
1965. Iron. Irn American Society of Agronomy Monographs, no. 9 (part 2), Methods of Soil Analysis,
pp. 963-73. New York: American Press, Inc.
PECK, D. E., D. L. CORWIN, and W. J. FARMER
1980. Adsorption-desorption of diuron by freshwater sediments. J. Environ. Qual. 9(1):101-6.
PETERLE, T. J.
1970. The biological impact of pesticides in the environment (J. W. Gillett, Ed.). Corvallis: Environ-
mental Health Services Center, Oregon State Univ.
PHILEN, O. D,, JR., S. B. WEED, and J. B. WEBER
1970. Estimation of surface charge density of mica and vermiculite by competitive adsorption of diquat
vs. paraquat. Soil Sci. Soc. Am. Proc. 34:527-31.
PICKERING, Q. H., C. HENDERSON, and A. E. LEMKE
1962. The toxicity of organic phosphorus insecticides to different species of warm water fishes. Trans.
Am. Fish. Soc. 91(2):175-84.

PIMENTEL, D.
1971. In Ecological Effects of Pesticides on Non-target Species. Washington, D.C.: Government Print-
ing Office.

VAN VELZEN, A. C., W. B. STILES, and L. E STICKEL
1972. J. Wildl. Manage. 36(3):733-39.
WEBER, ]J. B,, and H. D. COBLE
1968. Microbial decomposition of diquat adsorbed on montmorillonite and kaolinite clays. J. Agric.
Food Chem. 16:475-78.
WEBER, ]. B,, R. C. MEEK, and S. B. WEED
1969. The effect of cation-exchange capacity on the retention of diquat2+ and paraquat2+ by three-
layer type clay minerals: II. Plant availability of paraquat. Soil Sci. Soc. Am. Proc. 33:382-85.
WEBER, J. B., P. W. PERRY, and R. P. UPCHURCH
1965. The influence of temperature and time on the adsorption of paraquat, diquat, 2,4-D, and prome-
tone by clays, charcoal, and an anion-exchange resin. Soil Sci. Soc. Am. Proc. 19:679-88.
WEBER, J. B,, and D. C. SCOTT
1966. Availability of a cationic herbicide adsorbed on clay minerals to cucumber seedlings. Science
152:1400-1402.
WEBER, J. B., T. M. WARD, and S. B. WEED
1968. Adsorption and desorption of diquat, paraquat, prometone, and 2,4-D by charcoal and exchange
resins. Soil Sci. Soc. Am. Proc. 32:197-200.
WEBER, ]J. B., and S. B. WEED
1968. Adsorption and desorption of diquat, paraquat, and prometone by montmorillonite and kaolinite
clay minerals. Soil Sci. Soc. Am. Proc. 32:485-87.
1974. Effects of soil on the biological activity of pesticides. In Pesticides in Soil and Water (W. D.
Guenzi, Ed.), pp. 223-56. Madison: Soil Science Society of America.
WEED SCIENCE SOCIETY OF AMERICA
1974. Diquat. In Herbicide Handbook of the Weed Science Society of America, pp. 167-72. Champaign:
Weed Science Society of America.
WILSON, D. C., and C. E. BOND
1969. Effects of the herbicides diquat and dichlobenil (Casoron) on pond invertebrates: I. Acute toxicity.
Trans. Am. Fish. Soc. 98(3):438-43.
WOLE D. C., and J. P. MARTIN
1974. Microbial degradation of 2-carbon-14 bromacil and terbacil. Soil Sci. Soc. Am. Proc. 38:921-25.






