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The physical and chemical properties of soils greatly affect the
toxicity of bromacil and picloram. Consequently, a knowledge of the

parameters which influence the soil inactivation of these herbicides

is necessary to determine proper application rates for good weed control. Enhancement in phytotoxicity with the addition of surfactants or

surface active agents in the spray volume has been observed for these
chemicals; however, little is known concerning the effects of these
additives on picloram and bromacil adsorption.

The objectives of this research are: 1) to evaluate the effects of
cation saturation on bromacil adsorption by montmorillonite, 2) to
determine the effects of pH and organic matter on the adsorption of

bromacil and picloram by soils and 3) to determine the effects of dilute
solutions of four surfactants on the adsorption of bromacil and picloram
by soils.
The adsorption of 2- 14 C-labeled bromacil on Ca

2+

, Cu 2+ and

Al

3+

saturated montmorillonite was determined after equilibration a.

0° and 25°C. Seven concentrations of 2- 14 C-labeled bromacil and
14

C-carboxyl labeled picloram were equilibrated without surfactant

with nine Oregon soils at 25°C.

Labeled bromacil and picloram at

5 ppm and 10 ppm concentration in 1% and 10% surfactant solution were

also equilibrated at 25°C with eight of the above soils. After equilibrium the montmorillonite and soil samples were centrifuged and

analyzed on a liquid scintillation counter for bromacil and picloram
remaining in solution.

The adsorption of bromacil at 25° and 0°C for each cationic
saturated montmorillonite and at 25°C by the nine Oregon soils

increased with concentration according to the Freundlich equation,
Bromacil adsorbed on the montmorillonite increased with cation

saturation in the order Ca 2+ < Cu 2+

< Al3 +.

The overall adsorption

of bromacil was reduced when the temperature was increased to 25°C.
Bromacil adsorbed on the cation saturated rnOntmorillonite may occur
by complexation of the Cu

2+

or Al 3+ cations with the ring N at the one

position of the bromacil or by induction through a pH effect. The

increased adsorption at the lower temperature may be due to a change
in water solubility or adsorption energy.
The equilibration of bromacil with the nine Oregon soils indicated

organic matter was the most important parameter affecting adsorption.
A highly significant correlation coefficient of 0.913 was calculated
between the Freundlich K value for bromacil adsorption and organic

matter. Bromacil adsorption in the low organic matter soils appeared
to be directly correlated with an increase in exchangeable aluminum
or pH as observed in the montmorillonite study. However, the wide

range in organic matter at the intermediate level limited the opportunity to correlate bromacil adsorption with aluminum or pH.

The adsorption of bromacil increased in the presence of the 1%
cationic and anionic surfactants and decreased in the presence of the
1% nonionic surfactant solution compared to that without surfactant.

Regardless of surfactant type the 1% surfactant solutions greatly

decreased the variable effects of organic matter on bromacil adsorption in the Minam and Kinney soil series but not the Woodcock soil

series. Bromacil adsorption from the 10% concentration of each
surfactant type was greatly reduced compared to adsorption from the
1% surfactant solution. Strangely, the adsorption of bromacil from

surfactant solution was always less in the Woodcock soil series than
in the Minam and Kinney soil series.
Picloram adsorption increased with concentration on the nine

soils according to the Freundlich equation. A significant negative
correlation coefficient of 0.667 was calculated between the Freundlich
K value for picloram adsorption and pH; however, the interaction
between pH and exchangeable aluminum could not be isolated,

Corn -

plexation of picloram with exchangeable aluminum and adsorption of

the molecular species by organic matter appeared to be the principle
modes of adsorption.

The adsorption of picloram by soils increased in the presence of
the 1% cationic and nonionic surfactant solutions and decreased in the
1% anionic surfactant solution compared to that without surfactant.

Adsorption in the presence of 1% cationic surfactant solution occurred

from the molecular and ionic species as indicated by equal adsorption
in the Minam (pH = 7) and Kinney (pH = 5) soil series. The 10%

cationic surfactant solution decreased adsorption from that in the 1%
surfactant solution; however, an inverse relationship between organic
matter and adsorption was evident in the Minam and Kinney soil series.
Adsorption from the nonionic surfactant solution was independent of

surfactant concentration but decreased as pH increased. The 1%
anionic surfactant solution effectively competed with picloram for

adsorption sites. However, the 10% surfactant solution increased
adsorption from that in the 1% surfactant solution pos sibly due to the

creation of adsorption sites for picloram by the adsorbed surfactant.
Increased phytotoxicity of bromacil and picloram has been
observed by others when a nonionic surfactant was introduced into the
spray solution. The results of this study indicate that part of the

increased toxicity may be due to reduced soil adsorption of the chemicals in anionic and nonionic surfactant solutions. The addition of a

cationic surfactant, on the other hand, may increase adsorption and
provide poor weed control at recommended rates. Further investi-

gation is required to determine if the herbicides adsorbed by the surfactant are available for root uptake and if the soil applied surfactant
is phytotoxic.
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SURFACTANT EFFECTS ON BROMACIL AND PICLORAM
ADSORPTION BY OREGON SOILS
INTRODUCTION

Herbicide usage in the United States has doubled in the last five

years and future speculations show a continuation of this trend. Herbicides have reduced the physical impairment of soils brought about by

excessive cultivation, increased crop yields, lowered farm labor costs
and reduced disease transport by weeds. However, the misuse of
herbicides can produce contamination of soil, water and other environmental values.

Picloram (4-amino-3, 5, 6-trichloropicolinic acid) and bromacil
(5-bromo-3-sec-butyl -6-methyluracil) are two herbicides which have

been restricted in use due to extreme plant toxicity to agricultural
crops and persistence for more than one growing season. However,

extensive use in industrial and nonagricultural areas has occurred.
Factors which affect the persistence of picloram and bromacil in

soil include: temperature, rate and method of application, soil physical and chemical properties and herbicide formulation. As a function

of these factors, the indicated herbicides are adsorbed to soil surfaces.
The soil physical and chemical properties which have been

investigated in the adsorption of these herbicides are: percent organic
matter, pH, soil moisture, texture and cation exchange capacity. The
influence of these soil factors can be enhanced or nullified by the

formulation, structure and ionization of the herbicide or by additives

in the spray mixture. The most common additives introduced into
spray mixtures which could affect adsorption are surface active agents

or surfactants. Small additions (0. 1

1% volume basis) of surfactants

can reduce herbicide drift and volatilization, increase surface coverage,
solubility and uptake. The effect of surfactants in combination with

herbicides on plant systems has been observed and extensively studied,
but little is known concerning the effects of surfactants on herbicide
adsorption by soils.

OBJECTIVES

The objectives of this investigation are:

1) To evaluate the effect of cation saturation on the adsorption of
bromacil by montmorillonite.

2) To determine the effect of pH and percent organic matter on the
adsorption of picloram and bromacil by soils.

3) To determine the effect of dilute Santomerse anionic, Triton X-100
and X-77 nonionic and cetyl pyridinium chloride cationic surfactant

solutions on the adsorption of bromacil and picloram by soils.

LITERATURE REVIEW

Development and Formulation of Picloram and Bromacil

Picloram
Development

The investigation of picloram (4- amino -3, 5, 6- trichloropicolinic

acid) as a growth regulator was first initiated by Hamaker et al. (1963)
who compared its toxicity to 2,4-D and 2,4,5-T on a wide spectrum of
plants. Picloram applied to sandy loam soil (pH = 5. 5; 0. M. = 0. 3%)

was 10-300 times more toxic to broadleaf plants than 2,4-D or

2,4,5-T; however, members of the Cruciferae family had considerable
resistance (LD 90 radish = 18 kg/hectare). Safflower, soybeans and
tomato were extremely susceptible with an LD 90 of 0,002-0.0-06

kg/hectare. Foliar application produced similar results. Further
studies on picloram demonstrated its effectiveness in the control of
Canada thistle, field bindweed, leafy spurge, poverty weed and
Russian knapweed (Laning, 1963; Heikes, 1964). Picloram usage

resulted in control of many woody rangeland plants in the western
United States (Gantz and Laning, 1963) and South Carolina (Coble,
Upchurch and Keaton, 1969) and control of wild buckwheat in spring

wheat, barley and winter wheat in the Northern Great Plains region

5

(Gantz and Warren, 1966) without harm to crops. The use of picloram

for pasture improvement was evaluated in Nebraska but not recom-

mended since smooth bromegrass was susceptible to residues (Scifres,
Burnside and McCarty, 1969).

Formulation

Picloram is formulated as the potassium or amine salt or as the

iso-octyl ester. Other formulations include combinations with 2,4-D
or 2,4,5-T (Warren, 1969).
Bromacil
Development

Various analogs of the basic uracil structure i. e.

,

alkylation

at the three position, bromination or chlorination at the five position
and methylation at the six position, were investigated as herbicides
(Bucha et al.

,

1961).

The 5-bromouracil, 6-methyluracil and uracil

compounds proved nontoxic to various test plants when applied at

2 lb/acre to the soil. Equal toxicity for the same spectrum of test
plants occurred for 3-butyl -6-methyluracil and 5-bromo-3-isopropyl6-methyluracil; however, peas and peanuts were considerably more

resistant to the former.
Continued studies on the uracils found bromacil (5-bromo-3-sec
butyl -6- methyluracil) to be highly toxic to the Cornpositae family and

6

noncompetitive deep rooted perennial grasses such as smooth brome
and quackgrass (Delp et al,

,

1963).

Competitive perennial grasses

such as Johnsongrass and Dahlis grass could be controlled at higher

rates, The high toxicity and long persistence of bromacil in areas of
low rainfall led to the adoption of this chemical for long term weed

control and industrial use; however, it can be safely used in pineapple
and citrus crops (Weed Society of America, 1967).
Formulation
Bromacil is formulated as the 80% wettable powder, 50% water

soluble powder or as pellets containing 10% bromacil (E. I. DuPont
deNemours Technical Data Sheet).

Mode of Action of Picloram and Bromacil

Picloram
Picloram is absorbed by plant leaves and translocated throughout the plant without immediate damage to the translocation mechanism. Disruption of the regular growth mechanisms of plants is sug

gested by distortion of growth tissue and curvature of leaves and stems
soon after application (Hamaker et al. , 1963), Studies on leaf and root

tissue of Canada thistle treated with picloram revealed no visible

damage to cell structures in the leaf 14 days after treatment (Lee,

Dobrenz and Alley, 1967). Examination of root tissue indicated

destruction of cortical tissue 14 days after treatment and disintegration of cambium and phloem tissue 25 days after treatment.
Bromacil

Bromacil is a soil active herbicide readily absorbed by plant
roots (Weed Society of America, 1967). After root absorption

bromacil acts as an electron acceptor in the Hill reaction and inhibits
photosynthesis (Hilton et al.

,

1964).

Plants treated with bromacil

and carbohydrates show no detrimental effects until the carbohydrate

reserves are depleted.
Adsorption of Picloram and Bromacil

The soil factors which are most important in the adsorption of

herbicides are organic matter, pH, clay type and quantity and
amorphous iron and aluminum oxides (Bailey and White, 1964). The

extent of adsorption by each of these factors is dependent upon the
solubility of the herbicide (Leopold, van Schalk and Neal, 1960), the

nature of the solvent (Danielson, Gentner and Jansen, 1961), the
degree of partitioning of the herbicide between the organic and hydrophilic phase (Ward and Holly, 1966; Hance, 1967) and the physical

and chemical properties of the herbicide (Bailey and White, 1964).

Picloram
Organic Matter

The effect of soil organic matter on picloram was investigated
with respect to adsorption and phytotoxicity. After one hour equilibration 0.5 gms of a loam soil (pH = 5. 9; 0. M. = 0. 3%) and an organic
soil (pH _= 5. 9; 0. M. = 32,2%) adsorbed 17% and 39% respectively of

a solution containing 2 mls of 0.4 ppm picloram (Hamaker et al. ,
1966). In other studies a correlation coefficient of 0.90 for organic

matter and sunflower ED

50

(14g/m1 picloram required to produce 50%

reduction in shoot fresh weight) was obtained on soils of similar pH

(7.5-7.8) and variable organic matter content (1.77-4.72%) treated
with picloram (Grover, 1968).

Picloram equilibrated 1 hr with a loam soil (0. M. = 0. 3 %) and
organic soil (0.M. = 32.2%) adjusted to pH 2 and 9 with HNO3 and
NaOH resulted in 81% and 98% adsorption at the lower pH and 6% and

33% adsorption at pH 9 for the loam soil and organic soil respectively
(Hamaker et al.

,

1966). Sunflower ED 50 values in Weyburn loam

(pH = 5-8 altered with HC1 and .NaOH; 0. M. = 6. 5 %) indicated pic-

loram was most toxic at pH 6.5 (Grover, 1968). Sunflowers grown

in nutrient solution required nine times more picloram at pH 7 than

9

at pH 4 for an ED50 value, It was suggested from this data and that of

Hamaker et al. (1966) that picloram in soil below pH 6. 5 was adsorbed and
above pH 6. 5 the ionized picloram was less toxic (pKa = 4. 1,). A study of a

different nature showed vapors from picloram treated soil (1:1 sandcompost mix; pH and 0. M. of compost = 6. 2 and 4. 2%) at rates of

1/4-2 lb ai/acre were 66-100% toxic to pinto beans (Gentner, 1964).
Clay

Analysis of picloram adsorption on O. 25 grams H -montmorillonite (Volclay bentonite, pH = 3. 35) and 25 mls of picloram solution

produced a K value of 37 p.g picloram adsorbed per gm clay (Bailey,
White and Rothberg, 1968). The Freundlich K value is a measure of

the magnitude of adsorption (amount solute adsorbed per weight of

adsorbate) at unit equilibrium concentration. Picloram was negatively
adsorbed by Na -montmorillonite (pH = 6. 8) at an equivalent soil
solution ratio. Possible mechanisms for the adsorption of picloram by
the H+-montmorillonite were: physical adsorption, bonding through

the 4-amino group and clay surface and bonding via association or
bridging complexes through the carbonyl and adsorbed ion. Extrapolation of results by Hamaker et al. (1966) to pH 4.1 (adjusted with HCl_
or HNO 3) gave picloram adsorption values on natural clays as follows:
9% on kaolinite, 17% on montmorillonite and 42% on illite. Natural

clay materials were used without purification and may have contained
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organic impurities since the illite sample contained 1.8% carbon by
combustion analysis. In several soils correlation coefficients of 0,55

and 0.65 were calculated for sunflower E

D50and
n clay (8 -69. 5%) and

cation exchange capacity (4.70-9.25 meq/100 gms soil) respectively
(Grover, 1968). These values were nonsignificant at the 0,05

probability level.
Metal Oxides

Hydrated metal oxides are also influential in picloram adsorption. One gram of amorphous. Fe2O3, adjusted to pH 3 with HC1 or
HNO

3'

removed 100% of the picloram from 4 mis of a 1 ppm solution

while 0.5 gm of partially crystalline Fe2O3 (pH = 2. 9) adsorbed 34%

of the picloram from 2 mis of a 1 ppm solution. One half gram of
crystalline A1203 (gibbsite, pH = 1. 2) and amorphous A1203 (pH = 1.5)

adsorbed 46% and 83% respectively of the picloram from 2 mis of a
1 ppm solution (Hamaker et al.

,

1966).

Bromacil

The soil parameters influential in the adsorption of bromacil
have not been isolated; however, some generalities may be extrapo-

lated from the experiments cited.
Relationships between partition coefficients (from thin layer

chromatographic methods) and adsorption of two uracils, several

triazines, ureas and carbamate herbicides on a clay (C = 2. 1 %;
clay = 39. 6 %; pH = 7.9) and on a sandy loam soil (C = 12%; clay =

6. 6 %; pH = 6. 3) was investigated by Hance (1967). From the plots

of chromatographic movement vs log solute adsorbed/gm soil at an

equilibrium concentration of 1x10-4 molar, the relative adsorption of
one of the uracils was low and the other intermediate with adsorption

greatest on the loam soil for both uracils. This data suggests herbicide structure and organic content are two parameters, influential in

adsorption of the uracils. A study with uracil (the unsubstituted structure of bromacil) in 20 mis of solution and 0.135 gms of homoionic

montrnorillonite saturated with various cations resulted in no adsorption (Lailach, Thompson and Brindley, 1968a, b).
In field-studies, -Gardiner et al.. (1969) treated Butlertown

sil soil with 4 lb ai/acre bromacil and found 68.8% of the original

bromacil activity in the first foot after five weeks field exposure.
Over 50% of the bromacil was retained in the first three inches of the
profile. After exposure for one year, 21.9% of the original bromacil

was uniformly distributed throughout the top eight inches of the profile. Microbial degradation studies conducted by the same authors
resulted in 25. 3% of the added bromacil lost as

14

CO in 9 weeks

with 44. 7% remaining as intact bromacil.

Most of the work on bromacil adsorption has been published

without information about the physical and chemical properties of the

12

soil; consequently, the factors influencing bromacil adsorption are
not well defined.

Surfactants

Properties, Uses, Phytotoxicity, Adsorption
and Effect on Soils

Properties
Surfactants consist of two basic parts, a hydrophilic or water
miscible group and a hydrophobic or fat miscible group. The hydro-

philic end is primarily composed of polar groups arising through
ether linkages or hydroxyls while the lipophilic unit contains long
chain aliphatic (CH2) groups. The ratio of these groups determines

the hydrophilic-lipophilic balance (HLB) of the surfactant and hence

its activity.
The activity of surfactants can be enhanced through ionization.

Ionic surfactants react basically in the same manner as nonionic surfactants with the added complexity of electrical charge. Ions in solution and pH will greatly affect ionic surfactants (Behrens, 1964).
Uses

Surfactants are often used in formulations of herbicides to

increase coverage and wetting, regulate spray retention, regulate

13

herbicide penetration, regulate solubilization of the cuticle, act as

cosolvents, act as chemical reactants or complexants, reduce
volatility and regulate phytotoxicity (Currier and Dybing, 1959).

Surfactants have also been employed to change soil properties which

increase infiltration, decrease erosion and increase seed germination (Valoras, Letey and Osborn, 1969).
Phytotoxicity

Surfactants (cationic, anionic or nonionic) exhibit different
degrees of plant toxicity. Cucumber seedlings immersed for 30

seconds in surfactant solutions were killed with <0.2% concentration
of cationic surfactants while 0.4% and >1% concentrations of non-

ionic and anionic types respectively were required for total kill
(Temple and Hilton, 1963),

Toxicity to plants in nutrient solution and soil is dependent upon

the structure of the surfactant and degree of adsorption. Two nonionic surfactants, aqua gro (50% polyethylene ester and 50% polyoxyethylene ether) and soil penetrant (alkyl polyoxyethylene ethanol) in
nutrient solution inhibited growth of barley plants at 330 ppm (Endo

et al. , 1969). Soil penetrant at 1000 ppm inhibited shoot growth 88%

in Yolo sil and 80% in a peat-sand mix, On the other hand, aqua gro
at 2000 ppm reduced growth 12% in a peat-sand mix whereas 4000
ppm only reduced growth 6% in. Yolo sil. Soil penetrant was most
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toxic in soil since 1/4 to 1/2 as much (compared to aqua gro) was

adsorbed in various soils (Valoras et al. , 1969). The ester types
appeared to be more highly adsorbed to soil (Valoras et al. , 1969)

and were less toxic to cucumber and barley roots in nutrient solution
than the ether or alcohol types (Parr and Norman, 1964).
Adsorption on Clay

Cationic and nonionic type surfactants are highly adsorbed by
montmorillonoid and kaolinite clay minerals (Law and Kunze, 1966).
Well ordered montmorillonite adsorbed nonionic surfactants to 90% of
its cation exchange capacity (CEC) and cationic surfactants to 100%

of its CEC. Less ordered montmorillonite adsorbed nonionic surfactants from 40-60% of their CEC with cationic types adsorbed to
100% of the CEC. Anionic surfactants were not adsorbed by the

montmorillonoid clays, but adsorption to one half of its CEC occurred
on kaolinite clay. The amount of surfactant adsorbed to kaolinite

clay was much less than that adsorbed on the montmorillonoid clays

due to the larger surface area of the latter. Another study reported
adsorption of anionic surfactants by kaolinite, illite and montmorillonite increased with alkyl chain length, and the addition of AlC1 3 and

phosphate (Wayrnan, 1963). TGA and X-ray data suggested van der

Waals and coulombic forces are operative in cationic adsorption
while nonionic surfactant bonding was due to polar and CH - -O (clay
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surface) bonds (Law and Kunze, 1966).
Pct on Soils

Cationic, nonionic and anionic type surfactants have been
applied at 0.01 to 1% concentrations to natural montmorillonoid soils

to determine their effect on capillary rise, adsorbed moisture,
aggregate stability and crusting strength (Law and Kunze, 1966; Law,
Bloodworth and Runkles, 1966). Anionic surfactants had little or no

effect on adsorbed moisture, but aggregate stability and crusting
strength were significantly reduced. Capillary rise was considerably

reduced as the surfactant concentration increased from 0.01 to 1%.

Nonionic surfactants tended to increase aggregate stability at higher

concentrations while capillary rise was little affected and crust
strength was significantly reduced (Law et al. , 1966). The greatest
effect with the nonionic surfactant was a 50% reduction in adsorbed

water when 1 mmole of surfactant/gm clay was present (Law and
Kunze, 1966). The amount of excluded water decreased with decreas-

ing surfactant concentration. Cationic surfactants produced the most

change in the physical properties of the clay soils (Law et al.

,

1966).

Capillary rise was inhibited in Lufkin soil and reduced 40% in Houston
soil at 1% concentration of cetyl pyridinium chloride. The same sur-

factant at 0. 1% concentration reduced crust strength of both soils
50% and at 0. 01% concentration increased crust strength from 1100
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to 2000 mbars in Lufkin soil but had no effect on the Houston black
clay. Aggregate stability was increased from 0.5 to 5 mm diameter

in Houston clay and from 0.016 to 2.00 mm diameter in Lufkin soil

as concentrations of this surfactant increased from 0.01 to 1% (Law
et al. , 1966). In the presence of 1 mmole of cationic surfactant per
gm clay, adsorbed water decreased 50% (Law and Kunze, 1966).

In summary, the authors concluded anionic surfactants would not

seriously alter the physical and structural properties of the soil below
1% levels while nonionic surfactants tended to improve the physical

properties of the soils studied. Cationic surfactants tended to be
detrimental at 1% levels since the soils became more hydrophobic.
Effect on Herbicide Activity and Response

The preceeding discussion has presented evidence for the
adsorption of cationic and nonionic surfactants on montmorillonoid

soils. It has been reported that water effectively competes with

herbicides for adsorption sites (Bailey and White, 1964) and that
adsorption sites can be created through hydrogen bonding or complex

formation with the adsorbed materials (Greene-Kelley, 1955;

Armstrong and Chesters, 1964). The competition for adsorption sites
between water and diuron was demonstrated by Hance (1965b). Diuron

adsorption by oxidized soil increased from 6.1 in aqueous solution to
3200 p.g adsorbed per gram soil in petroleum solution while adsorption
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on organic soil was reversed with the greater adsorption occurring
from aqueous solution. The author explained these differences through

competition for adsorption sites between diuron and the solvent. On
oxidized soils diuron was an ineffective competitor with water while

for organic soil the reverse was observed. On the other hand, diuron
was an effective competitor with petroleum solution on the oxidized
soil but ineffective on, the organic soil. Work by Hance (1965a, b)

and others (Bailey and White, 1964) suggest diuron has an affinity for
hydrophobic surfaces.

Surfactants with their dual properties are adsorbed to soil particles and could provide adsorption sites suitable for organic herbicide adsorption. In lieu of the absence of adsorption studies with

surfactants and piclora.m or bromacil, studies conducted with the urea.

herbicides and EPTC will be cited to demonstrate the effect of surfactants on herbicide adsorption and persistence.
Adsorption

Aliquat 204 (dilauryl dimethyl ammonium chloride), a cationic

surfactant, eliminated the effects of the soil to solution ratio when
diuron was applied to Yolo fsl since 94-99% of the diuron was adsorbed
(Smith and Bayer, 1967). When no surfactant was present, adsorp-

tion increased 9% to 41% as the soil to solution ratio decreased from
1:5 to 1:2. With a soil solution ratio of 1:5 and a 1% surfactant
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solution, cationic surfactants increased diuron adsorption on Yolo fsl
67-117% while nonionic surfactants decreased adsorption 6%. Cationic

and nonionic surfactants at 10% concentration increased diuron adsorption 15-166% and 3-6% respectively when compared to adsorption in

the absence of surfactant; however, the adsorption was decreased 1252% when compared to the 1% surfactant system.

The authors suggested cationic surfactants were adsorbed to
soil through the positive charge with the alkyl chain exposed to form

a lipophilic surface for diuron adsorption. Bioassays with Kanota
oats indicated diuron was highly toxic when adsorbed through the

cationic surfactant bridge.
Leaching

Movement of diuron through Yolo scl columns from 1% and

10%

surfactant solutions varied with surfactant type, concentration and
amount of water added (Bayer, 1967). Hydrophobic cationic surfactants reduced the depth to which diuron leached while nonionic and

anionic surfactants had no effect or increased movement. In most
cases 10% surfactant solutions increased the depth leached; however,

the more hydrophobic surfactants produced detrimental soil physical
conditions and prevented water infiltration. The effect of surfactants

on soil physical conditions appeared to be the most important factor
in determining the depth of leaching.
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Linuron, monuron and neburon movement was reduced greatest
in Yolo scl with 1% Aliquat 204 (C-12 dilauryl moiety) when compared

lour other cationic surfactants. Neburon movement was prevented by all five cationic surfactants investigated while those containing one or two C-12 moieties prevented monuron movement and
only Aliquat 204 prevented linuron movement. Herbicide structure

and/or water solubility produced a variable leaching spectrum within

the cationic type surfactants.

Persistence
In greenhouse trials the persistence of EPTC (S-ethyl dipropylthiocarbamate) in aqueous solution was not affected by 0.001, 0. 01
and 0.1% anionic, cationic and nonionic surfactant solutions
(Danielson, Gentner and Jansen, 1961). In a kerosene solvent

Clinton var. oat plants indicated an increase in the persistency of
EPTC at 1 and 2 lb ai/acre when 0. 001 and 0. 01% nonionic and cationic

surfactants were added. Cationic surfactants at 0. 1% concentration

reduced EPTC persistency in kerosene at the 1 -lb /acre rate,while a

nonionic surfactant at the same concentration increased persistence.
At 2 lb/acre EPTC, persistency in 0. 1% cationic and nonionic surfactant was similar to that in 0. 001 and 0.01% surfactant. Anionic

surfactants at the concentrations investigated did not affect the persistency of EPTC at 1/2, 1 or 2 lb/acre. EPTC persistence appeared
to be a complex function of EPTC rate, solvent, surfactant type and
concentration..
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This review has brought together some of the factors which
affect bromacil and picloram adsorption, in soil and some observa-

tions concerning the reaction of surfactants in soils. The parameters
influencing bromacil adsorption have not been as clearly defined in the

literature as those responsible for picloram adsorption. The major
contributors to picloram adsorption were pH and organic matter with
the contribution from metal oxides, clay and cation exchange being of

minor importance. The adsorption of the uracils may be related to

organic matter and herbicide structure with the contribution from clay
content and pH minor.

Surfactants are adsorbed to soil materials and are able to alter
soil physical and structural properties. In nutrient solution they can
be extremely toxic to plants but toxicity in soil is dependent upon their
adsorption tendencies.
More effective weed control occurs with picloram when a 1%

nonionic surfactant is added to the spray mixture and bromacil
toxicity is enhanced in O. 5-2% nonionic surfactant. No investigations

have been reported concerning the influence of surfactants on broma.cil

and picloram adsorption or the parameters responsible for the adsorption of bromacil. The purpose of this study, thus, was to determine

the effect of various classes of surfactants on the adsorption of picloram
and bromacil and to elucidate the role of organic matter and pH in the

adsorption of these herbicides.
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MATERIALS AND METHODS

Physical and Chemical Properties of Bromacil and Picloram
Bromacil
The structural formula of bromacil, (5 -bromo -3 - sec -butyl - 6 -

methyluracil) and some chemical and physical properties are listed
below.

CH

3

C

...../"./'

N CHCH CH
CH

2

II

0
5-bromo- -sec-buty1-6-metb.yluracil
Empirical formula:
Molecular weight:

C9 H13BrN2 0 2

Melting point:
Specific gravity:

261.1
158-159°C
1.55

Physical form:

White, crystalline powder

Technical and 2 -14C labeled bromacil were supplied by the

E. I. DuPont deNemours and Co. Inc. , Wilmington, Delaware.
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Picloram

The structural formula of picloram (4-amino-3,5,6-trichloropicolinic acid) and some physical and chemical properties are listed
below.
N

Cl C

C COOH

Cl C

C Cl

NH2

4-amino-3,5,6-trichloropicolinic acid
Empirical formula:
Molecular weight:

C6H3 Cl3 N2 0 2

Melting point:

241.5
205-209 °C

Physical form:

White, crystalline solid

Analytical grade and 14C-carboxyl labeled picloram were sup-

plied by the Dow Chemical Company, Davis, California.
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Physical and Chemical Properties of Surfactants: Cetyl
Pyridinium. Chloride, Santomerse 3 Paste,
Triton X-100 and X-77
Cetyl Pyridinium Chloride

ClCH 2(CH2) 14 CH 3
N

HC

CH

it

HC

CH

cetyl pyridinium chloride

Empirical formula:
Molecular weight:
Melting point:

Physical form:

C21H38

C1N

358

80-84 °C
White powder

Cetyl pyridinium chloride was supplied by Fine Organics Inc. ,
Lodi,. New Jersey.
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Santomerse 3 Paste, (Sodium Olefin Dodecylbenzene Sulfonate)
R
C

HC

CH

HC

CH

C

SO Na

+

3

Sodium olefin dodecylbenzene sulfonate
Molecular weight:
Physical form:
Activity:

335

Gray paste, 63-66% solids
85%

Santomerse 3 paste was supplied by the Monsanto Company,

St. Louis, Missouri.

Triton X-100, (Iso -octyl Phenyl Polyoxyethanol)

Physical form:

Clear liquid.

Triton X-100 is manufactured by the Packard Company,
Downers. Grove, Illinois.
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X-77

Physical form:
Composition:

Clear liquid
Alkyl aryl polyethoxy glycerol, fatty acids,
isopropyl alcohol

The surfactant, X-77, is manufactured by the Great Lakes
Chemical Corp. , West Lafayette, Indiana,

Chemical Characterization of Soils

Three Oregon soil profiles were selected to provide three
levels of organic matter and pH. The soils were analyzed for

organic matter content, pH, iron oxide, exchangeable and extractable
aluminum, cation exchange capacity and exchangeable bases.
pH

The soil pH was determined in distilled water (soil:solution
ratio = 1,:1) with a Corning pH meter after a 30 minute equilibration.
Organic Matter

The organic matter content of each soil was determined by the
wet oxidation method (Walkley and Black, 1934). Duplicate one gram

soil samples were oxidized with 'N K 2 Cr 207 in concentrated H 2SO 4

(1:2) and diluted with distilled water after cooling. The excess
K2Cr2O7 was titrated with 0.35 N Fe(NH4)2SO4 using 5 drops of 1%
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diphenylamine as an indicator in the presence of 5 gms of NH 4F
4
per 20 cc H 2SO 4
Iron Oxides

Duplicate 10 gram samples of soil were treated three times
with 30 mis of N NaOAc adjusted to pH 5, followed by organic matter
removal with 30%H 202' Following dispersion with. N NaOAc adjusted

to pH 7, 40 mis of 0.3 M sodium citrate, 0.125 M NaHCO3 buffer
solution were added. Three one gram increments of Na 2 S 2 04 were

added at 5 minute intervals at a temperature between 70° and 80°C.
The soils were extracted with N NaCl and the extracts diluted to 250
mis volume. Iron was determined with a Perkin Elmer 303 atomic

absorption unit at a wavelength of 243.8 mil (Jackson, 1967).
Exchangeable Bases

Duplicate five gram soil samples were extracted four times with
N NH OAc adjusted to pH 7 (Schollenberger and Dreibelbis, 1930).
4

Calcium, magnesium and potassium in the 100 mis of extractant were
determined on a Perkin Elmer 303 atomic absorption unit at wavelengths of 211. 0, 285.2 and 766.5 mil respectively. The NH4 saturated
soils were retained fo.r NH4 cation exchange determination (Jackson,
1958),
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Extractable Aluminum

Quadruplicate five gram soil samples were extracted four times
The extractant solutions were

with N NH OAc adjusted to pH 4.8.
4

diluted to 100 mis and analyzed for aluminum colorimetrically by the
aluminon method (Hsu, 1963) with thioglycollic acid added to eliminate

iron interferences. Extracted aluminum was also determined on a
Perkin Elmer 303 atomic absorption unit at a wavelength of 309.3 Mti
utilizing a nitrous oxide flame (McLean, 1965).
Exchangeable Aluminum

Duplicate five gram soil samples were extracted with four treatments of 0.5N KC1 (Coleman et al.

,

1959; Yuan, 1959; Yuan and

Fiskell, 1959; Pratt and Bair, 1961). The extractant was diluted to
100 mls and aluminum determined colorimetrically by the aluminon
method (Hsu, 1963).
Cation Exchange Capacity
NH4 /H+

The soils which had been previously treated with NH40Ac at

pH 7 for exchangeable bases were washed four times with distilled
water to remove excess. NH4 and OAc ions. The NH4 saturated soils
were extracted with four 0.01 N HC1 washes and the extractants
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diluted to 100 mis volume with the dilute acid. The soil extracts

were transferred to kjeldahl flasks for total nitrogen analysis
(Jackson, 1958).
Ca

2+

/Mg

2+

Quadruplicate five gram soil samples were saturated with 0.5

N CaCl2. Excess Ca 2+ and Cl ions were removed with distilled
water washes followed by two 0.01 N CaCl2 saturations. Following
the 0.01 N CaC1 wash, the weight of Ca.C1 present in the soil solu2
2

tion was determined gravimetrically. Adsorbed calcium was displaced with 0.5 N MgCl2 and the supernatant solutions were diluted
to a final volume of 100 mls. Calcium was determined on a Perkin
Elmer atomic absorption unit at 211 mil wavelength. The calcium
present in the soil solution following the 0. 01 N CaCl2 wash was sub-

tracted from that determined by atomic absorption and cation exchange
capacity calculated.
Preparation of Copper, Calcium and Aluminum Montmorillonite

Montmorillonite (No. 26, Clay spur, Wyoming, Wards Natural
Science Establishment, Inc. ) was fractionated at the < 2 p. size by

centrifugation for 3.9 minutes at 750 rpm. The < 2 p. fraction was

separated into three parts and saturated four times with either 0.5 N
calcium, copper or aluminum chloride. After saturation the excess
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salts were removed until distilled water washes were chloride free.
Slurry densities of each clay were determined gravimetrically by
drying 5 mis of the slurry at 110°C for 24 hours.
Adsorption of Bromacil on Montmorillonite
Adsorption Kinetics

A sufficient volume of the calcium saturated montmorillonite

(to contain 0.5 gm clay) was transferred by pipet to a 50 ml
centrifuge tube. Five mis of 2 -14C labeled bromacil solution containing 2500 µg (Specific activity = 5. 6 dpm/p.g) was added to each

tube and the volume diluted to 25 mis with distilled water. The

volume of the montmorillonite clay in the system constituted a correction factor which had to be subtracted from the final 25 mls. The

tubes were capped and shaken at 120 strokes per minute for 1/4, 1/2,

1, 2, 5 and 7 hours in a constant temperature water bath at 25°C.
The tubes were then centrifuged at 14000 rpm for 10 minutes and

bromacil in the supernatant was assayed with a Packard 3375 Liquid
Scintillation Spectrophotometer.

Adsorption Isotherms
One half gram of montmorillonite clay was added by pipet to 50

ml centrifuge tubes. Bromacil (2- 14 C labeled) was added to provide
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concentrations of 5, 10, 50, 100, 150, 200, 300 and 350 ppm in the
25 ml volume. The tubes were capped and shaken at 120 strokes per

minute for not less than 6 hours in a constant temperature water bath
at 0° and 25°C. The tubes were centrifuged 10 minutes at 14000 rpm

and bromacil in the supernatant was assayed with a Packard liquid
scintillation spectrophotometer.
Adsorption of Picloram and Bromacil by Soils
Adsorption Kinetics

The nine Oregon soils were air dried and ground to a maximum

particle diameter of 1.5 mm. Duplicate one half gram samples of air
dried Kinney sil were weighed into a 50 ml centrifuge tube and three

mis of 0.5 ppm 14C- labeled picloram was added. The picloramsoil suspensions were mixed at 120 strokes per minute at 25°C for

1/4, 1/2, 3/4, 1, 2, 5 and 10 hours.
In subsequent studies duplicate five grams of air dried Kinney
sil were weighed into a 50 ml centrifuge tube and 10 mis of 50 ppm
2-14C labeled bromacil was added.

The bromacil-soil suspensions

were mixed for 3, 6 and 12 hours as above. After the elapsed time
the soil suspensions were centrifuged 20 minutes at 14000 rpm and the

supernatants analyzed for picloram and bromacil.

31

Adsorption Isotherms
Stock solutions of 14C-labeled picloram and 2- 14 C labeled

bromacil were prepared in concentrations of 0.5, 1, 2. 5, 5, 10, 20
and 50 ppm, Ten mis of the appropriate stock solution were
equilibrated with duplicate five gram samples of each soil for 12
hours at which time the soil suspensions were centrifuged and

assayed for picloram and bromacil.
Adsorption of Picloram and Bromacil from
Surfactant Solutions
Stock solutions of 5 and 10 ppm 2 -14C- labeled brornacil and
1

4C- carboxyl labeled picloram were prepared in 1% and 10% solutions

of Triton X-100, cetyl pyridinium chloride and Santomerse surfactants,
14
In addition, solutions of 5 ppm 14Ccarboxyl labeled picloram were

prepared in 0. 1% X-77 and cetyl pyridinium chloride surfactants.
Surfactant concentrations were determined on a volume /volume bases

for Triton X-100 and X-77 and a weight/volume bases for cetyl
pyridinium chloride and Santomerse.

Ten mis of each of the herbicide-surfactant solutions were
equilibrated with duplicate five gram samples of each soil in a con-

stant temperature water bath at 25°C as previously described. After
a 12 hour equilibration time the samples were removed from the bath,
centrifuged at 14000 rpm for 20 minutes, and assayed for picloram
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and bromacil by liquid scintillation spectrophotometry.

Picloram and Bromacil 14C Activity Analysis
One ml aliquots of the supernatant solutions recovered by

centrifugation from the clay and soil systems were pipeted to 10 mls
of 2:1 toluene: Triton X-100 (v/v) scintillation fluor containing .PPO

(4 gm/1) as the primary fluor and dimethyl POPOP (0, 1 'gm/ 1) as

the secondary fluor. Samples were counted for 10 minutes or 1%
deviation on a Packard 3375 liquid scintillation spectrophotometer.
The counting efficiency of the samples was determined by internal
spiking with 14C toluene standard.

The picloram or bromacil in each solution was calculated by
the following equation,

cpm/ml
pg herbicide added -

CE

dpm/ilg

µg herbicide adsorbed
weight of soil or clay

cpm/ml = counts per minute per ml of sample
CE

=

dpm/p.g

=

V

=

counting efficiency
specific activity of stock solution
initial volume of solution in system

It was assumed that the change in herbicide activity after equilibration with the soil or clay resulted from adsorption.
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Statistical Analysis of Data
The adsorption of bromacil and picloram on soil was

statistically assessed by the analysis of variance technique employing a factorial design model (Sned.ecor and Cochran, 1968). Fisher's

'F' test of significance and LSD values for the means at the 0.05 and

0.01 probability levels were calculated for bromacil and picloram
adsorbed on soil from aqueous and surfactant solution.

The slope and intercept values for the Freundlich plots were
determined by the method of least squares. The hypothesis that the
slopes of the lines for bromacil adsorbed on clay and soil and
picloram adsorbed on soil do not differ was evaluated at the 0. 05

and 0. 01 probability levels through a 'students t' test.
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RESULTS AND DISCUSSION

Adsorption of Bromacil on Montmorillonite
Adsorption Kinetics

Equilibrium between Ca 2+ saturated montmorillonite and

bromacil in aqueous solution was independent of time with 8% or
2011.1.g/0. 5 gm clay adsorbed in one quarter hour and 8% or 191

p.g/0. 5 gm clay adsorbed in seven hours (Table 1). In the equilibrium

study, bromacil adsorption on the Ca2+ saturated montmorillonite
ranged from 191 1.1.00. 5 gm clay to 256 1.,1. g O. 5 gm clay or 10% of

the applied compound. Since the rate of bromacil adsorption by
Cu
Ca

2+
2+

and Al

3+

saturated montmorillonite was assumed similar to the

saturated montmorillonite, subsequent equilibrations for the

other clay systems were conducted for not less than six hours.
Table 1.

Bromacil adsorption on Ca 2+ saturated montmorillonite.

Bromacil
adsorbed
µg /0.5 gm
% of initial added

Time, hrs
0.25

0.5

1

2

201

215

194

224

256

191

8.0

8. 6

7. 8

9. 0

10.2

7. 6

5
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Cation Saturation

The various cation saturations on montmorillonite produced a
striking effect on the adsorption of bromacil. Ca

2+

saturated mont-

morillonite adsorbed 4.3 to 787.4 µgg/0.
/0. 5 gm clay and

A13+

saturated

montmorillonite adsorbed 10 to 1148µg/0. 5 gm clay respectively at
25°C when 124 p.g (5 ppm) and 8757 p.g (350 ppm) bromacil was added

(Table 2). Adsorption on the Cu 2+ saturated montmorillonite ranged

from 12. 1 to 708 p.g/0. 5 gm clay for comparable initial rates of
bromacil. Adsorption from the intermediate concentrations generally

was lower for the Cu2+ than for the
Adsorption on Ca

2+

A13+

saturated montmorillonite.

saturated montmorillonite represented 4% to 9. 0%

of the initial bromacil added; Cu 2+ saturated montmorillonite adsorbed
8% to 10% and A13+ saturated montmorillonite adsorbed 8% to 13% of

the initial bromacil added.
Adsorption of bromacil at 0°C was somewhat higher for all the
cation saturations on the montmorillonite than at 25°C. The Al

3+

and Cu 2+ saturated montmorillonite still adsorbed more bromacil than

the Ca 2+ saturated montmorillonite. Adsorption by the Al3+ and
Cu

2+

saturated montmorillonite was 18. 1µg /0. 5 gm clay or 15%

and 14.3 p.g/0. 5 gm clay or 11% respectively when 124 p.g (5 ppm)

bromacil was added (Table 2). With 7 634 p.g (300 ppm) bromacil

added, Al 3+ and Cu 2+ saturated montmorillonite removed 886 p.g/0. 5
gm clay or 12% and 105 1 p.g/0. 5 gm clay or 14% respectively.
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Generally, as at 25°C, adsorption of bromacil on the Cu

2+

saturated

montmorillonite was less than that on the A13+ saturated montmorillonite.
Table 2. Bromacil adsorbed on Ca

2+

, Cu

2+

and Al

3+

o

saturated montmorillonite at 25 and 0 °C.

Bromacil adsorbed, ilg/0. S gm

Bromacil added, pg

0°C

25°C

124

124
251

349
625
1339
2500
3839
5089
7634

349
625
1250
1339

2510
3749

25C

0°C
Ca

2+ a

Cu

2+

8. 9
23. 7
33. 3

14.3

108.1
224.0
222.8
511.6
828.2

149.2

33. 9
80. 3
190. 4

407.5
795.9
1050. 9

A13+

18.1
65. 5
68. 4

228.5
328.0
632.4
731.7
886.3

5063
7500

8757

a

a2+

Cu

2+

A13+

4.3

12.1

10.0

15. 2
nd

nd
22. 6

23. 7
40. 4

58.5

50.0

26.9
nd

105. 6

nd

74.9

142.2

209.8
471.0
424.0

224. 6

152.5
297.2
461.8

342.9

456. 8

325. 1
792. 1

787.4

707.7

507.6
833. 9
1148.2

Cation saturation.

nd

not determined

Adsorption Isotherms
Adsorption of bromacil on the Ca

2+

, Cu 2+ and Al

3+

saturated

montmorillonite increased with concentration at 0° and 25°C (Figures
1, 2 and 3) according to the Freundlich equation, log x/m = log K +
1 /nlog c, where:

x/m = amount solute adsorbed /0. 5 gm adsorbent
c = solute equilibrium concentration
K and n = constants
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Figure 1. Freundlich isotherm for bromacil adsorbed on Ca

2+

saturated montmorillonite.
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Figure 2. Freundlich isotherm for bromacil adsorbed on A13+ saturated montmorillonite.
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Figure 3. Freundlich isotherm for bromacil adsorbed on Cu
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saturated montmorillonite.
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The best fit curves and values for the slopes (1/n) and intercepts (K at
unit equilibrium concentration) were determined by the method of least
squares (Snedecor and Cochran, 1968).

To further discuss the effects of cation saturation, Freundlich
K values, a measure of the magnitude of adsorption at an equilibrium
concentration of 1 Fig/ml, will be used. The interpretation of the K

value at the concentration selected will not apply to other concentrations

if the slopes (1/n) of the Freundlich adsorption curves for each cation

saturation are different; therefore, a 'students t' test was conducted to
determine if the slopes differed statistically. Analysis was also conducted to determine if the slopes differed between 25° and 0°C for each
cation saturation. The slopes with respect to cation saturation and

temperature were not different at the 0.05 probability level (Table 3);

therefore, observations made at one concentration should apply for all
concentrations. The K values for bromacil adsorbed by the Al 3+

saturated montmorillonite were 1.90 and 4.29 pLg/0.5 gm clay at 25°
and 0°C respectively (Table 4). Corresponding values for the Cu 2+

saturated montmorillonite were 1.59 and 2.72 p.g/0.5 gm clay (Table
4).

The K values support the concept that bromacil adsorption

increased with cation saturation according to Ca

2+

< Cu

2+

< Al

3+

as

indicated earlier. The various cation treatments present two possibilities which may affect the adsorption of bromacil; the first being

an increase in adsorption due to a decrease in pH since the relative
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acidity of the saturated montmorillonite follows the same order as
adsorption and the second possibility being complexation between the
Al

3+

and Cu

2+

ions and the ring N of the bromacil in the one position.

Table 3. 'Students t' test values to determine significance of slopes
for bromacil adsorbed on Ca2+, Cu2+ and Al3+ saturated
montmorillonite at 25° and 0°C.
Ca2+ a

Cu

2+

Al3+

0°C

25°C

0°C

25°C

0°C

25°C

X

0.32

0.08
0.38

1.43
1.31
1:42

0.71
0.94
0.63
2.02

0.46
0.12

X

1.36

X

X

X

0.61
1.45

a

Cation saturation
X Slope which is being compared to other slopes.
Table 4. Slopes and intercept values for bromacil adsorbed on Ca 2+ ,
Cu2+ and Al3+ saturated montmorillonite.

Temperature
Cation saturation

0°C

2+

Ca 2+
Ca 2+
Cu
2+
Cu
3+
Al 3+
Al

a

Slope, 1/n

0

25
0

25
0

25

Equilibrium concentration = 1 ppm

1.04
1.24
1.05
1.08
0.97
1.09

Intercept, Ka
lag/0.5 gm
1.68
0.59
2,72
1.59
4.29
1.90
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Temperature

Increasing the temperature of the systems from 0° to 25 °C

decreased the relative adsorption on each homoionic clay as reflected
by the corresponding K values for A13+ saturated montmorillonite of

4.29 and 1.90 ilg/0.5 gm clay (Table 4) respectively. Cu 2+ and Ca 2+

saturated montmorillonite also showed similar adsorption decreases.
The higher adsorption at 0°C may be due to a change in adsorption

energy and/or a change in the water solubility of the bromacil (Mills
and Biggar, 1969).

In summary, the adsorption of bromacil was dependent upon

cation saturation and temperature with greater adsorption at 0° than
25°C

and on the more acidic cations (Ca 2+ < Cu 2+ < AI 3+ ). It was not

determined if adsorption with the various cation saturations was
affected by a change in pH or by complexation with the adsorbed cation

or if the effects of temperature changed the adsorption energy or
bromacil solubility.
Adsorption of Picloram and Bromacil by Soils

The adsorption of bromacil and picloram by the nine soils

increased over the concentration range 0.5 to 50 ppm according to the
Freundlich equation (Figures 4 to 9).

Linear regression lines were

calculated by the method of least squares for each isotherm and
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`students t' tests for significance of slopes were computed (Snedecor
and Cochran, 1968). The effects of soil organic matter and pH were

isolated and evaluated through the analysis of variance technique using
the factorial design model. Other parameters influential in herbicide
adsorption i. e.

,

cation exchange capacity, clay and aluminum content,

were not isolated in the analysis; however, inferences will be made
from the data.

Picloram
Adsorption Kinetics

The Kinney sil, which had the highest organic matter content
(8. 3 %) was selected for the rate study since adsorption by the dif-

fusion process into the organic matter would be much slower than

adsorption by the mineral fraction and by the soils lower in organic

matter. The Kinney sil (soil:solution ratio = 1:6), equilibrated with
picloram for 12 hrs, adsorbed 0.112 1.1.00.5 gm soil or 7.4% of the
added picloram in one quarter hour and 0.187 1,100.5 gm soil or 12. 6%

after 12 hrs with adsorption increasing 0.037 4g/0.5 gm soil or 25%
after two hrs (Table 5). All subsequent equilibrium studies for
picloram were conducted for a period of 12 hrs.
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Table 5. Picloram adsorbed on Kinney sil soil.

Time, hrs

Picloram
adsorbed

0. 25

p,g/0. 5 gm

0.112 0.109 0.118

% of initial added

7. 4

0. 5

7. 3

0.75

8. 0

1

2

5

10

0.107 0.150 0.148 0.187
10.0 12. 6
10. 1
7. 2

Organic Matter

The effects of organic matter were first investigated
independently of the soil pH with average picloram adsorption values,

over the concentration range investigated, of 27.7, 33.8 and 36.2
I.Lg/5 gm soil at the low, intermediate and high organic matter levels

respectively (Table 6). Within each soil pH level, the average adsorption over the concentration range investigated increased from 0 to 17..9
p.g/5 gm soil at pH 7 and 60. 2 to 78. 6 }I g/5 gm soil at pH 5 as organic

matter increased (Table 7). Adsorption on the pH 6 Woodcock series

was 23. 0, 28.3 and 12.1 ilg/5 gm soil as organic matter increased
(LSD

01

= 1.4 Fig/5 gm soil) (Table 7). The anomalous behavior of the

Woodcock soil with the high organic matter content is probably reflective of the pH and exchangeable aluminum factors which will be dis-

cussed later. With the exception of the high organic matter Woodcock
soil, picloram adsorption increased within each soil series as the
organic matter increased.
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Table 6. Picloram adsorbed on soils as a function of

organic matter level.
Picloram adsorbed
p.g/5 gm
a

Higha

Intermediate

Low

36.2

33.8

27. 7

Organic matter level

LSD
= 0. 6µg /5 gm.
05
LSD
= 0.8 µg /5 gm.
01

Table 7. Picloram adsorbed on soils as a function of
pH and organic matter level.

Picloram adsorbed, p.g/5 gm

Organic matter
level

pH 5

pH 6

pH 7

High

78.6

12.1

17. 9

Intermediate

65. 3

28. 3

7.8

Low

60.2

23.0

0

LSD
= 1.1 p.g/5 gm.
05
LSD
= 1.4 p.g/5 gm.
01

Picloram adsorption increased with concentration according to
the Freundlich equation (Figures 4, 5 and 6). At an equilibrium concentration of 1 µg /ml the Freundlich K value (lag adsorbed/5 gm soil)

was investigated as a function of organic matter and a correlation
coefficient of 0.457 was calculated. This value was nonsignificant at

the 0.05 probability level possibly due to the reverse relationship
with organic matter in the Woodcock soil series. The K value can
only be compared with other soils at the concentration selected since
the slopes of the Minam series, Woodcock and Kinney high organic
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matter soils differed significantly from the others (Table 8).
Table 8.

'Students t' test values to determine significance of slopes
for picloram adsorbed on soils.

Minam sil a
6.6b 3.7
0.7

7.7

4.3

1.4

7.4

1.71

O. 37

X

1.54

5, 23**
5. 20**

1. 06
1. 66

0. 50
2. 11

X

2.91*

0.84

0.15
5.57**
0.95

Woodcock sil

X

a

0.51
X

X

Kinney sila
0.8
2.5
3. 95**
4. 24
1.88

4. 55**
4.88 **
3.29 **

1.79
O. 03

0.37
0.65

4. 28**

4. 61**

X

1.84

a

Soil series
Percent organic matter
X slope which is being compared to other slopes
- slope = 0
*,**
Significant at 0.05 and 0.01 probability levels respectively.

Cation Exchange Capacity

Over the seven different concentrations, the average adsorption
of picloram decreased in the Kinney series from 78. 6 to 60.2 p.g/5 gm
soil (Table 7) as Ca 2+ /Mg 2+ CEC in the respective soils increased

from 6.5 to 16.1 meq/100 gm soil (Table 9). Adsorption by the

Minam series also decreased, from 17.9 to 0 g / 5 gm soil, but contrary to the Kinney series the Ca 2+ /Mg 2+ CEC of the respective soils
decreased slightly from 28.3 to 23.8 meq/100 gm soil. Results from
the picloram adsorption by the Woodcock series were comparable to

the Kinney soil series. It was thus concluded that no general
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relationship existed between picloram adsorption and Ca

2+

/Mg

2+

CEC,

a measure of the permanent exchange sites (Coleman, Weed and
McCracken, 1959). To further investigate CEC an estimation of the

pH dependent CEC sites was made. The pH dependent sites have been
reported by Pratt (1961) and Helling, Chesters and Corey (1964) to

arise from the organic matter and clay mineral fractions. Other
studies have shown pH dependent CEC could also be due to hydroxy

iron and aluminum polymers associated with the organic and mineral

fractions of the soil (Shen and Rich, 1962; Clark, 1964; deVilliers and
2+
2+
Jackson, 1967). A A value (NH +/H+ CEC - Ca /Mg CEC) cal4

culated for the Woodcock series was fairly constant from 13.5 to

11.4 meg/100 gm soil as organic matter decreased. The constancy
of the A value in the Woodcock soils does not account for the greater

_

adsorption on the low and intermediate organic matter soils as compared to the high organic matter Woodcock soil. Picloram adsorption

increased in the Kinney series as the A value increased but no overall
relationship in the nine soils could be isolated with CEC or the A value.
pH and Exchangeable Aluminum

Over the concentration range of 0.5 to 50 ppm, the average
picloram adsorption by the Kinney (pH = 5), Woodcock (pH = 6) and

Minam (pH = 7) series (irrespective of organic matter) was 68.0,
21.1 and 8.6µg/5 gm soil (LSDoi = 0.8 p.,g/5 gm soil) respectively

Table 9.

Chemical properties of selected Oregon soils.

series

pH

0. M.

Fe203

Extract.
Al

Al

Ca

2+

Mg

2+

7. 0

7.3

6.6
3.8

7. 5
6. 1
5. 8

0.7
7.7

5. 6
5. 2
5. 2

1, 7

5.0

0. 8

nd not determined

K+

+ +
NH4 /H

Ca

2+

2+

/Mg

A value

meq/100 gm

1:1

Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil

Cation exchange capacity

Exchangeable cations
3+

4.3
7. 4

2.5

2. 1

2.2
2.7
2.2
2.4
1, 7
4, 5

4.6
4.2

0. 3
0. 3
9. 9

nd
nd
nd
0. 2

26.8

1.0

34, 6

2. 9
5. 4
9, 0
16. 4

1.3

58.0
53.2
41. 9

28.9
26.2
24.4

2. 3
2. 2

4.7

1.0

14.3
1.2

1. 2

3. 1
1. 7
1. 3

O. 5

0. 9
0. 8
0. 6
0. 4

0.6

0. 3

1. 1

1.0

1. 3
1. 2

29.8
26.1
25.3
26.4
15.5

28. 3

14, 6

3. 2
6. 5
8. 9
16. 1

0. 4
0. 2

23.5
19.6

0. 1

23. 3

24.4
23. 8
12. 9

3.6

1. 5
1. 7
1. 5
13. 5
11. 9
11. 4

17.0
10. 7
7. 2
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(Table 10). The greatest effects of pH and exchangeable aluminum

were displayed by the Woodcock soil series with average adsorption
over the concentration range investigated of 12.1 and 23.0 p.g/5 gm
soil on the high organic matter soil (pH = 6. 1) and low organic

matter soil (pH = 5. 6) respectively (Table 7). The small decrease
in pH and/or increase in KC1 exchangeable aluminum (0. 2 to 2.9

meq/100 gm soil) resulted in almost twice as much picloram adsorbed
by the soil containing 1.7% organic matter as that containing 7.7%

organic matter. The complexity of the pH, aluminum and organic

matter relationship is further complicated by the fact that the low
organic matter Woodcock soil (pH = 5. 6; exchangeable aluminum =.

2.9 meq /100 gm soil) adsorbed 23. 0 p.g/5 gm soil or 81% as much

picloram as the intermediate organic matter soil with pH = 5.8 and
1. 0 meq/100 gm soil exchangeable aluminum (Table 9). The Kinney

series at pH 5 exhibited average picloram adsorption values of 78. 6,
65.3 and 60.2 i.kg/5 gm soil as organic matter decreased and exchangeable aluminum increased. The K value from the Freundlich plots
supports the relationship between picloram adsorption and pH (Figure
10) with a correlation coefficient of 0. 667 calculated (significant at the
0. 05 probability level).

The dependence of picloram adsorption on pH or exchangeable

aluminum indicates that the molecular species only is adsorbed by the
organic matter, Other work indicated picloram (pKa = 4. 1) was most
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Figure 10. Linear regression for picloram adsorbed on soils as a function of pH.
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toxic in soil at pH 6.5 since at low pH the molecular species was
adsorbed and at higher pH the ionized picloram was less toxic to sunflower plants (Grover, 1968). In the Woodcock series the increased
adsorption of picloram below pH 5. 8 indicates an increase in the

amount of the molecular species which further suggests the surface
acidity of the soil is lower than the solution acidity.
Table 10. Picloram adsorbed on soils as a function
of pH.

Picloram adsorbed

pH 5

pH 6

pH 7

ilg/5 gm

68. 0

21.1

8.6

LSD
= 0. 6 f.ig/5 gm
05
LSD
0. 8 p.g/5 gm
01

Further evidence of adsorption being affected by exchangeable

aluminum or low pH is presented by the slopes (1/n) of the Freundlich
plots (Table 11). With the exception of the Kinney sil (0. M. = 7,4%)

slopes of 0.76 to 0. 85 were calculated for adsorption on soils above
pH 6.1 and slopes of 0.93 to 1. 0 were calculated for adsorption on
soils below pH 5. 8.

A 'students t' test showed these values were

significant at the 0. 01 probability level (Table 8); thus, it is suggested
that adsorption above pH 6.1 is predominantly through the soil organic
fraction while below pH 5. 8 adsorption is affected by both aluminum

and soil organic matter. The slope of the Kinney sil (0.M. = 7. 4 %)
was 0.84 indicating adsorption through the organic fraction occurred
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to a greater extent than through aluminum. It is realized that adsorp-

tion mechanisms cannot be derived from the parameters of the empiri
cal Freundlich equation; however, Kipling (1965) derived the equation
by combining the Gibbs adsorption equation with an expression for the

free energy of the surface. The Freundlich 1/n value was found to be
equal to [(RT(x/rn) max /(cr

1 -C2

)1 where

R = universal gas constant
T = absolute temperature
(x/m) max = maximum monolayer capacity for the solute per
gram of adsorbent
cr
and
= free energy for the surface in contact with pure
62
solvent and solute respectively.
1

This derivation only applies to dilute solutions where x

r, the

excess surface concentration.
Table 11. Slopes and intercept values for picloram adsorbed on nine
Oregon soils.
Soil

series
Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil
a

Intercept, K a

Organic matter

Slope, 1/n

6.6
3.8

0.83
0,76

2.8
1.4

0.7
7.7
4.3
1.7

0

0

7.4
2.5
0.8

Equilibrium concentration = 1 ppm

ilg/5 gm

0.85

1.7

0. 99

2.8
2.6
23.0

0.93
0.84
0.93
1.00

11.7

8.0

59

In summary, picloram adsorption by soil organic matter is
dependent upon exchangeable aluminum and/or soil pH. At pH above

6. 1 the major parameter for predicting picloram adsorption is
organic matter; however, the magnitude of adsorption indicates that

pH should also be considered. As pH decreases the quantity of

molecular picloram increases with a resultant increase in adsorption
by organic matter. At lower pH an interaction between organic matter, pH and aluminum exists. There appears to be no relationship
between picloram adsorption and soil CEC.

It is suggested from this study and that of Bailey et al. (1968)
that at pH above 6. 1 picloram adsorbed to the organic matter is by
van der Waals' type forces of attraction and at pH below 5.8 van der
Waals' forces of attraction and hydrogen bonding with organic matter
and complexation with adsorbed aluminum are operative.
Bromacil
Adsorption Kinetics
The Kinney sil (0.M. = 7. 4%; soil: solution ratio .= 1:2)

adsorbed 209.5 F.t,g/5 gm soil or 36.4% of the added bromacil after

three hours equilibration and 236.2 p.g/5 gm soil or 41.2% after 12

hrs equilibration, representing an increase in adsorption of 26.7 p.g/
5 gm soil or 13% in nine hours (Table 12). Equilibration for the

60

studies was considered complete after 12 hours.
Table 1?, Bromacil adsorbed on Kinney sil soil.

Time, hrs

Bromacil
adsorbed

3

6

.f..g/5 gm

209. 5

215.5

236.2

36. 4

37.5

41, 2

% of initial added

12

Organic Matter

The average adsorption of bromacil over all concentrations and

within the three organic matter levels investigated decreased from
55.7 to 10. 4µg /5 gm soil as organic matter decreased (LSD01
1, 0 u.g/5 gm soil) (Table 13). Bromacil adsorption also decreased

within each soil series as the organic matter content decreased
(Table 14).

Table 13. Bromacil adsorbed on soils as a function

of organic matter level.
Bromacil adsorbed

Higha

Intermediate

Low

4g/5 gm

55.7

28.0

10. 4

a

Organic matter level

LSD
= 0. 8 ug/5 gm
05
1. 0 ug/5 gm
LSD
01

61

Table 14. Bromacil adsorbed on soils as a function
of pH and organic matter level.

Organic matter
level

Bromacil adsorbed, p.g/ 5 gm
pH 5

pH 6

pH 7

High

58. 1

5 1. 0

57.9

Intermediate

23. 1

29. 5

3 1. 5

Low

14.3

10.8

6.2

LSD
05
LSD
01

=

1. 3 1.1.g/5 gm

= 1.8µg /5 gm

The adsorption of bromacil on each soil increased with con-

centration according to the Freundlich equation (Figures 7, 8 and 9).
A significant correlation coefficient (0.01 probability level) of 0.913
was calculated between the K value and organic matter (Figure 11).

Comparing the average bromacil adsorption of 31.5 ug/5 gm soil at
all initial bromacil concentrations in the Minam intermediate organic

matter soil (0. M. = 3.8%) with the 29.5 ug/5 gm soil adsorbed by
the Woodcock soil (0. M. = 4.3%) indicates other factors, possibly
clay or pH, may be influential in bromacil adsorption (Table 14).
Adsorption of 57.9 ug/5 gm soil in Minam sil (0.M. = 6. 6%) and

51.0 ug/5 gm soil in Woodcock sil (0.M. = 7.7%) also suggests the
above factors must be considered.
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Figure 11, Linear regression for kromacil adsorbed on soils as a function of organic matter.
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CEC

Over the, seven equilibrium concentrations, the average adsorp-

tion of bromacil on the Minam soil series ranged from 57.9 to 6.2
p.g/5 gm soil as Ca 2+ /Mg 2+ CEC ranged from 28.3 to 23.8 meq/100
gm soil (Table 14). The bromacil adsorption on the Woodcock series

also decreased as Ca 2+ /Mg2+ CEC of the respective soils decreased;
however, adsorption on the Kinney soil series decreased from 58. 1

to 14.3µg/5 gm soil as the Ca 2+ /Mg 2+ CEC for the respective soils
increased from 6.5 to 16. 1 meq/ 100 gm soil. Since CEC is correlated with organic matter and clay (Upchurch and Mason, 1962)

the larger CEC in the low organic matter Kinney soil suggests the

influence of clay on the CEC. The influence of clay or pH is also suggested with 3.5 p.g/5 gm soil more bromacil adsorbed on the Kinney
sil (0. M. = 0. 8%) than the Woodcock sil (0. M. = 1. 7%).
pH and Exchangeable Aluminum

The average adsorption of bromacil over all concentrations

within each of the three soil series was 31. 8, 30.4 and 31.9 p.g/5 gm
soil (LSD
15).

01

=

1. 0 p.g/5 gm soil) for pH 5, 6 and 7 respectively (Table

Comparing the average adsorption of bromacil over all con-

centrations on each of the nine soils with its corresponding organic
matter level showed no trend in adsorption with pH or exchangeable
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aluminum. Adsorption by the low organic matter soils increased
from 6.2 to 14.3 4g/5 gm soil while adsorption with intermediate

organic matter soils decreased from 31.5 to 23. 1µg /5 gm soil as
pH decreased from 7 to 5 (Table 14). Within each organic matter

level exchangeable aluminum increased as pH decreased. The variation in organic matter of 3.7%, 4.3% and 2. 5% at the intermediate
range may be great enough to offset the effects of aluminum or pH on

bromacil adsorption. In the previous section the effects of Ca
Cu

2+

2+

,

and A13+ saturated montmorillonite on bromacil adsorption were

considered and a relationship was suggested between acidity and/or
aluminum saturation as observed in the low organic content soils;

however, this interaction cannot definitely be isolated at each organic

matter level due to the wide spread in this parameter within each of

the three levels. Correlating the Freundlich K value with pH gave
a nonsignificant correlation coefficient of 0. 143.
Table 15. Bromacil adsorbed on soils as a function
of pH.

Bromacil adsorbed

pH 5

pH 6

pH 7

4g/5 gm
LSD
= 0. 8 4g/5 gm
05
LSD
= 1. 0 4g/5 gm
01

31.8

30.4

31. 9

The slopes of the Freundlich isotherms increased (Table 16) as
the exchangeable aluminum within each soil series increased and pH
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decreased suggesting a change in adsorption mechanism as in the

case for picloram adsorption; however, a 'students t' test for significance of the slopes indicated only adsorption on the Minam high

and intermediate organic matter soils were significantly different
from the others (Table 17).
Table 16. Slopes and intercept values for bromacil adsorbed on nine
Oregon soils.

Organic matter

Soil

series
Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil
a

Slope, 1/n

Intercept, K a
p,g/5 gm

13.7
6.2
0.8

2.5

0.81
0.78
0.87
0.89
0.89
0.92
0.87
0.90

0. 8

O. 94

1. 5

6. 6
3. 8

0.7
7.7
4.3
1.7

7.4

9.0
4.1
1.2
12. 8

2. 9

Equilibrium concentration = I ppm
The adsorption of bromacil by soil is mainly dependent upon

organic matter with pH and exchangeable aluminum being of minor

importance. Clay content or type has not been fully investigated in

this study because of the interaction with organic matter and pH.
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Table 17.

'Students t' test values to determine significance of slopes
for bromacil adsorbed on soils.
sil

6. 6b 3. 7

2. 22*
X

Woodcock sil
0, 7

7. 7

0, 97 6, 53**
1, 46 8. 12**
X

O. 3 1

X

Kinney sil

4. 3

1, 6

7. 4

2. 5

0. 8

2. 35**
3. 17**

2, 12
2. 69*
0. 57

4. 88**
6. 57**

5. 47**
6.8 6**

8. 04**

O. 07

0, 47

1. 10

O. 54

1. 20

O. 70

2. 83*

0.41

0.49
0.83

0.24
0.31

1.31
0.47

X

1. 55
X

3. 49**
1.89

O. 30
O. 07
X

X

6. 89=x*

a

Soil series
Percent organic matter
X Slope which is being compared to other slopes.
Significant at 0.05 and 0.01 probability levels respectively.
Adsorption of Picloram and Bromacil from
Surfactant Solutions
Adsorption of picloram and bromacil from surfactant solutions

was determined on eight soils representing three organic matter
levels at pH 5 and 7 and two organic matter levels at pH 6. The
intermediate organic matter level in the pH 6 Woodcock sil was

omitted from the experiment since it was assumed adsorption by
this soil would be intermediate to the corresponding organic matter
level at pH 5 and 7. This omission necessitated two analysis of

variance determinations, the first consisting of three pH levels with
two organic matter levels (high and low) and the second consisting
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of three organic matter levels at pH 5 and 7. The LSD values calculated from each analysis of variance (ANOVA) did not differ greatly

for comparable systems. Since picloram adsorbed from the 5 ppm
and 10 pprn solutions showed similar trends, the picloram adsorption

results were averaged for the two concentrations. Bromacil adsorp-

tion results were treated similarly.
Pic loram

The parameters considered to affect picloram adsorption were
surfactant type and concentration, and pH and organic matter content.
The discussion of the picloram adsorbed will be divided into four

major sections: 1) effect of surfactant type and concentration dis-

regarding pH and organic matter levels, 2) effect of surfactant type
and concentration, and organic matter irrespective of pH, 3) effect
of surfactant type and concentration, and pH irrespective of organic
matter content and 4) individual interactions.
General Effects of Surfactants

Picloram adsorbed by the Minam and Kinney soil series from
1% and 10% surfactant solutions were averaged (Figure 12) and

reported separately (Figure 13) for each type of surfactant. Adsorption on the Woodcock series was not included in these figures. Inclusion of the data for the Woodcock soils; however, would not change the
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observed trends.
ci'urf octant

a and Concentration

The average picloram adsorbed on the six soils without surfactant was 23.0µg/5 gm soil or 30% of the initial picloram added
(Figure 12). The cationic and nonionic type surfactants increased

picloram adsorption 30. 9 and 5.5 p.g/5 gm soil respectively (Figure
12).

The anionic type surfactant (Santomerse) decreased the picloram

adsorption by 8.0 p.g/5 gm soil.

The effects of surfactant concentration on picloram adsorption
were most noticeable with the cationic and anionic type surfactants
(Figure 13). The 1% and 10% cationic surfactant solutions increased

picloram adsorption from 23.0 p, g/5 gm soil to 69.3 and 35.8 p.g/5 gm

soil respectively. On the other hand, the 1% and 10% anionic surfactant solutions decreased the adsorption to 11.5 and 18.5 p,g/5 gm soil..
The increase in adsorption from 23 to approximately 29 p.g/5 gm soil
for the 1% and 10% nonionic type surfactant (Triton X-100) was signifi-

cant at the 0.01 probability level but the difference between the two

surfactant concentrations was not significant.
Effects of Surfactants and Organic Matter Level

All eight soils were investigated with respect to surfactant type
and concentration, and pH and organic matter (Figures 14 through 18).
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The largest LSD values from the two analysis of variance systems

are reported.
Surfactant Type and Concentration

The average picloram adsorption from the 1% and 10% concentra-

tions of each surfactant type at each organic matter level (Figure 14)

shows the same trends reported earlier (Figure 12). The addition of
anionic surfactant reduced picloram adsorption while the nonionic and

cationic surfactants generally stimulated adsorption. Picloram adsorption from the cationic surfactant solutions ranged from 45. 5 to 52.2

lag/5 gm soil over the organic matter range investigated (Figure 14).
The cationic surfactant increased adsorption 88% and 273% at the high

and low organic matter levels respectively. Picloram adsorption
from the nonionic surfactant solutions ranged from 23. 0 to 28. 5 p.g/5
gm soil. The nonionic surfactant increased adsorption 27% and 8 1%

at the intermediate and low organic matter levels respectively but
decreased adsorption significantly in the high organic matter soil
(Figure 14). Picloram adsorption in the presence of the anionic sur-

factant was less than the check and decreased as the organic matter
decreased.
Picloram adsorbed from the cationic and anionic surfactants was
affected by surfactant concentration while adsorption from the nonionic

surfactant was not (Figure 15). The picloram adsorbed from the 1%
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cationic surfactant solution at each organic matter level, irrespective
of pH, increased approximately 47 p.g/5 gm soils Adsorption of

picloram from the 10% cationic surfactant solution decreased 3.5
lag/5 gm soil at the high organic matter level and increased 6. 9 and
28.8 F.I.g/5 gm soil at the intermediate and low organic matter levels
(LSD

01

= 1.4 µg /5 gm soil) (Figure 15).

The increased picloram adsorption in the presence of the 1%
cationic surfactant may reflect the increased hydrophobic nature of the

soil surface brought about by the adsorbed surfactant as well as adsorption of the ionized picloram (pK = 4. 1). The cationic surfactant is
a

composed of a C16 aliphatic carbon chain attached to the pyridinium
ring through nitrogen. The adsorption of this molecule to the soil
surface would occur predominantly through the positive charge on the
nitrogen atom. In soils high in organic matter content the hydrophobic
aliphatic chain may hydrogen bond with the organic matter which would
prevent bonding with picloram. In soils low in organic matter the

aliphatic chain would be free to bond with picloram as reflected by

increased adsorption in the low organic matter soils.
The decreased adsorption from the 10% surfactant solution may

result from the orientation of the adsorbed surfactant multilayers to
form a hydrophilic or nonadsorptive surface. At the higher surfactant
concentration bonding within the aliphatic chains of the adsorbed
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surfactant by van der Waals' forces may occur. This effect would tend
to decrease adsorption since the aliphatic chains would not be available

to react with picloram. Decreased adsorption of ionized picloram
could also occur if the weakly bonded aliphatic chains shield the posi-

tive charge of the surfactant. The importance of picloram pKa will

be considered later.
The importance of the surfactant orientation is indicated by the
increase in picloram adsorption from the 1 0% surfactant solution as

the organic matter level decreases (Figure 15). Fishers 'F' test for
the interaction between picloram adsorption and organic matter was
highly significant at 387.5 which indicates picloram has a high affinity
for hydrophobic surfaces. The 'F' test is the ratio of the mean square

for picloram adsorbed by organic matter and the error mean square.
The adsorption of picloram in the presence of 1% and 10%

anionic surfactant decreased as organic matter content decreased
(Figure 15); however, unlike adsorption in the presence of the cationic

surfactant, more picloram was adsorbed from the 10% anionic surfactant solution. Except for the 10% surfactant on the high organic

matter soil, the anionic surfactant reduced adsorption at all three
organic matter levels as compared to the check.

The anionic sur-

factant at low concentration may be competing for adsorption sites
with the picloram while at higher concentrations the adsorbed
surfactant may be providing adsorption sites through its hydrophobic
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aliphatic chains.
The average adsorption of picloram from 1% and 10% nonionic

surfactant solution was relatively constant at all organic matter
levels (Figure 15). Adsorption of approximately 23 p.g/5 gm soil from
the 1% and 10% nonionic surfactant solutions was lower on the high

organic matter soil with about 28 p,g/5 gm soil adsorbed on the inter-

mediate organic matter soil. Increased surfactant concentration had
little effect on the magnitude of picloram adsorbed but the nonionic type

did alter the adsorbing surface as evident by equal adsorption of
picloram on the low and high organic matter soils. In another study,
Smith and Bayer (1967) observed a decrease in diuron adsorption as
the surfactant concentration increased to 10%. Bayer (1967) further

observed increased leaching through soil columns with an increase in
surfactant concentration. However, the same authors observed little
or no difference between anionic and nonionic surfactants in adsorp-

tion or leaching patterns. Their trials did not include soils of different organic matter content or pH and diuron does not ionize as does
picloram.

In summary, cationic and nonionic surfactants increased
picloram adsorption in soils while anionic surfactants decreased
adsorption. The influence of organic matter on piclorarn adsorption

was reduced in the presence of cationic and nonionic surfactants while

adsorption from the anionic surfactant solutions decreased with a
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decrease in organic matter level. Increasing the cationic surfactant
concentration decreased picloram adsorption while higher concentrations of anionic surfactants increased adsorption. The concentration
of the nonionic surfactant had little effect on the adsorption of picloram.
Effects of Surfactants and pH

The effects of soil organic matter, surfactant type and concentration on the adsorption of picloram regardless of the effects of pH have
been previously discussed. The pH of a system does greatly influence

the adsorption of picloram (Hamaker et al.

,

1966; Grover, 1968) and

will now be considered.
Surfactant Type and Concentration
Cationic Surfactant. The average picloram adsorption from 1%

and 10% cationic surfactant was considerably increased at all pH
levels (Figure 16). The high adsorption at pH 7 indicates that both the
ionized and molecular picloram species (pK = 4. 1) are adsorbed by
a

the cationic surfactant whereas the soils alone adsorbed mostly

molecular picloram. However, the effect of the surfactant charge on
the adsorption of the ionized picloram is only one of the factors
influential in adsorption since the Woodcock soils at pH 6 only

adsorbed 34. 1 lig/5 gm soil or 45% of the initial picloram.

Picloram adsorption, irrespective of organic matter level,
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increased markedly at each pH level by the addition of the 1%

cationic surfactant (Figure 17). The soil pH effect on the picloram

adsorbed from the cationic surfactant solution was drastically altered
as compared to the effect of pH in the check soils. The cationic surfactant stimulated adsorption of 75. 1 p.g/5 gm soil or approximately

100% of the initial picloram added at pH 5 and 63.5µg/5 gm soil or
84% of the initial picloram at pH 7. The 10% cationic surfactant solu-

tion, compared to the checks, reduced picloram adsorption 5% (significant at the 0. 01 probability level) at pH 5 but did not significantly
affect adsorption at pH 6. Picloram adsorption was less from the 10%

cationic surfactant solution than from the 1% surfactant solution.
Adsorption by the pH 6 Woodcock soil series decreased markedly
with 59. 1 and 9. 1 p.g/5 gm soil adsorbed from 1% and 10% surfactant

solutions respectively (Figure 17). Adsorption from 10% cationic surfactant was similar in the Kinney (pH = 5) and Minam (pH = 7) soils at

37.7 and 39.3 µg /5 gm soil respectively (LSD°, = 1.5 ilg/5 gm soil).

In summary, 1% cationic surfactant increased picloram adsorption markedly. Compared to adsorption without surfactant, the 10%
cationic surfactant solution did not greatly alter picloram adsorption
at pH 5 and 6 but increased adsorption at pH 7. Adsorption from 10%

surfactant solution was less than that from the 1% cationic surfactant
solution.

Nonionic Surfactant. The average picloram adsorption from 1%
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and 10% nonionic surfactant increased 35% and 46% at pH 5 and 6

respectively but decreased 43% at pH 7 (Figure 16). Thus, it would

seem that this surfactant provides adsorption sites for the molecular
species of picloram.
The concentration of the nonionic surfactant did not affect the

adsorption of picloram within each pH level (Figure 17); however, the

picloram adsorbed did decrease with an increase in pH as was
observed in the checks. The nonionic surfactant demonstrates the

adsorption of the molecular picloram to the hydrophobic surfaces

created by the adsorbed surfactant. It is assumed that the nonionic

type surfactant is adsorbed on all soils (Valoras et al. , 1969) and
that the magnitude of surfactant adsorption does not account for the

observed variability of picloram adsorbed at the different pH levels..
Anionic Surfactant. The anionic surfactant seemed to effectively

compete with picloram for adsorption sites at low pH values as shown

by the marked decrease in adsorption at pH 5 and 6 respectively and
no change in adsorption at pH 7 (Figure 1 6). A competition effect is

possible since the adsorption of anionic surfactant on kaolinite, Mite
and montmorillonite increased as pH decreased (Wayman, 1963).

Adsorption also increased as surfactant concentration and alkyl chain
length increased.
The 1% anionic surfactant solution decreased picloram adsorption
within each pH level (Figure 17). Picloram adsorption from 10%
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surfactant solution was increased over that from 1% concentration at
all pH levels and from the checks at pH 6 and 7. Adsorption at pH 5
was reduced from 39. 6 to 27. 6 p.g/5 gm soil by the 10% surfactant

solution. As noted previously the anionic surfactant at low concentrations may be competing for adsorption sites. The 10% surfactant solution appears to provide many new hydrophobic adsorption sites on the

soil surface.
To sum the effects of surfactants and pH, the 1% cationic (cetyl
pyridinium chloride) surfactant solution greatly reduced the influence
of pH. On the other hand the 10% cationic surfactant solution did not
change picloram adsorption from the check soils except at pH 7 where

adsorption was increased. The nonionic surfactant increased adsorp-

tion at pH 5 and 6 regardless of surfactant concentration but reduced
adsorption at pH 7. The 1% anionic surfactant solution decreased

picloram adsorption. The 10% anionic surfactant solution increased
adsorption as compared to the 1% solution.

Effects of Surfactants, Organic Matter Level and pH

In this section the effects of surfactants on picloram adsorption

will be considered with respect to each level of organic matter at its
respective pH. Each value reported is the average picloram adsorption from the 1% and 10% surfactant solution and 5 ppm and 10 ppm

initial picloram concentration.
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Surfactant Type
Cationic Surfactant. The cationic surfactant stimulated picloram

adsorption at all organic matter and pH levels. The adsorption of
picloram by the low organic matter soil at pH 5 was almost double
that without surfactant while at pH 7, 63. 6 pg /5 gm soil was adsorbed

as compared to zero by the check (Figure 18). The reduced picloram
adsorption by the low organic matter Woodcock soil (pH = 6) did not
follow the trend at pH 5 and 7. Picloram adsorbed by the Woodcock

soil series in the absence of surfactant was relatively equal at approxi
mately 10.5 flg/5 gm soil. In this case more molecular picloram
(pK

a = 4. 1) may occur in the low organic matter Woodcock soil due

to the 0.5 pH unit decrease. The effect of pH on the ionization of
picloram was only observed in the Woodcock soils where pH ranged

from 6. 1 to 5. 6 as organic matter level decreased. Thus, more
molecular picloram may be available for adsorption at the low organic

matter level than at the high organic matter level. The decreased
adsorption by the low organic matter Woodcock scil in the presence

of the cationic surfactant suggests a complex interaction between surfactant, pH, exchangeable aluminum and picloram adsorption. This
interaction appears to be dependent upon surfactant concentration as
shown by adsorption from 0. 1% cationic surfactant in 5 ppm picloram
(Table 18).
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Table 18. Picloram adsorption from cationic, anionic and nonionic surfactant solution on Oregon soils.
Picloram adsorbed,
(nonionic)
X-77a
Triton X-100

Organic
matter

Soil
series

Minam sil
6. 6
Minam sil
3. 7
Minam sil
0. 7
Woodcock sil 7. 7
Woodcock sil 4. 3
Woodcock sil 1. 7
Kinney sil
7. 4
Kinney sil
2.5
Kinney sil
0. 8

(cationic)
Cetyl pyridinium chloride

(anionic)
Santornerse

0

0. 1

1

10

0. 1

8.7

9.2
4.9

6. 3
3. 4
0
7. 5

3. 5
2. 4
0
5. 9

16.6
12.0

41.0

16.0

5.8

12.4

42. 4

1. 8

41.0
47.6

17. 9
35. 6
7. 2

2. 7
0
4. 9

7. 8
0. 3

5. 4
0
5. 8

9. 9

0
4. 5
13. 6

7. 1

8.6

34.6
25.4

32. 4

14. 4
34, 0

28.2

36.1

33.0
35.0

20. 5

22. 7

35. 3

36. 0

15. 2

17.4
40. 9
40. 6
43. 9

1

10

10

1

11.0

32. 9

7. 1

4. 1

7. 5

16. 9

40.6

49.6
49.5

23.7

20.6
11.9

31.0
17.2

39. 7

48. 8

35. 4

10. 1

12. 6

a

Surfactant

bSurfactant concentration, %
Initial picloram concentration = 5 ppm or 50, 4 lig
LSD
05
LSD
01

= 2.3 lig/5 gm
= 3. 1 pg/5 gm

The 0. 1% cationic surfactant increased picloram adsorption in

all soils (Table 18). After equilibration, 80% of the added picloram
was adsorbed by the Woodcock (except at the high organic matter

level) and the Kinney soil series. The 0, 1% cationic surfactant solution eliminated the organic matter influence in the soils below pH
5.8. Reduced picloram adsorption compared to the lower pH levels
was observed with an increase in pH (Tables 18 and 19).

These

increases in picloram adsorption at low pH levels indicate that small
amounts of cationic surfactant can provide a hydrophobic surface con-

ducive for molecular picloram adsorption. At higher pH values, the
ionized picloram may complex with the cationic surfactant charge;

however, this appears to be dependent upon surfactant concentration.
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Table 19. Picloram adsorption from cationic, anionic and nonionic surfactant solution on Oregon
soils.

ted

P.cloram
(nonionic)

Organic

matter

Soil
series

%

Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil

0

b

6.6

16.9

3. 7
0. 7
7. 7
1. 7
7. 4
2. 5
0. 8

7. 8
0

14.6
14.5

Triton X-100a
1

10

8. 2
5. 6
0

7.0
7.3
0

13.4

64. 5

24. 9
72. 8

50.8
41.8

70.0
71.5

11.4
29.7
73.0
67.9
76.2

/5 gm

(cationic)
Cetyl pyridinium
chloride

(anionic)

Santomerse

10

1

10

85.4

42.0

9.5

21.3

85. 5

32. 1

13. 7

85.6
95.3

92.2
11.1

3. 7
0

1

60. 5

11. 1

103. 1

31.2
43.4
75.6

98.6
101.1

6.4
4.8

1.3
18.3
12.9

35. 5

53. 4

21.8
16.5

31.4
20.2

a

Surfactant

bSurfactant concentration, %
Initial picloram concentration = 10 ppm or 100. 4 pg.
LSD
= 2. 3 pg/5 gm
05
LSD
= 3. 1 pg/5 gm
01

Picloram adsorbed from the 1% cationic surfactant solution was
independent of organic matter level within each pH level (Tables 18 and
19).

At the 10% surfactant concentration, there appeared to be an

indication of an inverse relationship between organic matter content
and picloram adsorption.
Nonionic Surfactant. The average picloram adsorption from

the 1% and 10% nonionic surfactant solutions maintained a level of

approximately 53. 0µg /5 gm soil at all organic matter levels in the
Kinney soil series (Figure 18). Regardless of the surfactant con-

centration investigated, picloram adsorbed by the low organic matter
Woodcock soil doubled (Tables 18 and 19). For the most part picloram
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adsorbed by the Minam soil series (except at the high organic matter
level) and the high organic matter Woodcock soil was not significantly
different from, the checks (Tables 18 and 19).

The addition of 0.1% X-77, a nonionic, agricultural surfactant,
to a 5 ppm picloram solution, followed by equilibration with the nine

soils did not change adsorption as compared to the checks (Table 18).
Anionic Surfactant. The average adsorption of picloram from

1% and 10% surfactant was significantly reduced at all organic matter

levels at pH 5 when compared to the checks (Figure 18). Adsorption

by soils at pH 6 and 7 was similar to that in the absence of surfactant.
The 1% surfactant solution appeared to be highly competitive with

picloram for adsorption sites in all soils (Tables 18 and 19). Ina 10%
surfactant solution, the competitive effects of the surfactant were
greatly reduced in the pH 5 Kinney soil series and low organic matter
Woodcock soil. Adsorption by the Minam soil series and high organic

matter Woodcock soil was enhanced compared to the checks.

Surfactant concentration and type, soil organic matter and pH,
influence picloram adsorption in varied and complex ways. The

cationic surfactant at 1% concentration reduced the effects of organic

matter level, pH and picloram concentration on adsorption. Higher
surfactant concentrations also reduced the influence of pH and enhanced

picloram adsorptiqn markedly on the low organic matter soils. The
presence of 1% or 10% nonionic surfactant did not alter the effects of
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picloram concentration or soil pH but greatly reduced the variable
effect of organic matter on picloram adsorption. The anionic sur-

factant at low concentration reduced picloram adsorption in all soils.
Higher concentrations of surfactant increased adsorption in the soils
at high pH and greatly reduced the competition in soils at low pH.

Anionic surfactants did not alter the effects of picloram concentration,
pH or organic matter content on adsorption.
Bromacil

Bromacil adsorption by soils was studied with respect to soil
pH, organic matter and surfactant type and concentration.
General Effects of Surfactants

Bromacil adsorbed by the high and low organic matter levels of
the Minam, Woodcock and Kinney soils from 1% and 10% surfactant

solution were averaged (Figure 19) and reported separately (Figure 20)
for each surfactant type. Adsorption at the intermediate organic
matter level in the Minam and Kinney soils were not included in these

figures, but their inclusion would not change the observed trends.
Surfactant Type and Concentration

Bromacil adsorption by the six soils without surfactant was 21.8
Ii.g/5 gm soil or 29% of the initial bromacil added (Figure 19). The
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average bromacil adsorbed from the cationic and anionic surfactant
solutions increased 19.2 and 1.7 p,g/5 gm soil respectively compared
to that without surfactant. The nonionic type surfactant decreased

bromacil adsorption by 9. 4µg /5 gm soil.
The average bromacil adsorbed from the 1% cationic and anionic

surfactant solutions increased 33.2 and 17. 9µg /5 gm soil respectively
(Figure 20). Adsorption from the 1% nonionic surfactant was not sig-

nificantly different from the check. Interestingly, all surfactant types
at 10% concentration considerably decreased adsorption compared to
that in the presence of 1% surfactant solution. Except for the slight

increase in adsorption from the cationic type surfactant, the 10%
anionic and nonionic surfactants reduced adsorption when compared

to the chemical adsorbed in the absence of surfactant (Figure 20).
Effects of Surfactants and Organic Matter Level

Eight soils, the Kinney and Minam soil series at three organic
matter levels and the Woodcock soil series at two organic matter levels,
were investigated with respect to surfactant type and concentration,
and organic matter level and pH (Figures 21 to 25). The largest LSD

values from the two analysis of variances are reported.
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Surfactant Type and Concentration

In the absence of surfactant, the average bromacil adsorption
by the soils irrespective of pH was 36.7, 18. 6 and 6.9 t.ig/5 gm soil as
the organic matter level decreased (Figure 2 1). The variable effects

of organic matter level on the average bromacil adsorption from the
1% and 10% concentrations of each surfactant type were greatly
reduced. Bromacil adsorbed in the presence of the cationic surfactant

ranged from 40. 0 to 43. 1 p.g/5 gm soil while adsorption from the

anionic surfactant ranged from 22.2 to 25.7 p.g/5 gm soil over the
organic matter range investigated (LSD01 = 0.8 p.g/5 gm soil).

Adsorption from the nonionic surfactant increased from 9. 3 to 15.4

p.g/5 gm soil as organic matter increased. The constancy of bromacil
adsorbed within each type of surfactant by the soils with such a large

variable organic matter range may be a consequence of the average
adsorption from the 1% and 10% surfactant solutions as will be con-

sidered next.

Bromacil adsorption from the 1% cationic surfactant solution at

the high and intermediate organic matter levels was relatively constant
at approximately 60. 4 p.g/5 gm soil or 8 1% of the initial bromacil
added (Figure 22). The 1% anionic surfactant solution increased

adsorption to 43. 0 ilg/5 gm soil or 57% of the initial bromacil added
compared to 49% and 25% bromacil adsorbed without surfactant at
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Figure 21. Bromacil adsorbed on soil as affected by surfactant type and organic matter level.
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Figure 22. Bromacil adsorbed on soil as affected by organic matter level, surfactant type and concentration.
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corresponding organic matter levels. Adsorption of bromacil from the
1% cationic and anionic surfactant solutions was respectively 17% and

40% lower at the low organic matter level than that from the 1% surfact-

ant solutions at the high organic matter level. Bromacil adsorbed from
the 1% nonionic surfactant solution decreased from 26. 2 to 16.2µg/5

gm soil as organic matter decreased.
The 10% surfactant solution for all surfactant types reduced
bromacil adsorption from that in 1% surfactant (Figure 22). Adsorption from the 10% anionic and nonionic surfactant solutions was con-

stant over the organic matter range with adsorption slightly higher in
the anionic type. Strangely, bromacil adsorbed from the 10% cationic

surfactant solution increased from 19. 9 to 34. 1 fig/5 gm soil as the

organic matter level decreased.
Bromacil adsorption decreased as the anionic surfactant con-

centration increased; however, as indicated previously, picloram
adsorption increased as the surfactant concentration increased. The
greater adsorption of bromacil by the soils from 1% anionic surfactant
supports the hypothesis proposed with picloram that the anionic surfactant at low concentrations competes for adsorption sites with
picloram but not with bromacil. Higher surfactant concentrations

may saturate soil adsorption sites but the surfactant hydrophobic

chains may adsorb the picloram. On the other hand, bromacil appears
not to be adsorbed by the hydrophobic surface of the surfactant.
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The predominant mechanism for adsorption of the cationic type
surfactant is through the positive charge while nonionic and anionic
surfactants are primarily adsorbed by hydrogen bonding (Law and
Kunze, 1966). In high organic matter soils cationic surfactants may

also be adsorbed by hydrogen bonding between the organic matter and

surfactant aliphatic chains. If this were the case, greater adsorption
of bromacil would be expected on the low organic matter soils than

at the higher organic matter levels as observed when 10% cationic

surfactant was present since the surfactant aliphatic chains would be
free to bond by van der Waals' forces with bromacil. This trend would
also be expected at low surfactant concentration. The decreased

bromacil adsorption from the 10% surfactant solutions may be a result
of van der Waals' type adsorption of the surfactant aliphatic chains

between surfactant molecules as the surfactant multilayers are
adsorbed. With this hypothesis, the soil surface would be coated

with surfactant the surface of which appears to be specific for the
adsorption of picloram as noted by increased adsorption from the
anionic and nonionic surfactant types.

In summary, bromacil adsorbed by soils in the presence of 1%
cationic and anionic surfactant solutions was increased over that
adsorbed by soils when no surfactant was present. The 1% cationic
and anionic surfactant solutions removed the variable effects of high

and intermediate organic matter levels on bromacil adsorption.
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Bromacil adsorbed from the cationic surfactant was greater on all soils
than from the anionic surfactant. Bromacil adsorbed from the 1%
nonionic surfactant solution was lower than that from the anionic type

and decreased as organic matter decreased. Compared to adsorption
in the absence of surfactant, the 1% nonionic surfactant solution

increased adsorption at the intermediate and low organic matter levels.
The variable effects of organic matter on bromacil adsorption were
removed in the 10% anionic and nonionic surfactant solutions but

bromacil adsorption was less than the checks in all soils. Bromacil
adsorption from the 10% cationic surfactant solution also decreased
compared to adsorption from the 1% surfactant solution.
Effects of Surfactants and pH

The adsorption of bromacil without surfactant appeared to be
unaffected by soil pH (Figure 23). This may not be true for adsorption

from surfactant solutions since the activity of the ionic types are
greatly influenced by the degree of ionization (Behrens, 1964).
Surfactant Type and Concentration

Bromacil adsorbed in the absence of surfactant was 20.3, 20.0
and 22, 5µg /5 gm soil at pH levels 5, 6 and 7 respectively (Figure 23).,
The adsorption from the 1% and 10% cationic surfactant solution
increased 110- and 130% at pH 5 and 7 respectively and 14% at pH 6.
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Figure 23. Bromacil adsorbed on soil as affected by surfactant type and pH.
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Compared to adsorption in the absence of surfactant, the nonionic type

decreased adsorption at all pH levels with the greatest decrease at
pH 6. The discussion pertinent to the effects of pH on bromacil adsorp-

tion from surfactant solution will follow after the effects of each class
of surfactant are indicated.
Cationic Surfactant. Irrespective of organic matter level,

bromacil adsorption by the soils in the presence of the 1% cationic surfactant solution increased at each pH level (Figure 24). As observed
previously adsorption was lower at pH 6 than at pH 5 and 7. Bromacil

adsorbed from the 10% cationic surfactant was decreased from the 1%
surfactant solution; however, only adsorption at pH 6 was lower than
the checks.
Anionic Surfactant. Bromacil adsorbed from the 1% anionic sur-

factant solution was greater than that without surfactant but less than
from the cationic surfactant solution (Figure 24). Adsorption from
the 10% surfactant solution was approximately 85% lower than the
checks at pH 6 and 7 and 25% lower at pH 5.
Nonionic Surfactant. Irrespective of the organic matter level,

bromacil adsorbed from the 1% nonionic surfactant solution increased
28% at pH 5, decreased 34% at pH 6 and was unchanged at pH 7 (Figure
24).

The 10% surfactant solution greatly decreased adsorption at all

pH levels compared to that in the absence of surfactant.

In the absence of surfactant, the pH appeared to have little effect
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on bromacil since adsorption values were constant. In the 1% and 10%
solution of each type of surfactant the bromacil adsorbed was always
less at pH 6 than at pH 5 and 7. This recurrence at pH 6 with each

type of surfactant indicates that pH alone is not responsible for this
effect. The activity of the nonionic type surfactant should be independ-

ent of soil pH (Behrens, 1964) and the adsorption of the anionic surfactant has been shown to decrease as pH increases (Wayma.n, 1963)..
Thus, one would expect bromacil adsorbed from nonionic and anionic

surfactant to be, respectively, unaffected by pH and decrease as pH

increases. This pattern was observed in the Minam and Kinney soil

series. The adsorption of the cationic surfactant by soils should occur
via the various cation exchange mechanisms. Bromacil adsorption
from the 1% and 10% cationic surfactant solutions was unaffected by
pH in the Minam and Kinney series. The behavior of the pH 6 Wood-

cock soil series may in part be attributed to the coarser texture of
this soil compared to the finer textured. Kinney and Minam series..

The textural class of these soils as determined on samples from an
adjacent site was silt loam; however, the CEC and handling of the

soils indicates the Woodcock series may be coarser textured.
In summary, bromacil adsorbed from the 1% surfactant solution_

was enhanced with each surfactant type compared to that without surfactant. The 10% surfactant solution greatly decreased adsorption

from all surfactant types compar ed to the 1% system. The 10%
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anionic surfactant appeared to show a pH effect with greater bromacil
adsorption at pH 5. The adsorption of bromacil by the Woodcock soil

series was lower in each surfactant type compared to that in the Minam
and Kinney soil series. However, adsorption in the Woodcock soil

series followed the same trend as observed in the other soil series.
Effects of Surfactants, Organic Matter Level and pH

The effects of surfactants on bromacil adsorption at each organic
matter and pH level will now be considered. Each value reported is
the average bromacil adsorption from the 1% and 10% surfactant
solution and 5 ppm and 10 ppm initial bromacil concentration.
Surfactant Type

Cationic Surfactant. The adsorption of bromacil without sur-

factant appeared to be independent of soil pH but decreased as the

organic matter level decreased (Figure 25). The average bromacil
adsorption from the 1% and 10% cationic surfactant solution increased

at pH 5 and 7 and decreased at pH 6 as organic matter level decreased.
Except for the high organic matter Kinney soil, bromacil adsorption
from the cationic surfactant solution was enhanced in all soils compared to the checks. The 1% cationic surfactant solution reduced the

effects of bromacil concentration, variable organic matter level and
pH on bromacil adsorption, in the Minam and Kinney soil series but
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not in the Woodcock soil series (Tables 20 and 21). Contrary to the

averaged effects for bromacil adsorbed from the 1% and 10% sur
factant solution on the high organic matter Kinney soil (Figure 25)

bromacil adsorption was enhanced in all soils from 1% cationic surfactant. Adsorption from the 10% surfactant solution indicated an

inverse relationship between organic matter level and bromacil adsorption as well as a pH effect in the Miriam and Kinney soil series. More
bromacil was adsorbed at pH 7 than at pH 5.

The pH 6 Woodcock soil

series displayed the lowest adsorption which increased as organic

matter increased. The anomalous behavior of the Woodcock series
may in part be accounted for by textural differences compared to the

Minam and Kinney soil series as mentioned earlier.
Table 20. Bromacil adsorption from cationic, anionic and nonionic surfactant solution on Oregon
soils.

Bromacil adsorbed, lig/5 gm
(cationic)
Cetyl pyridinium
chloride
Triton X-100 a
(nonionic)

Organic
Soil
series

Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil

matter
%

0

b

1

6. 6
3. 7

27. 8

18. 4

16.6

0.7

3.5
22.8
6.0
25.7

14.0
16.4

21.5

10. 1

18. 3

6. 4

15.6

7. 7

1.7

7.4
2. 5
0. 8

16. 3
3. 1

aSurfactant
b

surfactant concentration, %
Initial bromacil concentration = 5 ppm or 50. 2 lig
LSD
= 1. 9 pg/5 gm
05
LSD
= 2. 5 big/5 gm
01

10

1

10

(anionic)
Santomerse
1

2.6
0.8
1.6
2.3

40. 7

20. 5

30. 9

41.3
42.0

28.9
29.0

0
3. 1

16.4
39.2

2.5
2.6

40. 5
41. 1

20.7
35.8
7.3
3.3
9.8
16.6
29.7

37. 8

10

4.3
0.8

0.4

22. 3

3. 1

17.4
31.5
28. 4

1.9
9.4
9.7

28. 1

11. 8

1 05

Table 21. Bromacil adsorption from cationic, anionic and nonionic surfactant solution on Oregon
soils.

Bromacil adsorbedt lig/5 gm
(cationic)
Cetyl pyridinium

(anionic)

(nonionic)

Organic
matter

Soil
series

%

Minam sil
Minam sil
Minam sil
Woodcock sil
Woodcock sil
Kinney sil
Kinney sil
Kinney sil
a

6.6
3.7
0. 7

7.7
1.7
7.4
2, 5

0.8

Triton. X-100a
Ob

51.5
29.1
6.1
42.8
8.3
49.5
18.6
11.3

1

10

32.4
24.7

5.2

28. 8

4.0
4.7
0.1
9.8
6.9
6.5

26.2
6.6
42.4
35.2
26.7

4.1

Santomerse

chloride
1

90.5
80.8
92. 8

74.5
26.9
77.7
79.1
81.1

10

48.5
39.4
84.2
13.8
3.1
19.5
26.4
48.7

10

1

61.2

6.7

58.1

3.1

59. 2

1. 4

44.8
32.5
62.7
S6.7
56.4

4.3

4.4
16.4
19.7
23.5

Surfactant

b

Surfactant concentration, %
Initial bromacil concentration = 9. 99 ppm or 99. 9 µg
LSD
= 1. 9 lig/5 gm
OS
LSD = 2. 5 µg /5 gm
01

Anionic Surfactant. The effects of variable organic matter level

on the average bromacil adsorption from the 1% and 10% anionic sur-

factant solution were greatly reduced in the Minam and Kinney soil

series (Figure 25). Bromacil adsorption was enhanced in the presence
of the anionic surfactant in all soils except those with high organic
matter content. The presence of the 1% anionic surfactant solution
reduced the variable effects of organic matter content and pH on
bromacil adsorption in all soils (Tables 20 and 2 1). The 10% anionic

surfactant solution decreased bromacil adsorption compared to that
without surfactant in all soils except the low organic matter Kinney soil.
A positive relationship between bromacil adsorption from the
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10% anionic surfactant solution and exchangeable aluminum was

observed in the Kinney soil series. A similar relationship was
observed in the cation saturated montmorillonite and bromacil
adsorption studies on soils without surfactants. To indicate the complexity of the interactions between surfactant and soil chemical

properties, this could also be viewed as an inverse relationship between bromacil adsorption and organic matter level. The absence of
the positive relationship between adsorption and exchangeable alumi-

num in the Woodcock soil series and between organic matter levels in

the Minam soil series makes the interpretation of these interactions
extremely difficult.
The 1% anionic surfactant solution affected bromacil adsorption

in the same manner as the 1% cationic surfactant solution, viz. ,
reduced the effects of variable organic matter level and soil pH effects.

As observed earlier (Figure 19) adsorption from the cationic and
anionic surfactant solutions was greater than that without surfactant.

Cationic surfactants are highly adsorbed by soil clays but anionic surfactants are not (Law and Kunze, 1966); thus, lower or very little
enhancement in adsorption would be expected from the anionic surfactant solution.
Nonionic Surfactant. The average adsorption of bromacil from

the 1% and 10% surfactant reduced the effect of variable organic matter

levels on adsorption in the Minam and Kinney soil series (Figure 25).
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Adsorption in the Woodcock series was greatly reduced compared to

that without surfactant and decreased as organic matter decreased.
Adsorption from the 1% surfactant solution was similar to the averaged

values; however, the 10% surfactant solution greatly reduced adsorption as compared to the checks (Tables 20 and 21). The nonionic surfactant at low concentration was competitive with bromacil in the high

organic matter soils but not in the low organic matter soils. The
decreased adsorption of bromacil in the high organic matter soils may
indicate hydrogen bonding of the surfactant hydrophobic aliphatic chains

to the organic matter; thus, the aliphatic chains are unavailable to
bond with bromacil. Bromacil adsorption from the 10% surfactant

solution indicates a strong competition effect between bromacil and sur-

factant for adsorption sites. Van der Waals' type adsorption of the
aliphatic surfactant chains between surfactant molecules as multi-

layers are adsorbed may also be responsible for decreased adsorption
if the free aliphatic chains provide adsorption sites for bromacil.
The adsorption of multilayers of the nonionic surfactant on the soil

surface may further suggest a specificity with both bromacil and
picloram for hydrophobic surfaces since picloram adsorption was
independent of the nonionic surfactant concentration (Figure 18).

specificity of the dilauryl moiety of cationic surfactants for diuron
was observed by Smith and Bayer (19 67).

To sum up, low concentrations of surfactant decreased the
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variable effects of organic matter level on bromacil adsorption. The
adsorption of bromacil from the 1% cationic and anionic surfactant

solutions was increased in all soils compared to the checks. The
1% nonionic surfactant solution increased adsorption in the low organic

matter Minam and low and intermediate organic matter Kinney soils
compared to the checks. The 1% cationic surfactant solution increased
adsorption more than the 1% anionic and nonionic surfactant solutions.

The 10% surfactant solutions decreased bromacil adsorption compared

to that from the 1% surfactant solutions. An inverse relationship
between bromacil adsorption from the 10% cationic surfactant solution and organic matter levels was observed in the Kinney and Minam

soil series. Bromacil adsorption from the 10% anionic surfactant
solution also showed the same relationship in the Kinney soil series;

however, this may also reflect a positive relationship between adsorption and exchangeable aluminum.
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SUMMARY

Bromacil and picloram herbicides with and without surfactants

were equilibrated with several soils to evaluate the importance of
organic matter, pH and surfactant type and concentration on adsorption. Bromacil was also equilibrated with homoionic Ca
A13+

2+

, Cu

2+

and

saturated montmorillonite to determine the effects of cation

saturation and temperature on adsorption.
Bromacil adsorption on the Ca

2+
,

Cu

2+

and Al3+ saturated

montmorillonite and on the nine Oregon soils was described by the
empirical Freundlich equation. The adsorption of bromacil on the
homoionic montmorillonite increased with cation saturation in the

order Ca2+

<

Cu2+ < Al3+.

An increase in temperature from '0° to

25°C decreased adsorption in all systems.
Equilibration of bromacil with the nine Oregon soils indicated

pH was not a major contributor to bromacil adsorption. An ascending
relationship between bromacil adsorption and exchangeable aluminum

as observed in the montmorillonite study was also indicated by the

low organic matter soils. This relationship could not conclusively be
resolved at each organic matter level due to the wide variation in
organic matter content within each of the three levels. The results
from the clay and soil adsorption study suggests that pH and/or
exchangeable aluminum and clay content may be important in bromacil
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adsorption but the interactions with organic matter would not permit

the isolation of these effects. A positive linear relationship with a
correlation coefficient of 0.913 was observed between the K value of

the Freundlich plots and organic matter content. Organic matter
appeared to be the most important single factor contributing to bromacil adsorption.

The equilibration of bromacil in the surfactant solutions with

the three organic matter levels of the Minam and Kinney soil series
and two organic matter levels of the Woodcock soil series showed

bromacil adsorption increased with surfactant type according to the
order nonionic < no surfactant < anionic < cationic. Regardless of
surfactant type the presence of 1% surfactant solution greatly reduced

the effect of organic matter levels on bromacil adsorption in the
Minam and Kinney soil series. Decreased bromacil adsorption in the

Woodcock soils, regardless of surfactant type, indicated pH or other

factors, possibly clay, may also be important. Increasing the surfactant concentration to 10% decreased bromacil adsorption in each
type of surfactant compared to that from the 1% surfactant solutions

with the greatest decrease in the high organic matter soils.
The adsorption of picloram by the nine soils was described by the
Freundlich equation. The adsorption of picloram appeared to be from

the molecular species and occurred predominantly in the organic matter
fraction. The interaction of organic matter, pH and exchangeable
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aluminum wasp most noticeable in the Woodcock soil series where
adsorption by the low organic matter Woodcock soil (pH = 5. 6) was

almost double that of the high organic matter soil (pH = 6. 1). It
could not be determined whether pH or exchangeable aluminum most

affected picloram adsorption due to the interaction of the two. The
effect of aluminum and organic matter on picloram adsorption was

also suggested by a significant change in the slope of the Freundlich
plot from 0.84 to 1. 00 for the high and low organic matter Kinney soils

respectively. Within each soil series exchangeable aluminum

increased as organic matter decreased.
Picloram adsorbed from surfactant solution by the eight soils

increased according to surfactant type in the order anionic < no surfactant < nonionic < cationic. Adsorption of the molecular as well as

the ionic species occurred in the presence of the cationic surfactant
since the Minam soils (pH = 7) adsorbed as much picloram as the
Kinney soils (pH = 5). Adsorption in the presence of the anionic and

nonionic type surfactants was primarily from the molecular form
since adsorption decreased as pH increased. The 1% and 10% nonionic surfactant solutions removed the effect of organic matter levels
on picloram adsorption but did not remove pH effects. Picloram

adsorption in the presence of the anionic surfactant decreased as pH

increased and organic matter level decreased. Adsorption from the
10% anionic surfactant was greater than that from the 1% solution
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possibly due to the decreased competition effect between the anionic

surfactant and picloram. Many new adsorption sites may also be
created by the surfactant aliphatic chains. The 10% cationic surfactant showed an inverse relationship between organic matter level
and adsorption and removed the effects of pH on picloram adsorption.
Enhanced phytotoxicity of bromacil and picloram has been

observed in the field by others when the chemicals were applied in
1% nonionic surfactant solution. The results of this study indicate

that part of the increased toxicity of these herbicides may be due to,
decreased soil adsorption and their subsequent availability for root
uptake. The addition of the cationic surfactant, on the other hand,

may increase the adsorption of these chemicals and provide poor weed

control at the recommended rates. The soil phytotoxicity of the
cationic surfactants, however, and the availability of the adsorbed
herbicides by the surfactants have not been fully investigated.
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