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FOREWORD

Apvances IN CHEMISTRY SEREs was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ADVANCEs IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

The formulation of organic pesticides is a young science, slightly more

than two decades old. In any young science, the initial rapid ad-
vances come easily, by trial and error, as one finds combinations of
ingredients that do the job. As a science matures, however, the “Edisonian
approach” reaches the point of diminishing returns, and one must resort
to more theoretical in-depth research. One must determine the physical
variables that affect research results and determine the interrelationships
among these variables.

According to Glasstone (1), “chemistry may be said to deal with
matter and its transformations, whereas physics is concerned with energy
and its transformations. It is clearly not possible to draw a sharp distinc-
tion between the two points of view for many problems in both physics
and chemistry are concerned with interactions between energy and mat-
ter; it is these problems which constitute the fundamental basis of the
subject of physical chemistry.”

Weiser (2) states that “a colloidal system is a heterogeneous or
dispersed system of at least two phases, one of which, a finely divided
or dispersed phase, is more or less uniformly distributed in a continuous
phase.” Colloidal chemistry constitutes a study of the “colloidal system.”

As the formulation chemist studies the “physical variables that affect
the results of his research,” he finds that the fundamental tools of colloidal
and physical chemistry aid in the understanding and in the organization
of his research.

The word “aspects” is intentionally used in the title of this book
because of the broadness it allows in the subject matter. It allows a
discussion of principles such as in Chapter 20. Here the principles
have been established, and reference has been made to their possible
utilization in determining the critical surface tension of an insect. Perhaps
this paper will stimulate workers to do obvious research which could
yield data explaining the specificity in control of various insects. The
word aspects also allows a discussion of the direct use of these physico-
chemical principles to solve formulation problems such as the paper by
Freed and Witt on the translocation of herbicides in plants. Thirdly, this
symposium contains papers dealing with phenomena that clearly are
physical and colloidal but which have not as yet been the subject of
rigorous physical chemical studies. For example, in Lyon’s paper the
effect of varying crystal size is shown to be very important in controlling

ix
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insects. Factors affecting these changes in crystal size are given. This
paper could form an excellent base for a continued physicochemical
study of the physical phenomena involved.

The purpose of this volume is to stimulate the further use of physical
and colloidal chemical principles in this fledgling science called formula-
tions research. It is hoped that the subject matter presented will open
new approaches to pesticidal formulations research.

Literature Cited

(1) Glasstone, S., “Textbook of Physical Chemistry,” D. Van Nostrand, New
York, 1946.
(2) Weiser, H. B., “A Textbook of Colloid Chemistry,” Wiley, New York, 1949.

St. Paul, Minn. J. W. VAN VALKENBURG
December 1968
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The Physical and Colloidal Chemical
Aspects of Pesticidal Formulations
Research: A Challenge

J. W. VAN VALKENBURG’
The Dow Chemical Co., Midland, Mich.

The pesticidal formulations chemist combines inert ingredi-
ents with the active organic pesticide to make a composition
that is easy to use, active, stable, and free of undesirable
side effects. To accomplish this, the chemist studies the
physical properties of the toxicant, reactivity of “inerts,”
performance of the formulation in application equipment,
interaction of spray with the target, and final fate of the
composition in the environment. Interaction of inert clays
with pesticides may be studied by differential thermal analy-
sis, acid strengths, and infrared analysis. Emulsifiable con-
centrates are best studied by investigating the physical
properties of the emulsifier. Hydrophile-lipophile balance
and micellization behavior are important. The penetration
and translocation of herbicial sprays may be understood
better by studying the passage of the active ingredient
through semipermeable membranes.

To understand the physical and colloidal chemical aspects of pesticidal
formulations research, one must first understand the objectives of the
formulations chemist in his work. Simply speaking, the formulations
chemist must take the pure organic chemical pesticide and put it in a
usable form for field use. These forms include wettable powders, emulsi-
fiable concentrates, dusts, granules, water-soluble concentrates, flowables,
and an aerosol, to name a few types of concentrates. The formulations
chemist desires to put together a formulation that (1) is easy and eco-

? Present address: Minnesota Mining and Manufacturing Co., 2301 Hudson Rd., St.
Paul, Minn. 55119.
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nomical to use, (2) does the job that the label says it will do, (3) has
adequate shelf life, and (4) has no undesirable side effects. In all of
these objectives he keeps the consumer in mind.

The formulations chemist is concerned with the total system involving
all that happens to the pesticide from the day it is synthesized to the
day it does its ultimate job for the customer. Considering this total system,
here are a few factors of concern.

When the chemist first receives a toxicant for formulation, a deter-
mination of the following physical properties will be of material aid to
his studies: (a) melting point or boiling point, (b) rate of hydrolysis,
(c) vapor pressure, (d) specific gravity, (e) solubility, (f) ultraviolet
degradation, and (g) inherent biological activity.

Once these physical properties are determined, the chemist can then
select the inert ingredients to be compounded with the toxicant. Once
these ingredients are selected, the chemist is concerned with possible
interactions which occur, including (a) compatibility of ingredients,
(b) compatibility with container, and (c) physical properties of
composition.

When the proper inert ingredients are selected and they are com-
patible with the system and have desirable physical properties, the chem-
ist then considers the behavior of the composition in an actual spray
situation. Here he is concerned with (a) homogeneity of spray solution,
(b) foaming properties, (c) viscosity of spray solution, and, (d) particle
size of spray droplets.

If the formulation performs satisfactorily in spray equipment, one is
concerned with the way in which the spray interacts with the pest to be
controlled, particularly with (a) percent retention on foliage, animals,
and insects, including bouncing and wetting, (b) residual nature of
sprays, (c) penetration and translocation, (d) crystal size of deposit,
(e) control of the pest, and (f) site and mode of action.

Once a pesticide does its job, the toxicant doesn’'t immediately disap-
pear but becomes a factor in the environment. Hence, the chemist must
be concerned with the ultimate fate of this material in relation to drift,
residual nature in soil, residue in run-off water, and effect on food chain.

To solve these problems the formulations chemist must have a good
grasp of physical and colloid chemistry. He must use many of the theories
and principles that are the foundation of physical and colloidal chemistry.

It is impossible here to point out all the areas where physical and
colloidal chemistry have been used by the pesticidal formulations chemist.
However, to illustrate this point, three problems will be discussed which
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are being resolved by using sound physical chemical principles. These
include:

(1) The compatibility of clays with pesticides.

(2) The selection of emulsifiers for emulsifiable concentrates.

(3) The penetration and translocation of herbicidal solutions.

Compatibility of Clays with Pesticides

Examples of the use of physical and colloidal chemical principles are
involved in studies on the compatibility of pesticides with clays. Many
pesticides are catalytically decomposed by clays.

Walling (11) and Benesi (1) suggested a method of measuring the
acid strength of a solid clay surface. They utilized a basic dye which
adsorbed on the acid sites. By studying the color of several dyes of dif-
ferent basicity, they could ascertain the acid strength.

Malina et al. (8) used this principle in studying the stability of
heptachlor, a chlorinated hydrocarbon, on several clays. Heptachlor was
catalytically decomposed by acid clays with a pK, of 1 or less and was
stable on clays with a pK, of approximately 3.3. When diethylene glycol
was added to the clay at a concentration of 3-8 wt. %, the pK, of acid
clays was raised to 3.3. The resulting mixture did not break down
heptachlor.

Yaffe (12) extended Malina’s work to a study of stabilization of for-
mulations of 2-(p-tert-butylphenoxy )-1-methylethyl-2-chloroethyl sulfite
(Aramite). Moisture, pH, temperature, and type of diluent are factors
that affect the rate of decomposition. Glycols with two or more free
hydroxyl groups were effective stabilizers.

The shelf life of a thiophosphate—malathion—was studied by Yost
(13). The most stable formulations were on nonabsorptive clays.

Fowkes et al. (3) brought more physical chemistry into this type of
investigation. They measured acid strengths and reaction rates by dif-
ferential thermal analysis. They found that the chlorinated hydrocarbons
—dieldrin and endrin—when mixed with clays, decomposed at a fixed
rate independent of concentration. Thus, a zero-order reaction is indicated.

They also studied decomposition rates at several different tempera-
tures. These data were fitted into the Arrhenius equation with an excellent
correlation (half-life in minutes was plotted against 1000/T in °K.). The
slope of the lines is E/2.303R, where E is the activation energy. Stabi-
lizers were shown to raise this activation energy. This is not surprising
in that a stabilizer actually physically separates the toxicant from the
catalytic site.

All these studies found that moisture affects the rate of decomposition
of pesticides. Rosenfield (9) studied this more thoroughly by heat treat-
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ing bentonite to various temperatures. Treatment at 300°C. drove off all
the free water. The clay had great acid strength and severely decomposed
ronnel, a thiophosphate. As the clay was heated to a higher temperature,
bound water was released, and the clay structure began to collapse. Acid
strength decreased as well as catalytic activity. Ronnel was very stable
on bentonite and other clays previously heat treated at 950°C. The slight
decomposition which did occur at room temperature on bentonite treated
at 950°C. was entirely different. Ronnel underwent an acid catalyzed
molecular rearrangement instead of a normal hydrolysis reaction.

Physical and colloidal chemical principles are being used to study
catalytic breakdown of pesticides on clays. However, there is much
more to be learned by applying these principles further.

Selection of Emulsifiers

An emulsifiable concentrate consists of a toxicant, a solvent or
solvents, and a blend of emulsifiers. Physical chemistry is involved in the
selection of these emulsifiers.

An emulsifier system must cause the concentrate to disperse spon-
taneously into small, stable droplets when mixed with water. To accom-
plish this, the surfactant system must have a most favorable solubility
relationship: a proper balance between oil and water solubility or, in
other words, a favorable hydrophile-lipophile balance in solubility. This
balance in solubility is frequently referred to as HLB and was first
described by Griffin (6). However, the HLB system is based on the
structure of a surfactant molecule and, therefore, predicts the behavior
of a single molecule. It does not take into account ti.z fact that many
surfactants form micelles in organic solutions. If a micelle is formed, its
HLB may have no relationship to the HLB of the monomer unit. There-
fore, to select an emulsifier well, we will need a better understanding of
the behavior of surfactants in organic solvents.

Little and Singleterry (7) have published an interesting study on
micellization of surfactants in a variety of solvents. Their data show that
the better the solvent is for the surfactant, the less tendency there is for
the surfactant to form aggregates or micelles. Yet to be determined is the
effect of this micellization on emulsification properties.

Penetration and Translocation of Herbicidal Sprays

Government, university, and industrial research organizations are
continually looking for ways and means to make herbicides more effective
so that dosage rates can be reduced. Hence, considerable effort has been
expended on the use of surfactants to optimize the activity of herbicides.
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The word “optimize” is purposely used here. Herbicides have a certain
level of innate activity. Adjuvants do not increase this activity but merely
aid in the movement of an herbicide to an area or region of a plant where
the herbicide will do the most good. It has clearly been established that
surfactants do increase the apparent activity of herbicides (2, 4, 5, 10).
The cause of this increase, however, is incompletely understood. Indeed,
there may not be a simple explanation of the observed phenomenon.
The answer may actually be a complex interaction of the various
components.

The components in a simple penetration experiment consist of a
surfactant, water-soluble herbicide, and water. Since the surfactant is
at a concentration of 0.5 to 1%, it interacts with water and forms micelles.
Since micelles are formed, these could solubilize some of the herbicide
inside the micelle. Now we have five components, (1) water, (2) sur-
factant monomer, (3) surfactant micelle, (4) micelle with solubilized
herbicide, and (5) an herbicide in anhydrous or hydrated form which
all come in contact with the plant. Which one or more of these com-
ponents has the greatest effect on the plant? Before a thorough under-
standing of this phenomenon can be achieved, the interaction of each of
these components with a plant must be investigated separately, and
perhaps the plant is too complex for initial study. Perhaps a homogeneous
semipermeable membrane could be used instead.

An interesting study might be the effects of an aqueous solution of
surfactant at various concentrations on osmotic pressure through a semi-
permeable membrane. Then, one could add a water-soluble herbicide
and note how this osmotic pressure is varied. Perhaps changes of mem-
brane porosity as affected by a surfactant could be measured with one
of the new high resolution electron microscopes. Perhaps electrical re-
sistance across semipermeable membranes could be measured. Perhaps
a study of permeability affected by changes in micellar size as caused
by salts and traces of polar organic solvents would be interesting.

The answers to the problems outlined here lie in the further utiliza-
tion of sound physical and colloidal chemical principles. Therein lies the
challenge.

Literature Cited

21) Benesi, H. A., J. Am. Chem. Soc. 78, 5490 (1956).

2) Crafts, A. S., Science 108, 85 (1948).

(3) Fowkes, F. M., Benesi, H. A., Ryland, L. B., Sawyer, W. M., Loeffler,
E. S., Folckemer, F. B., Johnson, M. R., Sun, Y. F., J. Agr. Food Chem.
8, 203 (1960).

(4) Foy, C. L., Smith, L. W., Weeds 13, 15 (1965).
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Rapid Estimation of the Critical Surface
Tension of Fibers

JOHN P. MUTCHLER,’ JOHN MENKART, and ANTHONY M. SCHWARTZ
Gillette Research Institute, 1413 Research Blvd., Rockville, Md. 20850

The theory of the flotation of a fiber-shaped solid by a liquid
of lower density is presented in detail. Within the usual
range of fiber diameters and densities, provided the cross
section shows no protruding cusps, a very small positive
contact angle is sufficient to float the fiber. If the contact
angle is zero, the fiber will sink. The critical surface tension
(CST) of a fiber surface can therefore be estimated by plac-
ing samples of the fiber on a series of liquids of progressively
increasing surface tensions. The CST lies between the sur-
face tensions of the liquid in which the fiber just sinks and
the liquid in which it just floats. Agreement with the classi-
cal method is excellent.

Knowledge of the critical surface tension (CST) of a fiber is of great
interest. This parameter is an index of the surface energy of the
fiber and thus indicates the nature of the surface. Its numerical value is
of practical concern in that it enables one to predict, on the basis of their
surface tensions, which liquids or solutions are capable of spreading on
an isolated fiber surface. The classical procedure for determining the
CST of a solid surface (5) consists in measuring the contact angle ()
of several liquids of different surface tension (), preferably from a
homologous series, against the surface of interest. The extrapolation of
the plot of y vs. cos 8 to cos § — 1 yields the CST—i.e., the surface tension
of the liquid which will just spread on the surface. Though such measure-
ments have been made on fibers in this laboratory (4) and elsewhere (2),
the procedure is time consuming, demands considerable skill, and is lim-
ited in its application. Very small liquid drops have to be used, placed
carefully on the fiber, and observed under high power magnification. The

? Present address: Atlas Chemical Industries, Wilmington, Del.
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microscopic drop size restricts the range of useful liquids to those of low
volatility. Fiber surface roughness makes precise measurement of the
contact angle difficult.

We now report a simple procedure for rapidly determining the CST
of fibers with a relatively high degree of precision. This method can also
be used to determine the CST of any material that can be uniformly
coated onto a fiber substrate. It consists of placing small fiber snippets
on a series of liquids graded with regard to surface tension, and observing
whether the fibers sink or float. If the CST of the fiber is less than the
surface tension of the test liquid, it will float owing to surface tension
forces (just as an oily razor blade floats on the surface of water). If the
CST of the fiber is greater than the surface tension of the liquid, it will
be completely wetted by the liquid and will sink, provided the fiber is
denser than the liquid. The test liquids, of course, must have densities
less than that of the fiber.

It is important that individual fibers be used rather than yarns, batts,
or fabrics. Such assemblages of fibers interact with liquids by wicking,
a phenomenon which depends as much on geometrical factors as on the
CST of the fiber surface. The present method is thus sharply distinguished
from those utilizing fiber assemblages (1, 3).

Experimental and Results

To establish the validity of this method for measuring CST, a series
of fibers was prepared, and the CST of each was determined as described
above. Snippets (ca. 1 cm. long) were carefully placed, by tweezers, one
at a time, on the surface of the various test liquids contained in shallow
glass dishes. Good replication was obtained among fiber samples of the
same type. In no instance did any sample sink in a test liquid of higher
surface tension than the test liquid which floated its duplicate. In a few
instances some replicate fiber samples would sink and some would float
in the same test liquid, indicating that the samples differed slightly in
CST and that the surface tension of the test liquid was essentially equal
to the average CST of the samples.

The fibers used in this study, and their properties, are listed in
Table I. The fibers were all in the monofilament rather than the spinning
fiber size range. Virgin hair from a caucasian human scalp was used.
The HCIO treatment was of interest because it provides a change in
cuticle properties, and corresponds to a well-known shrinkproofing treat-
ment of wool. It was applied as follows: 2 grams of hair were washed
thoroughly in nonionic detergent and rinsed free of surfactant. They were
placed in 50 ml. of phosphate buffer (pH 4); 0.06 gram active chlorine
as commercial bleach was added dropwise. The hair was allowed to
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stand in the solution 15 minutes, removed, and placed in 30 ml. of 0.7%
NaHSO; solution for 30 seconds, then thoroughly rinsed in water.

The polyethylene-coated glass fiber was made by taking a glass fiber
of the indicated diameter, dipping it into a xylene solution of Marlex
6050, and drying at 80°C. It presents a polyethylene surface since the
glass is completely and deeply covered. The two silicone-coated fibers—
glass and viscose rayon—were prepared by dipping into a chloroform
solution of DC 1107 (Dow-Corning), evaporating off the solvent, and
curing at 80°C. for the rayon and 150°C. for the glass. The rayon was
an unusually thick monofilament, which nevertheless had the round-
crenulated cross section typical of viscose rayon. The cricket cercus sam-
ples were tested both before and after the relatively sparse hairlike pro-
jections had been removed mechanically. Both samples showed the same
CST values. All fiber samples were cleaned sequentially in chloroform,
ethyl alcohol, and water and were then air dried immediately before
testing.

Table I. Fibers Used in CST Measurements

Dijameter,
Fiber Density Cross Section mils

Hair (untreated) 1.35 elliptical 3.9 X 22
Hair (HCIO treated) 1.35 elliptical 3.9 X 22
Dynel 1.3 kidney shaped 2.2 X 1.7
Saran 1.7 circular 8.0
Nylon 66 1.2 circular 4.3
Glass, polyethylene coated 2.5 circular 2.5
Glass, silicone coated 2.5 circular 2.5
Viscose rayon; silicone coated 1.5 crenulated circular 3.3
Cricket cercus — elliptical 5.8 X 4.2

No claim is made that the CST values reported are those of the
hypothetically pristine polymer surfaces. They represent reproducible
values of the polymer surfaces prepared and cleaned as described.

The test liquids, together with their surface tensions and densities,
are listed in Table II. Surface tensions were measured by the duNuoy
method at room temperature. Density values are from the literature. For
intermediate values of surface tension the mixtures listed in Table II were
used. The components of each mixture were chosen to be reasonably
close to each other in surface tension, and wherever possible, to be of low
volatility. In view of the small absolute distance between the two liquid

fronts (CC’ in Figure 1), it is necessary to avoid any Marangoni effect,
which might bring the fronts together while the true equilibrium contact
angle was still considerably greater than zero. Marangoni effect is mini-
mized if the two components have about the same volatility or if both
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are of such low volatility that evaporation of either one at the front is
negligible. Each of the five listed mixtures performed well. The dioxane—
water mixture was particularly satisfactory for high CST values. In using
mixtures the technique was to start by placing the fiber on the pure liquid
of higher surface tension, on which the fiber floated. Mixtures were then
prepared with increasing small amounts of the pure liquid of lower surface
tension, testing each mixture with fresh fiber samples. Finally, the surface
tensions of the “just sink” mixture and of the “just float” mixture were
measured by the duNuoy method and recorded as the CST range
(Table III).

Table II. Liquids® Used in CST Measurements

Surface
Tension,

Pure Liquids Dynes/cm. B.P., °C. Density
Octamethylcyclotetrasiloxane 17.0 175 0.956
n-Nonane 23.0 150.6 0.718
n-Dodecane 25.4 216.3 0.749
Di-n-octyl ether 27.0 286.7 0.824
Di-n-decyl ether 28.4 310 0.818
Ethylbenzene 29.0 136 0.867
Bis(2-ethylhexyl) adipate 30.6 214 (5 mm.) 0.922
1,4-Dioxane 36.0 101 1.034
Diethyl phthalate 38.0 296 1.233
Water 72 100 1.00

¢ Liquid mixtures: A = di-n-octyl ether, o-diethyl phthalate. B — bis(2-ethylhexyl )-
adipate, o-diethyl phthalate. C = 1,4-dioxane, water. D = di-n-decyl ether, o-diethyl
phthalate. E = octamethylcyclotetrasiloxane, di-n-octyl ether.

The contact angles of the “just sink” mixture and the “just float” mix-
ture against samples of the fiber were determined, using the methods
described by Minor et al. (2) and Schwartz and Rader (4). In every
case the contact angles of the “just sink” liquids were zero. The contact
angles of the “just float” liquids were noticeably greater than zero in
every case but were in the very low range, where measurements made
without some optical leverage system lack precision. The actual measure-
ments were all between 3° and 6°. When liquids were used of surface
tension 5 dynes/cm. higher than the “just float” liquids, easily measurable
larger contact angles were observed.

As Table III shows, where previously published values of CST are
available, they are substantially equal to the values found in this study.
However, the literature value assigned to Saran is the composite value for
poly(vinyl chloride) (39) and poly(vinylidene chloride) (40). The lit-
erature value for silicone is the CST of poly(dimethylsiloxane) sorbed
onto glass rather than that of cured poly(methyl hydrogen siloxane) which
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is DC 1107. It would be expected, as found, that the CST values of these
two substances would be similar.

LIQUID

Figure 1. Flotation of an elongated cylinder (fiber) by sur-

face forces. Density of fiber greater than density of liquid.

Cross sectional view of fiber at equilibrium in the air-liquid
interface

Table III. CST Range of Fibers

Surface Tension Range,"

CST of Fiber Material
dynes/cm. from Ref. 5,
Fiber Sink Float dynes/cm.
Hair (untreated) 27.0 27.8 (A) —
Hair (HCIO treated) 30.6 31.9 (B) —
Dynel 278 (A) 284 —
Saran 384 (C) 39.5(C) 39-40 (p. 20)
Nylon 66 40.3 (C) 423 (C) 42 (p. 305)
Polyethylene coated glass 28.7 (D) 32.1 (D) 31 (p. 20)
Silicone coated glass 20.6 (E) 23.7 (E) 23 (p. 351)
Silicone coated viscose rayon 21.1 (E) 23.9 (E) 23 (p. 351)
Cricket cercus 37.8 (C) 40.1 (C) —

® Letters in parentheses after surface tension values indicate liquid mixtures (Table

II) used

Discussion

The theory of the flotation of an elongated solid cylindrical body by
surface forces can be outlined with reference to Figure 1, which shows
a cross-sectional view of a cylindrical fiber at equilibrium in the liquid—air
interface. C and C’ are projections of the air-liquid—fiber boundary lines.
T is the plane tangent to the cylinder surface at C. S is the plane tangent
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to the liquid-air interface at C. R is the radial plane from the cylinder
axis, O, to C. OP and CC’ are horizontal planes; OA and VC are vertical
planes, as shown. The fiber is assumed to have a density greater than
that of the liquid, and the density of the air is considered negligible. The
diameter of the fiber (2 OP) is assumed to be negligible compared with
the fiber length. The angle TCS (6) is the contact angle, a property of
the system. The angle SCV («) is the inclination of the liquid—air inter-
face to the vertical plane at C. The angle POC (¢) is a convenient
measure of the depth of the submerged portion of the fiber—i.e., the
portion below CC’. The value of ¢ is measured as positive counterclock-
wise from OP, and as negative clockwise from OP. The geometry of this
system is such that

at§=180°—¢ (1)

Since the fiber is heavier than the liquid, it would sink when placed
on the liquid if it were not sustained by an upward force caused by the
surface tension of the liquid. This force is exerted at the three-phase
air-liquid—fiber boundary lines. If the contact angle 6 and the surface
tension 7y are high enough, this upward force can become sufficient to
balance the sinking force, and the fiber will come to rest when the two
forces become equal, at an equilibrium depth corresponding to a definite
value of ¢. In this situation, as shown in Figure 1, the force exerted
vertically upward on a unit length (1 cm.) of fiber, measured in dynes,
will be:

F,=2ycosa (2)

where 7 is the surface tension of the liquid measured in dynes/cm.
The sinking force, in dynes, will be:

F,=g[dy - Area AC'C + (dy — dy,) - Area BC'C] (3)

where g is 980, the indicated areas are measured in sq. cm., dr is the
density of the fiber, and dy, is the density of the liquid. It is evident that
for any given fiber-liquid combination (having necessarily a constant
value of ) as the fiber diameter increases, the equilibrium value of ¢
will increase. As C and C’ approach A, « becomes smaller, and the sus-
taining force F, increases until it reaches its maximum possible value
just before the two liquid fronts C and C’ meet and coalesce at A, allowing
the fiber to sink. Correspondingly, as C and C’ approach A, F, decreases
because the portion of the fiber which is not buoyed by the liquid
decreases.

If 9 = 0 and dy > di, the fiber cannot float. Let us examine, how-
ever, the magnitude of the forces involved in Equations 2 and 3 to see
what order of value 6 must have to sustain a typical fiber in a typical
liquid medium. If an 8-mil monofilament (radius = 100 microns) 1 cm.



Published on June 1, 1969 on http://pubs.acs.org | doi: 10.1021/ba-1969-0086.ch002

2. MUTCHLER ET AL. Critical Surface Tension 13

long and having density of 1.5 is laid on a liquid medium of density = 1
and sinks to a level where ¢ is nearly 90°, F, is approximately 0.15 dynes.
If y — 30 dynes/cm., cos « need only be 0.0025 (« = 89.8°) for the
fiber to be sustained by surface tension.

Since ¢ must be less than 90°, ¢ in this case need only be greater
than 0.2°. If 6 is, for example, 5° (about as low a value as can be
distinguished from zero by direct observation) ¢ becomes 85.2°, and the
fiber floats with a 9.6° arc of dry cylindrical surface between C and C'.

A large proportion of the commonly encountered fibers have diame-
ters much smaller than the 8 mils used in the illustration, and the densities
of the test liquids can often be chosen so that dg—dy, is less than the 0.5
value used above. In such cases the theoretical values of cos « necessary
for flotation become extremely low. It should be noted, however, that
even at the limit where F, — 0 and « = 90°, if 9 is 5° (as in the example
above), ¢ will still be 85°, and there will only be 10° of dry arc above

the liquid.
A

5 ¢

Figure 2. Satisfactory (A, B, C) and
unsatisfactory (D) cross sections for
determining CST

The only limitations of this method that are not also present in the
classical method relate to the shape of the fiber. Although the above
quantitative theory considers a cylindrical fiber, the method should work
equally well (on a go-no go basis) for small diameter fibers of any cross
section that do not have cusps pointed outward. Referring to Figure 2,
irregular cross sections such as A, B, and C are satisfactory. A fiber of
cross section D, however, must sink at contact angles much greater than
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zero. The fiber axis should preferably lie in a single plane, although
slight coiling is not too harmful if the fiber diameter is small. Thus, the
portions of the fiber in the liquid surface can support the coils that arch
above the surface, even at low values of 8. The ratio of fiber length to
diameter is of considerable importance. Along the flat vertical ends of a
floating fiber the effect of any contact angle less than 90° is toward
sinking. Thus, the test snippets should be long enough to make the end
effects negligible. If the length-to-diameter ratio is less than about two
orders of magnitude (i.e., about 1 cm. long for a 100-micron fiber), maxi-
mum precision will not be attained.

The experimental work presented illustrates the precision of this
method compared with that of the classical method.
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Examination of the relevant theory indicates that the adju-
vant effect of surface-active agents on herbicide action is
maximized when the quantity II — vy, - cos 6, or the film
pressure at the liquid/solid interface, has a maximum value.
Measurement of surface tension of 1.0% aqueous solutions
and of contact angle on a number of substrates (Teflon,
paraffin) and plant-leaf surfaces (soybean, corn) as a func-
tion of hydrophile-lipophile balance show at least one maxi-
mum, and these values are in good agreement with earlier
experimental data on herbicidal activity.

In recent years, it has frequently been observed that the toxicity of
herbicides can be affected markedly by the presence of various types
of surface-active agents (10, 11, 12, 13). Jansen (11, 12) has paid par-
ticular attention to the effect of the structure of the surface-active agent
on activity and thus implicitly, to that measure of the structure known as
hydrophile-lipophile balance (HLB) (1). However, we do not believe
that the explicit correlation has been shown to exist.
In a recent study (2), the problem of applying sprays was analyzed
as follows:

(1) The spray droplet must get on the leaf.
(2) Once there, it must remain.

15
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(3) Not only must it remain, it must penetrate into the leaf system.
Eaton (4) has recently presented a similar point of view.

With respect to the first point, Hartley and Brunskill (8) have shown
that unless the excess of adhesion energy over surface energy is greater
than the kinetic energy of the droplet, the droplet will be reflected on
impact with the leaf surface, using the following considerations.

Two quantities are defined. One is the surface energy of the free
droplet, E,, which is the product of the surface area and the surface
tension—i.e.,

E,=4my, (1)
and the surface energy of the attached droplet over the drop/solid inter-
face, which is found to be

Eg = nry.,(4/3)2/3[2(1 — cos §) — sin? § cos 4]

X [1—cosg+ 1/3(cos3§—1)]2%3 (2)
The quantity (E, — Eg)/E, then represents the minimum energy barrier
between attached and free drops which must be exceeded by the kinetic
energy of the drop for the drop to be reflected, all expressed as a fraction
of the surface energy of the free drop. It may be more useful in the
present context to say that the kinetic energy must be less than this
energy barrier for the drop to be retained.

If the ratio (E, — Eg)/E, is plotted as a function of contact angle,
the area above the curve corresponds to reflection and that below the
curve to adhesion. It is immediately apparent that the droplet diameter
is quite important since, of course, the kinetic energy of the drop is a
function of size. For example, a drop of 100-x diameter, falling at its
terminal velocity (about 25 cm./sec.), will have a kinetic energy of
approximately 1.5 X 10* erg, while its surface energy (if pure water)
will be about 2.2 X 1072; hence, the ratio of surface to kinetic energy
will be about 0.014.

The curve of the Hartley-Brunskill function shows that under these
circumstances reflection of the drop will not occur unless the contact
angle is very high—of the order of 179°. Since the contact angle of water
on paraffin is only about 110°, 100-x droplets will generally adhere.

However, for a 200-u drop, the terminal velocity is about 75 cm./sec.,
and the kinetic energy is about 1.1 X 102 erg as compared with a surface
energy of 8.8 X 102 erg. Even here, contact angles greater than about
105° are required for reflection.

At 400-p diameter, the kinetic and surface energies are about equal;
hence, a contact angle of zero—i.e., complete spreading—is required for
retention.

To consider a practical situation, a drop of water of about 250-u
radius (a reasonable average value for a spray), would have a ratio of
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kinetic to surface energy of the order of 0.2. Hence, contact angles
greater than 90° would lead to reflection. Since the contact angle for
water on paraffin is about 110°, reflection from a waxy leaf surface is
quite probable. However, if the surface tension is lowered to about 35
dynes/cm. by adding a suitable surface-active agent, the energy barrier
is raised to about 0.4. At this value, an angle of 85° will lead to reflection,
but the surface-active agent may lower the contact angle to 60° or less
(cf., Table I), so that most of the droplets will adhere to the leaf.

Table I. Surface Tension, Contact Angle, and Film Pressure for
Aqueous Solutions as a Function of HLB

HLB 8 10 12 14 16 18
Y 32.8 33.5 40.3 40.4 40.0 43.7

Substrate:
Teflon

[/ 61 60 64 87 72 74

Y1, cos § 15.9 16.8 17.7 15.8 12.4 12.1
Paraffin

[/ 54 53 63 71 68 67

Y1, cos § 19.3 20.2 18.3 13.2 15.0 17.1
Corn

0 57 58 66 63 57 65

Y1, cos § 17.9 17.8 16.4 18.3 21.8 18.5
Soybean

] 70 59 56 62 69 70

Y1, COS § 11.2 17.3 22.5 18.9 14.3 14.9

Once the droplet is deposited on the leaf, the fact that the leaf is at
some angle 8 to the ground surface must be taken into account. Now
there is a gravitational force equal to mg sin 8 (where m is the mass of
the drop, and g the acceleration of gravity) tending to make the drop
run off the leaf. This is opposed again by the adhesive force acting
between the droplet and the leaf, and at some particular angle, a, the
gravitational effect will overpower the adhesive force, and the drop will
run off. Thus, at the angle, «, at which runoff will just occur, according
to Furmidge (6, 7):

mg sin a = y w(cos g — cos 6,) (3)

where w is the width of the drop, and 6 and 6, are the receding and
advancing contact angles, respectively.

By a further analysis, Furmidge (6, 7) defines a retention factor, F,
which is a measure of the number of drops which will be retained:

F =0y [yL(cos @z — cos 6,) /p]*72 (4)
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where 6y is the mean of the contact angles, p is the liquid density, and
the other symbols have been defined. In measurements of runoff on
beeswax and cellulose acetate model surfaces, good agreement with theory
was found.

The actual area of the leaf which is covered by a given retained
spray droplet will be a function of the spreading coefficient and ultimately
the contact angle. Evans and Martin (5) have shown empirically that
the area covered by the drop is given by:

A=k/[yL(1 — cos §)]172 (5)

According to Moilliet, Collie, and Black (14), a first approximation shows
that the empirical constant k must be equal to (pg/2)V?V where p is
again the density of the liquid, g the acceleration of gravity, and V the
volume of the droplet. However, this value for k gives dimensionally
incorrect results, and correct dimensionality is obtained by setting k —
(pg/2)2V 48,

However, the dimensionally-correct form gives unreasonably small
values for the area covered, and even the values calculated from the
dimensionally incorrect equation are at least an order of magnitude too

small.

A more exact equation for the area can be obtained from the results
of Hartley and Brunskill (8):

A= (4/3)234r2[1 — cos § + 1/3(cos3 § — 1)] 2/ (6)

[This relation does not explicitly contain the surface tension; implicitly
the variation in contact angle reflects the change in surface tension,

cf. below].

Taking again the case of a droplet 200-x in diameter, for water
(yL = 70, § = 100°), Equation 6 predicts that the droplet will cover an
area of approximately 46,000 sq. x. If surface-active agent is added so that
YL = 35, 6 = 60°, the surface area covered is then 156,000 sq. x or an
increase of some 3% times. Equation 5, under the same conditions pre-
dicts an increase in coverage by a factor of 2, so that irrespective of the
accuracy of the relations, the predicted behavior is similar.

With the liquid more-or-less spread out on the leaf, we are finally
concerned with the problem of penetration into the leaf. This requires
a structural model for the leaf and some assumptions as to the route of
penetration.

There are many models which may be adopted, of varying degrees
of sophistication, depending, for example, on whether or not we wish to
introduce a term for diffusion through the waxy cuticle. In a first approxi-
mation, such as this study, such sophistication is probably unnecessary,
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and we may proceed by considering the leaf to be represented by a
bundle of capillaries, into which the liquid must penetrate.

The classical theory of capillarity shows that the penetration of a
liquid into a capillary is brought about by a pressure difference across
the curved meniscus. If the capillary is circular in cross section and
fairly small, the pressure forcing the liquid into the capillary is given by

p = 2yyc0s 6/R (7)

where R is the radius of the capillary. If the contact angle is greater
than 90°, the cosine is negative, and instead of penetrating, the liquid
would be forced out of the capillary.

In a real system, the contact angle inside the capillary may well be
somewhat different than on the leaf surface, but this refinement need not
concern us in the present approximation.

Having penetrated the leaf, the further progress of the liquid is the
concern of the plant physiologist rather than the colloid chemist, and we
will speculate no further at this time.

Also, since the present considerations do not include the interesting
problem of emulsion sprays, the effect of the electrical properties of the
leaf surface, cited by Haydon (9), need not be brought into the discussion.

If the various equations introduced above are taken into considera-
tion, to a reasonable approximation the optimum conditions for herbicide
activity will be realized when the quantity vy, - cos 4 is at a maximum.
From the well-known relation of Dupré, it follows that

YLCOS § =Yg — YsL (8)
where 75 is the surface tension of the leaf surface, and vyg, is the inter-
facial tension between the liquid and the solid surface (that fact that
the two quantities on the right side of Equation 8 cannot be measured
directly is of no importance).

It thus appears that yy, cos 6 is the surface pressure at the liquid solid
interface, and may conveniently be assigned that symbol, II.

Although it is known that the surface tension increases with increas-
ing HLB (all other things being equal), the dependence of contact angle
on this quantity has not been studied previously. On the other hand, if
one assumes that the linear relation between surface tension and contact
angle found by Zisman and co-workers for both pure liquids and for
solutions of surface-active agents (3) as a function of concentration holds
for our herbicidal systems, it appears that the quantity, II, will exhibit
at least one maximum when plotted as a function of HLB.

In other words, we expect that maximum herbicidal activity will be
found when II is at a maximum value for the system. The purpose of
the present investigation was to examine the variation of this function
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with the structure of the surface-active agent as measured by HLB and
to determine whether a maximum in the surface pressure could be
correlated with herbicidal activity.

Experimental

The solutions of surface-active materials were made up in distilled
water to a concentration of 1.0 gram/dl. Mixtures of Span 80 and Tween
80 were used to obtain HLB-values of 8, 10, 12, and 14; a mixture of
Tween 20 and Tween 80 for 16; and a commercial product with the
corrigosiﬁon polyoxyethylene (40) sorbitan monolaurate gave an HLB

Smooth surfaces were obtained on the Teflon samples by placing
them between photographic ferrotype plates in a heated hydraulic press
at about 300°F. and 2000 p.s.i.g. on a 4-inch ram. Blocks of micro-
crystalline paraffin wax (Enjay) were smoothed by passing a warm
spatula over their surface.

Plant leaves were prepared by clamping freshly-picked leaves as
smoothly as possible to a glass plate. Cementing the leaf to the plate
with nitrocellulose lacquer gives a good surface for measurement but
unfortunately changes the properties of the leaf. Contact angles were
measured using a NRL contact-angle goniometer (Ramé-Hart Corp.,
Mountain Lakes, N. ].).

In the contact-angle measurements, 30-uliter droplets were slowly
formed by delivery from a Hamilton syringe. The slow formation of the
droplet insures equilibrium values. This measurement yields only an
advancing angle. The retreating angle is also of interest (10), but the
reproducibility of this quantity was found to be very poor. The advancing
angles were reproducible to +2-3° on Teflon and paraffin and to +5°
on the plant surfaces.

Measurements on plants were carried out on freshly cut leaves from
greenhouse-grown Kent soybean and Agway hybrid (NE912) field corn.

Surface tension measurements were performed on the aqueous solu-
tions by means of a Wilhelmy balance, using a sand-blasted platinum
plate, and are equilibrium values. All measurements were carried out
at room temperature (23° + 2°C.).

Results and Discussion

The data for surface tension and contact angle, as well as the calcu-
lated values of the film pressure, II, are given in Table I, and the
dependence of the film pressure on HLB is shown in Figure 1.

The shapes of the curves are roughly similar, but there is a distinct
dependence on the nature of the substrate, particularly with respect to
the position of the maximum. Figure 2 shows the herbicidal activity of
2,4-D (containing 1.0% surface-active agent) on corn and soybean plants,
from the data of Jansen (11). These data were not originally presented
in terms of HLB, and the HLB-values have been calculated from the
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structures of the surface-active agents, as reported by Jansen, by the usual
methods (1).

TEFLON PARAFFIN

CORN SOYBEAN

¥ cos &l dynes/cm.)
N
(¢
I

3
T

1 L A A 1 1 1 1 1 L 1 .
8 0 12 14 16 B 8 10 12 14 6 I8
HLB

Figure 1. Relation between II = vy, cvs § and HLB for
Teflon, paraffin, and corn amf soybean leaves

The shapes of these curves are markedly similar to those of Figure 1,
although the maxima do not correspond exactly. This is not surprising
since the herbicide itself must have some effect on the surface activity of
the solution (if nothing more than an electrolyte effect), and the surface-
active compounds used here were not identical in chemical type to those
used by Jansen.

It thus appears that the adjuvant effect of surface-active agents on
herbicidal activity can be explained in terms of the surface-chemical
interactions between the droplet of herbicide solution and the plant-leaf
surface. Although, as we have seen, capillary penetration is one aspect of
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Figure 2.  Herbicidal activity of 2,4-D on corn (O) and soybean

(ring). Solutions containing 1.0% of surface-active agent applied

at 40 i(;llons/acre, corresponding to 1/16 1b./acre of active
rbicide. Recalculated from data of Jansen (11).

adjuvant activity, it is far from the only one and may well be less sig-
nificant than such matters as reflection, runoff, and spreading.

Obviously, the considerations advanced here represent only a rather
crude first approximation, but on the other hand, perhaps they can be
extended to include other systems in which a liquid droplet is allowed to
impinge on a solid substrate.
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Contribution of Micelles to the Transport of
a Water-Insoluble Substance through a
Membrane

KAROL J. MYSELS
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Some fundamentals of micelle formation and of the solubili-
zation of water-insoluble substances by micelles are re-
viewed. The accelerating effect of micellization upon the
rate of dissolution and of transport of solubilizate through
bulk liquid is then considered. Membranes present an ob-
stacle to transport. A larger fraction of the total driving
force can be brought to bear upon this obstacle as other
resistances are reduced by solubilization. Hence, transport
across a membrane will, in general, be accelerated whether
micelles are effective within the membrane or not. It is now
possible to determine also this contribution of micelles to
the transport within the membrane. In a specific case it
was found to be negligible.

Solubilizing materials, especially micelles of association colloids, increase
tremendously the solubility of many normally insoluble materials in
water. Hence, they are often used to facilitate the interaction of water-
insoluble substances—dyes, drugs, pesticides—with aqueous systems,
especially biological ones. In these applications, membranes are often
encountered as an obstacle to the desired distribution and interaction.
This raises the questions: can solubilization help overcome this type of
obstacle and, if so, what is the mechanism involved, and does it require
that the solubilizing agent be effective within the membrane? It is of
interest to know whether the micelles need to cross the membrane as such
to facilitate passage of the insoluble component. The first question is easily
answered: solubilizing agents are indeed most helpful, in practice, in
transporting an insoluble material across a membrane. The last question
about the role of micelles in the membrane is less readily answered. This

24
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paper describes a general method for studying this problem and shows
by a specific example that even when micelles are unable to cross the
membrane themselves, they may be very helpful because they bring the
insoluble material up to the membrane and pick it up on the other side.
To complete the picture, some general considerations about micellization
and solubilization are included.

The experiments and the necessary theory were developed by Mo-
hammad Abu-Hamdiyyah, Pasupati Mukerjee, and myself in connection
with a related but different problem—an attempt to determine unam-
biguously the rate of transport of simple non-micellized detergent ions
through a membrane (1, 18). We needed information about the ability
of the micelles to cross the membrane, and the insoluble material was
used mainly to indicate micelle behavior. The paper reporting that
work (1) gives experimental details and further interpretation of the
results. Since then I found that Dean and Vinograd (4) developed the
qualitative aspects of this argument 25 years ago.

Solubilization

Although the word solubilization is sometimes used in a general
sense to denote any large increase in solubility by adding a third com-
ponent, it is generally restricted to the effect connected with the formation
of micelles by association colloids, such as most surfactants and detergents.
These are amphipathic molecules whose structure provides a hydrophilic
part, the “head” and a hydrophobic one, the “tail.” At sufficiently low
concentrations these components dissolve as small ijons or molecules
giving normal solutionts and then have no significant effect on the solu-
bility of insoluble materials, although they greatly affect the surface
tension of the solution. However, material present above a certain well-
defined concentration, the critical micelle concentration (CMC), forms
large aggregates or micelles which give the solution many special prop-
erties, among them the ability to dissolve some water-insoluble substances.
Hartley (8) has discussed the fundamentals of micellization, and Muker-
jee (17) has reviewed recent developments.

Figure 1 shows schematically the monomeric amphipathic particle,
in this case an ionic one, with its polar head and its hydrophobic tail
which is curled up in the aqueous medium. This is in equilibrium with
a micelle formed by many monomers, all oriented with their heads out-
ward toward the water and their tails randomly intertwined in the interior.
A microdroplet of oil with an ionic hydrophilic surface is thus formed.
The cooperative action of the many charged polar heads binds tightly a
substantial fraction of the counterions thus effectively reducing the
surface charge.
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Figure 1. Equilibrium between a mon-
omeric amphipatic ion and a micelle

The time in which micelles are formed from monomers and disinte-
grate into them is still uncertain, but it certainly is very short, less than
10" sec. (15, 21). This phenomenon is not easy to study, even by the
newest techniques; part of the difficulty stems from the fact that in the
dissociation two processes must be involved: one, the separation of
counterions from the micelle and, the other, the disintegration of the
micelle proper by separation of the amphipathic ions from each other.

Solubilization has been treated in detail in two monographs (6, 13).
It involves the binding of molecules or ions of the insoluble material by
the micelle, and this can occur in various ways as indicated in Figure 2.
Thus, nonpolar oleophilic materials are likely to be incorporated into
the hydrophobic core of the micelle. Polar materials are likely to be
oriented with their hydrophilic part exposed to the outside and the
hydrophobic one forming part of the core. Oppositely charged ions are
likely to be taken into the tightly bound counterion sphere. If the salt of
the association colloids with that ion is oil soluble, it may be dissolved in
the core of micelle. These solubilizing processes continue until equi-
librium is reached when solubilizate particles leave the micelle as rapidly
as they are taken up. These are extremely rapid processes, a molecule
being able to move in and out of the micelle more than 10* times per sec.,
at least in some cases (21). This exchange of the solubilized material
between micelle and bulk liquid is likely to be superimposed upon the
formation and disintegration of micelles and should proceed separately
from these processes.

Solubilization of Orange OT

Figure 3 shows the effect of solubilization upon equilibrium in the
particular system we used. The data were obtained many years ago by
R. J. Williams (24) and agree excellently with recent results of H. Schott
(23). The solubilized substance was a brilliant dye whose solubility in
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water is so slight that it cannot be detected with the naked eye, but
according to spectrophotometric measurements, a saturated solution is
approximately 107M or about 3 millionths of 1% at room temperature.
This dye, 1-o-tolylazo-2-naphthol, is called Orange OT according to a
tradition dating back at least 25 years (12), yet a recent check showed
that commercially this tradename designates a very different material,
C.I. Pigment Orange 13, whereas our dye is the basis of C.I. Solvent
Orange 2. The solubilizing agent was sodium dodecyl (lauryl) sulfate or
NaLS whose CMC is about 0.236%. As seen from Figure 3, there is no
perceptible increase in the solubility of Orange OT as the concentration
of NaLS$ increases until above 0.2%. After a short transition region, the
solubility increases sharply and linearly with the NaLS concentration.
The transition region corresponds to the gradual buildup of the micellized
fraction of any added surfactant according to the laws of chemical equi-
librium. It is very narrow because of the cooperative nature of micelliza-
tion, involving in this case about 60 monomers as determined by light
scattering, by sedimentation equilibrium, and by sedimentation rate and
diffusion measurements (2, 9, 11).

[¢]

Figure 2. Schematic mechanisms 4;! sol-
ubilization. Clockwise from 5 o’clock: ion
exchange with the surface; solution in
interior of micelle; oriented adsorption;
formation of oil-soluble salt
The slope of the solubility line in Figure 3 corresponds to 1 gram
of Orange OT dissolved per ca. 110 grams of micellized NaLS, or about
1 mole of the dye for 125 moles of micellized LS™ ions, or about 1 molecule
of Orange OT per 2 micelles of NaLS. Thus, a 1% solution of NaL$
can dissolve about 7 X 10%% of Orange OT, which is about 2000 times
more than dissolves in pure water.
In other words, on the average, in a 1% NaLS solution the LS~ ion
spends three-fourths of its time in micellized form and one-fourth as a
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monomer. The dissolved Orange OT molecule spends 99.95% of its time
attached to a micelle and only 1/2000ths of its time simply dissolved
in water. Furthermore, again on the average, when the solution is satu-
rated with Orange OT, a given micelle contains a dye molecule less
than 50% of the time and, if the distribution is completely random, two
dye molecules less than 25% of the time, etc. If the solution is less than
saturated with Orange OT, these last fractions decrease rapidly, especially
for multiple occupancy of the micelle, whereas the distribution of Orange
OT between water and micelles remains essentially unchanged.
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Figure 3. Orange OT and the effect of NaLS concentration upon its solubility
in water

Other solubilized materials differ greatly from Orange OT and may
be much more or much less soluble in the micelles; as far as I know there
is always a limit to the solubility, and no case of continuous transition to a
micelle consisting mostly of solubilized material—i.e., to an emulsion
droplet—is known. Solutes capable of dissolving extensively in micelles
can and do, of course, affect significantly the properties of micelles—
e.g., lower the CMC (7, 22). They may also affect the rate of micelle
formation and disintegration, although there is little definite information
on this subject. One of the advantages of Orange OT is that it is so
slightly soluble in micelles that it has little effect on their properties (19,
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24), yet it is easily measured in micellar solutions because of its intense
color.

The low concentration of Orange OT in the micelles, and especially
in the water, keeps the competition between these two solvents unaffected
by the dissolved dye. Hence, the distribution ratio between micelles and
water is constant from zero to saturation, and at equilibrium the percent
saturation is the same for both and for the whole system. This equi-
librium is also presumably established extremely rapidly and is therefore
maintained at each point during the relatively slow changes involved in
the usual transport processes.

Solubilization in Transport Processes

The driving force for transporting the substance of interest through
an aqueous system is always the difference of its chemical potential (or
to a first approximation the difference of its relative saturation) between
the starting point and its destination. The rate at which transport occurs
depends, however, on both the magnitude of this total driving force and
the resistances encountered along the way. In most cases, the principal
steps involved will be: dissolution, if the material is initially a separate
solid or liquid phase; diffusion through, or convection in, bulk liquid or
a combination of both; and the step of most interest to us, the crossing
of a membrane. The resistance encountered in each of these may be
affected by solubilization.

Dissolution. Dissolution of a sparingly soluble substance, say a solid,
is often slow. This slowness is generally caused by the slow transport
of dissolved material away from the saturated boundary layers surround-
ing the solid itself and does not arise from the difficulty of passing from
the solid to the dissolved state in these immediately adjacent layers. It
is only this last step that involves the true rate of solution. Hence, the
addition of a solubilizing agent is not likely to change the rate of solution
proper, although it may affect the dissolution rate by affecting the trans-
port away from the boundary layer (14). The dissolution rate can thus
be greatly accelerated (3). Often the limit of solubility may also be
increased to the point where the solid disappears, and dissolution is
eliminated as a significant step in the total transport.

By eliminating the solid, solubilization actually may decrease the
total driving force for the transport since an unsaturated solution neces-
sarily has a lower activity than the undissolved material and the saturated
boundary layer. In extreme cases, solubilization may thus slow down
the rate of transport. This explains why so many germicides lose their
effectiveness when incorporated into soap. They become so well solu-
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bilized in the high concentrations of soap used in abluting, that their
tendency to diffuse to any site of action is greatly reduced (5).

Diffusion. The transport by diffusion in the bulk liquid obeys Fick’s
law which is conveniently expressed in terms of the flux J of the solute—
i.e., the amount of solute crossing a unit cross section in unit time as

Jp=D% (1)

where D is the diffusion coefficient of the solute, dc/dx its gradient of
concentration, and the subscript identifies the flux J» as being caused by
diffusion. Addition of a solubilizing material will generally reduce the
diffusion coefficient since, instead of a small molecule of solute diffusing
alone, it will now move only attached to a bulky micelle. Since the
diffusion coefficient is roughly inversely proportional to the radius of the
diffusing particle, D is reduced generally by less than a factor of 10
which would correspond to a micelle having a volume 1000 times larger
than that of the solubilizate. On the other hand, the presence of the
solubilizing agent increases the concentration gradient in direct propor-
tion to the increase of solubility. This is because Fick's law involves the
absolute gradient of concentration which is necessarily small as long as
the solubility is small, and not its relative value. If we denote the satura-
tion value by S and express the gradient in relative values of %S, we
can rewrite Fick’s law as

d(%S)
dx

which shows that for same gradients of relative saturation, the flux caused
by diffusion is directly proportional to saturation. Hence, solubilization,
since it can increase the saturation value by many orders of magnitude,
will in general increase transport by diffusion even though it decreases
the diffusion coefficient itself. This is assuming, of course, that the
gradient of relative saturation is the same in both cases.

Convection. Transport by convection—i.e., by mechanical move-
ment of the solution as a whole—depends on the concentration of the
solute and the velocity, v, of the moving liquid; hence, the flux caused
by convection, J¢, is given by

Jp = D100S (2)

Je=vc (3)

Since solubilization can greatly increase the concentration, it can greatly
increase convectional transport if the velocity is constant.

Membrane. In discussing transport across a membrane, we consider
only the case where the pressures on both sides of the membrane are
substantially the same so that no liquid is being pressed across it and
there is no transport by convection. Diffusion is then the only mechanism
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by which the solute can cross the membrane and, in principle, Fick’s
equation applies again. By definition, however, a membrane is more than
a stagnant layer of solution, and its presence will change both the diffu-
sion coefficients and the solubilities of all components. The diffusion
coefficients are generally decreased, and the solubilities can be either
increased or decreased. Typically, the bulky and hydrophilic micelle will
tend to have its solubility in the membrane greatly decreased, whereas
the small and generally oleophilic solubilizate may be much less affected
and for an oleophilic membrane, may even have its solubility increased.

Detailed considerations are unnecessary to show that solubilization
will increase the flux through the membrane because this is already deter-
mined by what happens to the rest of the system and depends on the
fact that a membrane is of interest in studying transport properties to
the extent that it represents an obstacle, a significant resistance to the
motion of matter.

The rate of transport by a number of successive steps through a
system is determined by the total resistance and the driving force. Part
of the total driving force is used to overcome the resistance of each step
in proportion to its resistance. Solubilization clearly reduces the re-
sistance of steps involving diffusion and convection in bulk liquid, and
therefore it permits the application of a greater fraction of the total driv-
ing force to the membrane. In this way, solubilization accelerates the
transport through the membrane even if the resistance of this step remains
unchanged.

A hydrodynamic analogy may be useful. The upper part of Figure 4
shows a system in which a liquid flows from a reservoir on the left to
one on the right through a series of pipes, whose cross sections indicate
the resistances they may offer, the narrowest one corresponding to the
membrane. On the right side, the same system is shown, but the wider
pipes indicate lower resistance owing to solubilization. The lower part
of Figure 4 shows the distribution of pressure in both cases, and obviously
much of the pressure drop on the left is consumed in overcoming the
resistance of the narrow pipes, so that only a small part of the total is
applied to the constriction symbolizing the membrane. The wider pipes
on the right side produce very little pressure drop, so that most of the
driving force is applied to the constriction and will, of course, cause a
more rapid flow whether the constriction remains the same or is widened
also by solubilization.

The Role of Micelles in the Membrane

Thus, the simple fact that the flux of solubilizate is more rapid
through a membrane in the presence of a solubilizing agent is not in
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itself proof that micelles mediate the transport within the membrane.
A more detailed analysis is required.

To simplify the situation, let us consider a system in which the
solvent is the same on both sides of the membrane—i.e., the solubilizing
agent is present in equal concentrations and the micelles are everywhere
in equilibrium with monomers as shown schematically in Figure 5. The
dye, however, is present in higher concentration on the left side, part of
it being free in water and part solubilized in the micelles. The membrane
has a certain permeability to the dye itself, a certain permeability to
monomers, and perhaps a certain permeability to micelles and therefore
to solubilized dye. These three are indicated as separate parallel channels
through the membrane although in reality these would presumably be
common. For our purposes, we can disregard the transport of monomers
and concern ourselves with measuring the transport of dye.

| ———

MEMB'RANE

I & P

(A

Figure 4. A hydrodynamic analogy to transport through
bu%k solution and a membrane. Left, without solubiliza-
tion; right, with solubilization. Lower part shows distribu-
tion of pressure drop which is increased across membrane
on the right by reduced resistance in rest of the system

Method Used. To learn about the contributions of micelles to the
transport of dye through the membrane, we study this transport as a
function of the concentration of micelles. If we do it under conditions
where resistances other than that of the membrane are intrinsically small,
even a small amount of solubilization will make them completely neg-
ligible, and the membrane resistance will be the only significant one. If
micelles have a role in overcoming this resistance too, the flux across the
membrane will depend on their concentration. If not, it will be inde-
pendent thereof despite the fact that the concentration gradient dc/dx
across the membrane will increase in absolute values as solubilization
becomes more effective. On the other hand, Fick’s law (Equation 1)
indicates that a constant diffusion coefficient, D, gives an increasing flux,
J, as the concentration gradient increases. Conversely, a constant flux, J,
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Figure 5. Transport through a mem-
brane when solubilizing micelles are
present on both sides. The dye may
cross as if it were unsolubilized (bot-
tom) and perhaps also solubilized in
micelles (middle). Monomeric surfac-
tant may also cross (top) but does not
affect dye transport

under these conditions leads necessarily to a decreasing diffusion coeffi-
cient, D. Such a decrease shows that the mechanism of transport within
the membrane changes as compared with that in solution. More quanti-
tatively, this can be expressed as follows.

The total flux of the dye J; is the sum of its flux in solubilized form J,
plus that dissolved in water J,,.

JIi=lit]w (4)
Each of these fluxes can be expressed according to Fick’s law in terms of
the corresponding concentrations and of a corresponding diffusion co-
efficient which takes into account also the truly available cross section
and tortuosity of any passages through the membrane.

J=D2% (5)

We can therefore replace Equation 4 by

de, _ - de, de,
Dt'a_ c’a? + Dw‘a (6)
Here, as in Equation 4, the left side represents the actually observed
total transport of dye whereas the right side represents the two paths by
which it occurs. In examining membrane behavior we no longer neglect
implicitly J,, the transport of unsolubilized dye, as was clearly justified
in discussing bulk solution.
In accordanceé with Equation 2 we can express this equation in terms
of saturation concentrations as follows:

d%S, d%S,
dx dx

+ 1001),,3,,‘13’ fw (7)

lOOD,S, = IOOD.S.
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Since the relative saturations are the same, owing to rapid equilibration
between the various species, and hence the gradients are also equal, we
can simplify and obtain

Dtst=Dosa + Dwsw (8)

If the behavior in the membrane were the same as in water, the last term
would be negligible and D; would equal approximately D, and be a
constant. On the other hand, if the transport by micelles is negligible—
i.e.,, D, = 0, the last term which does not depend on the behavior of
micelles is constant; hence, the product D,S; is also constant, and as the
total solubility increases owing to solubilization, the measured diffusion
coeflicient, D;, must decrease.

Another way of expressing these relations is to say that solubilization
in our system greatly increases the amount of dye to be transported by
increasing its solubility. It may also contribute to the transport, but
unless this contribution is of the same magnitude, the approach to equi-
librium will be slowed simply because there is so much more dye to be
transported.

Experimental Determination. Experimentally, we measured the
dialysis through a cellophane membrane, and Fick’s equation was used
in integrated form which involved not only the volumes V; and V, of the
inside and outside compartments but also the somewhat uncertain area
of the membrane, A, and its effective thickness, Ax, which is very difficult
to evaluate.

Cq=c AV, +V,)
Ceqg— Co  2.3A2VV,

log Dt (9)
Here c, is the initial concentration in the inner compartment, ¢ the con-
centration of the outer compartment after time ¢, and c., is the equi-
librium concentration reached after a sufficient time or calculated from a
material balance. For simplicity, the experiments were all done with
zero initial concentration in the outer compartment.

Strictly speaking, the D appearing in Equation 9 is an average taken
over the membrane and its boundary layers and is assumed to be constant.
The fractional expression on the right side of Equation 9 is a constant
for a given apparatus and procedure, so that if one combines all the terms
except ¢ on the right side, one obtains:

log (ceq — ¢) =kt + log (ceq — ¢,) (10)

This means that a semilogarithmic plot of ¢, — ¢ against time should
give a straight line whose slope k = DA(V, + V,)/2.342V.V, is a rate
constant of dialysis which is proportional to D for experiments performed
under the same conditions.
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Results. Figure 6 shows some experimental results for the dialysis
of Orange OT between solutions of NaLS which had the same concen-
trations on both sides of the membrane in each experiment but differed
from experiment to experiment. The slopes of the lines, corresponding
to the rate constants, are well defined. These and additional dialysis rate
constants, when plotted in Figure 7 as a function of concentration of
NaLS present, decrease markedly, suggesting that micelles are not very
effective within the membrane.

1.0

in 6xc.m.c. (4.9x I02N)

in 1.9xc.mc. (I5xI0ZN)

eq'c

in15xc.me. (12x 108N)

100
2 A A A A I A i I 1 I
TIME, hours

Figure 6. Effect of varying concentrations of NaLS upon the

dialysis of Orange OT through cellophane under standard

conditions. Dye concentrations are measured in optical ab-
sorbancy units. Data of Ref. 1

Quantitative Treatment. To obtain a more quantitative measure
of the effectiveness, if any, of micelles within the membrane, we recall
that for any given concentration of micelles the solubilizate distributes
itself in a constant ratio between the micelles and the water. Further, as
shown by the straight line of Figure 3, the amount dissolved per unit
micellized material is also constant so that the ratio of the concentration
of dye in water and in the micelles is a constant, r, that is

7=/ (Cs/Cu) (11)
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where cy is the concentration of micelles—i.e., the concentration of sur-
factant above the CMC. Since this ratio is very low for an efficient solu-
bilizing agent, the concentration of the dye dissolved in water will be
small compared with that solubilized and can often be neglected; thus,

ci=c,tc,c, (12)

The value of r is obtained from solubility measurements and for our
system is found (1) to be 1.1 X 107 equivalents/liter and clearly justifies
this approximation. We can now rewrite Equation 6

(Den/7) (dcw/dx) = (D,cy/r) (dcw/dx) + Dw(dcw/dx) (13)

Thus, dc,/dx can be eliminated, and since the rate of dialysis through a
membrane, k;, is directly proportional to the corresponding diffusion
coefficient D; under a given set of conditions, we can write

kiow _ kw4 g (14)
r r
or
K=k, + Ko (15)
M
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Figure 7. Variation of dialysis rate constants of Orange OT as a function
of NaLS concentration. Abscissa shows also the concentration of micelles.
Data of Ref. 1
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This last equation shows that the observed total rate constant for dialysis
is the sum of two terms, one representing the contribution of solubilized
material and the other inversely proportional to the concentration of
micelles and dependent on both the solubilization ratio r and the rate
constant for the transport of dye in water k... Figure 8 shows the same
results as Figure 7 but plotted as a function of 1/cy in accordance with
Equation 15. An excellent straight line is obtained. The intercept is
found by a least-square calculation and gives for the rate of dialysis, k,,
of solubilized dye 3.6 = 3.3 X 10 hr.”t. This is very small, 1/10 as
large as the value originally published (1) owing to an arithmetical
error on my part. It is also within experimental error of zero and is quite
negligible compared with the rate of dialysis of the unsolubilized dye,
k., for which the slope gives the value of about 1.0 hr.™.
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Figure 8. The data of Figure 7 plotted according to
Equation 15. The intercept measures the contribution of
micelles and is negligible. Data of Ref. 1

Clearly, micelles make no significant contribution to the transport of
the dye through the membrane itself in this particular system, although
they are extremely important in bringing the dye up to the membrane
and in picking it up again on the other side. For other systems, the role
played by micelles within a membrane may well be different, but the
same experimental approach and analysis can be used to study it
quantitatively.
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Vapor Pressure of Pesticides

JOHN W. HAMAKER and HERBERT O. KERLINGER

The Dow Chemical Co., 2800 Mitchell Dr., Walnut Creek, Calif. 94598

Vapor pressures at ambient temperatures of a number of
pesticides can be determined by using a du Pont 900 differ-
ential thermal analyzer to measure boiling points for a
series of pressures down to 10 mm., or by using an effusion
method for compounds having vapor pressures from 107 to
107 mm. Less than 100 mg. of the sample are required in
either case. Accuracy can be determined by comparison
with direct measurements available in the literature. Vapor
pressures for phenoxy herbicide esters are lower than values
reported in the literature.

The measurement of vapor pressures of pesticides is an integral part

of the continuing effort to understand the role of vaporization and
vapor movement in their action and use. Accurate vapor pressure values
are essential to this effort because vapor pressure represents gaseous
concentration, and this must be known to understand both vapor move-
ment by diffusion and the biological activity of vaporized pesticides.
For example, the vapor pressure of a pesticide sprayed on the surface of
a leaf determines the maximum vapor concentration at the leaf surface
and, thus, the rate of diffusion away from the leaf. Since it appears that
the rate of diffusion essentially controls the rate of evaporation, the
residuality of a volatile pesticide may thus depend on vapor pressure.
Furthermore, a chemical may reach and be absorbed by a pest as a vapor
so that the biological effectiveness of the pesticide can also depend upon
its vapor pressure. This can be particularly important for fumigants
which act biologically in the gaseous state. Volatilization and vapor
movement and, hence, vapor pressure are inextricably involved in the
biological action of virtually any “volatile” pesticide.

The term “volatile” is ambiguous. Strictly speaking, every substance
is volatile and would evaporate under proper conditions. In practice, of

39



Published on June 1, 1969 on http://pubs.acs.org | doi: 10.1021/ba-1969-0086.ch005

40 PESTICIDAL FORMULATIONS RESEARCH

course, some materials have such low vapor pressures that no detectable
volatilization is observed under normal use conditions. For pesticides
the discovery of more highly active chemicals has pushed this limit
steadily downward. Originally the fumigants like ethylene dibromide
and carbon tetrachloride were considered volatile, with vapor pressures
in the range of ca. 1 mm. or greater at room temperature. The discovery
that the low molecular weight esters of 2,4-D could produce vapor dam-
age to crops adjoining treated areas showed that an active pesticide with
a vapor pressure of 108 mm. may be “volatile.” Later developments such
as the seed protectant, Panogen (cyano(methyl mercuri)guanidine ), have
shown that the term volatile can apply to vapor pressures of the order of
10® mm., and in the future, uses and chemicals may be found for which
even lower vapor pressures would have to be considered volatile under
certain conditions of use.

Therefore, any program for measuring vapor pressures must be able
to handle a wide range of values—many mm. Hg to 10 mm. Hg and less.
At present, no one method is capable of covering such a range, and
several must be used. Published work in this area shows that virtually
all available methods have been used at one time or another for measuring
vapor pressures of pesticides. The reader is referred to standard works
on this subject (4, 10, 17), but the following brief survey is offered for
orientation.

The methods of measuring vapor pressure may be classified into two
types: static and dynamic, depending on whether the system is at equi-
librium (static) or whether a sample of saturated vapor is removed and
the vapor concentration determined (dynamic). In most instances the
static methods work for a higher range of values (> 0.1 mm.) and the
dynamic methods for a lower range (< 0.1 mm.). Examples of static
methods are (a) use of a gage to measure the pressure increase caused
by the pesticide’s being released in a closed system (5), and (b) measure-
ment of the boiling point of the chemical under a reduced pressure.
Examples of dynamic methods include (a) gas saturation (12), (b) the
Knudsen effusion (7), and (c) the jet effusion method (1). In Method a,
a measured volume of inert gas is saturated with the chemical vapor,
and the vapor concentration is determined; in Methods b and c, the
quantity measured is the loss of vapor through a small hole into a vacuum.
In the Knudsen cell, this rate of loss is frequently measured by a weight
loss of the container. In the case of jet effusion, the recoil from this jet
of vapor is recorded as the twist generated in a long, fine fiber.

Besides the magnitude of the vapor pressure value, other considera-
tions will influence the choice of method. For example, if the material
is a solid at normal use temperatures, boiling point measurements are
obviously out of the question. Of frequent importance to pesticide re-
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search is the size of sample needed and the influence of impurities.
Often when an estimate of vapor pressure for an experimental chemical
is needed, the material is available in such limited amounts that prepara-
tion of highly purified samples is not feasible. It is important, therefore,
that a method be available which is as insensitive to impurities as
possible and which requires a minimum of sample. In fact, it would be
desirable at times to be able to measure the vapor pressure of a pesticide
from a mixture such as a formulation of the pesticide. Sometimes highest
accuracy may not be the most important consideration. The actual choice
of method will depend on the relative weights assigned to the various
considerations.

For pesticide vapor pressure measurements in our laboratory, we
used two methods: one static and the other dynamic. For liquids with
moderately high vapor pressures (approximately 1 mm. Hg or greater),
the du Pont 900 differential thermal analyzer was used to measure boiling
points at different pressures. The chief merits of this method are that
extremely small amounts of sample are required (10 pliters) and the
measurements are rapid. For lower vapor pressures (107 mm. and less)
of both liquids and solids, the Knudsen effusion cell has been used. This
use of the Knudsen cell differs from most published methods in that the
effusing vapor is caught and determined directly rather than being esti-
mated from the loss in weight of the cell. This has two advantages:
(a) impurities can be “ignored” by appropriate choice of analytical
method, and (b) the amount of sample required is small (50 to 200 mg.).
A disadvantage is that for low vapor pressures long times may be required
to collect sufficient material for analysis. Estimates of pressure in the
intermediate range of 10 to 0.1 mm. have been obtained from measure-
ments at lower or higher temperatures and well established temperature/
vapor pressure relationships.

Experimental

A schematic of the du Pont 900 differential thermal analyzer is shown
in Figure 1. In outline it is quite simple—namely, a heating block with
two wells into which thermocouples are inserted, and associated instru-
mentation for sensitive determination of temperature difference between
the two thermocouples. The bell jar over the block controls the pressure
in the system. To determine a boiling point, thin-walled glass tubes,
about 4 mm., in diameter, are loaded with 1 or 2 mm. of microglass beads,
placed in the block, 0.01 to 0.02 ml. of liquid is injected into one capillary,
and the thermocouples are inserted. After the pressure in the system is
stabilized, the heating cycle is begun, and when the boiling point of the
liquid is reached, vaporization prevents any further temperature rise in
one capillary; hence, the difference in temperature which develops is
recorded on the graph of the machine. The pressure in the bell jar which
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encloses the entire heating block can be and is quickly raised to quench
the boiling, thus permitting several boiling point temperature measure-
ments to be made on a single sample of pure material before loss of
material terminates the run. For mixtures, however, the loss of volatile
components during boiling changes the composition too rapidly to allow
a valid measurement of boiling point. Figure 2 shows a graph or data
sheet for a series of measurements from a run on ethylene dibromide.
Each dip represents the boiling point at one pressure, so that seven or
even more points were obtained from the single 0.01-ml. sample. The
complete run of a number of points is made in a period of 10 to 20
minutes, depending on the rate of heating.

SAMPLES
THERMOCOUPLES
HEATING BLOCK

1]

TO MANOMETER TO PUMP

CONTROLLED
LEAK

Figure 1. du Pont 900 differential thermal ana-
lyzer for determining boiling point-pressure
curves

The apparatus used for many of the vapor pressure measurements
by the Knudsen effusion cell was modeled closely after that described by
Carson et al. (7). The vapor effusing into a vacuum from a small hole in
a chamber is condensed on a surface cooled by dry ice-acetone or liquid
nitrogen. Carson et al. used radioactive compounds and determined the
radioactivity condensed as a measure of the quantity effused. We have
found that organic chemicals can be removed satisfactorily by methanol,
cyclohexane, and other solvents from a surface of glass or stainless steel
disc (attached to the flat glass surface), so that this method can be
extended to non-radioactive materials. Difficulties were experienced with
the large taper joints used in the design of Carson et al., particularly metal
to glass. The liberal use of silicone lubricant was required to prevent
breakage of the joint owing to differential expansion of the metal and
glass; this produced a contamination problem when measuring low vapor
pressures, especially below 107 or 10® mm. Hg. Therefore, the apparatus
was redesigned to use O-ring seals as shown in Figure 3.

The sample disc is contained in a chamber formed from two non-
magnetic stainless steel parts, base and chamber cover. The vapor escapes
from the chamber through a small hole (of accurately determined area
and thickness) directly under and about 4 mm. from the collection sur-
face. The collection surface, which is ground flat and polished, is the
bottom surface of a well containing the coolant which is normally liguid
nitrogen. This glass apparatus was fabricated from a section of standard
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borosilicate glass pipe, whose flange clamps to the metal units as indi-
cated. Silicone O-rings are quite satisfactory if they are periodically
soaked overnight in methanol or acetone to remove volatile contaminants.

w
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x |-
=)
-
<
o —
&
b3
] mm_ 22 4 s
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TEMPERATURE (°C)

Figure 2. Boiling point vs. pressure for ethylene dibromide as de-
termined by the differential ti:rmal analyzer. Heating rate = 15°C.
per minute; vertical scale 0.1°C. per division

There is also a small magnetic stainless steel disc which can be
pulled on and off the effusion hole with a magnet and thus start and stop
effusion runs. Hence, the rest of the apparatus must be nonmagnetic.
A cover over the top of the chamber (not shown) provides a channel for
movement of this disc and serves as a “heat shield” for the chamber. The
opening in this cover is large enough so that there is no interference with
the effusion “beam.” The entire metal part of the apparatus is immersed
in a water bath to control the temperature. Two accessories were found
necessary for operating the apparatus. A U-tube type of trap (cooled
with liquid nitrogen) was needed to protect the vacuum line from con-
tamination and to check for efficient condensation of effusing vapors.
When the apparatus is operating properly, washings from the trap and
other portions of the glass equipment will show no trace of the chemical
being trapped on the condensing surface. A large Dewar flask, which is
attachable by a vacuum-jacketed glass joint, can be inserted in the cold
finger to provide a reservoir of liquid nitrogen sufficient to allow an
overnight run. Very low vapor pressures are, in theory at least, deter-
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minable in this way, but blanks, representing contaminants in the appa-
ratus, including the O-rings, are a practical limitation. Normal cleanin
precautions reduce the blanks to a level which does not interfere wi
vapor pressure measurements of approximately 10 mm. More heroic
measures are needed for very low vapor pressures such as 107 or less.
Fortunately, pesticides with such low vapor pressures are usually not
volatile in any practical sense. The lower limit for vapor pressure will
also depend upon the sensitivity of the analytical method available. In
all this work, ultraviolet absorption has been used since the compounds
of interest have been unsaturated ring compounds, but other methods
could be used equally well.

T

afp—
TRAP AND
VAGCUUM LINE
- COOLANT RESERVOIR
SILICONE
. -0-RING
CHAMBER
1 1 A PLATE
CLAMP
f——BASE

L—le——l

Figure 3. Improved effusion cell for vapor pressure measurement

| g

Results

Some measurements with the differential thermal analyzer are sum-
marized in Table I. The data are condensed into the two constants of
the Clausius-Clapeyron equation:

log P (mm.) =A — B/T (°K.)

From these constants, vapor pressure can be estimated for any desired
temperature, and this is done for 25°C. or the melting point if that is
higher. Since individual data points were lost in the curve fitting, some
indication of variability is needed; this is provided as the standard devia-
tion for the regression and the 95% confidence interval for the calculated
value at 25°C, (or the melting point).
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(calc.) —log P (obs.))?2
(No. of obs. — 2)

Standard deviation = ‘/ (log P

(X-Xx)*

95% Confidence interval =t o5 X Std. Dev. J 1/n+ 334

n == Number of data points.
X == Mean value for 1/(¢(°C.) + 273.15) from data.
X

= 1/(¢(°C.) 4 273.15) for temperature of calculated vapor
pressure.

1
~ 3(°C.) F 27315

toos == Student’s T for 0.05 level with n — 2 degrees of freedom.

— 2
SSX == 3 (X ) for all data points.

£ ggt)e ;my standard statistical reference such as Snedecor (18, pp. 43 and

The standard deviation is an indicator for the average deviation of
the regression line from the experimental points. For example, with one
of the ethylene dibromide runs the average for the absolute values of
differences between calculated and observed values of log P was 0.0053,
and the standard deviation was 0.0079.

It would appear from Table I that the available comparison data
are just as variable as data obtained with the differential thermal analyzer.
The second index of variability, the 95% confidence factor, is a measure
of the expected precision for the estimated vapor pressure at 25°C. (or
melting point). This includes not only the variation of the experimental
points from the regression line but also the uncertainty in the slope of
that line. This latter factor has a progressively greater effect as the line
is extended—i.e., the further the extrapolation is carried beyond the
experimental data. For ethylene dibromide, for example, there is a 95%
probability of the vapor pressure lying between 12.0 and 12.8 (12.4 =
1.032 and 12.4 X 1.032).

It is obvious from Table I that this internal variability of the data
does not account for differences between different observers. For bromo-
benzene and ethylene dibromide our values are higher than those in the
literature. The value for water coincides closely. It seems reasonable to
expect an accuracy of better than 10 or 20% for these types of compounds.

Vapor pressures obtained by the Knudsen effusion method are shown
in Table II. The precision of the determinations is indicated by the 95%
confidence interval computed either from an average of experimental
determination or from the standard deviation of the regression equation.
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Table I. Vapor Pressures Determined with the
Squares Method to the

Log,o P=
Compound Reference A B

CeH;Br Observed 7.7807 2105.4

13 7.9336 2165.9

EDB (liquid) Observed 7.8632 2018.1

5 8.6615 2279.3

Water Observed 8.8076 2215.8
8

Hydroquinone Observed 9.9167 3509.3

(m.p., 170°C.) 19 9.4065 3629.2

Acetanilide Observed 8.8854 3462.5

(m.p., 113°-114°C.) 11 9.5194 3767.1

* Unless temperature is otherwise indicated.
° See text under Results.

In most cases, the literature values lie within this range, indicating agree-
ment within experimental variability. Again, it seems reasonable to
expect an accuracy of better than 10 to 20%.

Data were also obtained by this method for the solid states for the
methyl ester of 2,4-D, the n-propyl ester of 2,4,5-T, and the butyl ester
(liquid) of 2,4-D. The results are shown in Table III. These data were
fitted by the least squares method to the Clausius-Clapeyron equations
given in footnotes to Table III. These equations were used to estimate
the vapor pressures at several temperatures, including the melting point.
In Table IV, these are compared with estimates from other sources.
Jensen’s unpublished data with the Knudsen method compare favorably
with those reported in this work, but the published values obtained by
other methods are larger.

The differences that are observed in Table IV reflect two factors:
the melting point and extrapolation uncertainties. In the case of the
estimates at 25°C. for methyl 2,4-D by Mullison and Hummer (16) and
by Jensen and Schall (14), the fact was overlooked that the melting



Published on June 1, 1969 on http://pubs.acs.org | doi: 10.1021/ba-1969-0086.ch005

Library
American Chemical Society

5. HAMAKER ET AL. Vapor Pressure 47

Differential Thermal Analyzer Fitted by Least
Clausius-Clapeyron Equation

A— B
(t(°C.) + 273.15)
95%
Temp. Calc. V.P. Std. Conf.
Range, °C. 25°C.* Dev.’ Factor° Comments
49-131 5.23 .014 1.05 3 runs
29 points
30-190 4.67 .020 1.03
47-109 12.4 .0079 1.03 3 runs
17 points
9.6-25.1 104 .021 1.07 15 points
34-91 23.7 .0096 1.04 1run
10 points
23.756
181-254 17.7 .0079 1.04 1run
8 points
174-268 17.5 (170°C.) .00775 1.04 11 points
181268 0.83 .017 1.24 1 run
7 points
150-251 0.58 (113°C.) .019 1.19 11 points

® Sample standard deviation from regression of Snedecor (Ref. 18, p. 125).

point of methyl 2,4-D is 39°C. with the result that their estimates could
be expected to be high. The temperature coefficient for vapor pressure
of the solid state is higher than that for the liquid state, to a degree
determined by the heat of fusion for the substance. Jensen has kindly
provided us with unpublished data from Knudsen cell measurements on
methyl 2,4-D, one value for solid state (28°C.) and a range of values
for the liquid state (60° to 100°C.). The agreement with our results, as
shown in Table IV, is well within experimental variability.

The agreement in the case of the published data is not close. It is
felt that this is contributed to by the process of extrapolation which is,
at best, a hazardous occupation. In many cases such as this the measure-
ments are made at elevated temperatures, and vapor pressures at room
temperature are calculated from the Clausius-Clapeyron equation. There
are two uncertainties in this extrapolation process: uncertainty in the
slope of the line of best fit and inaccuracy in the equation itself.

The first factor, which arises because of the inevitable uncertainty
present in any experimental data, can be estimated statistically as indi-
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Table II. Comparison of Vapor Pressures by the
Effusion Method with Literature Results

Temper- Average 95% % Diﬁ. )
ature, Pressure, Confidence  Literature Obs-Lit.
Compound °C. mm. Hg Interval Value* Obs.
a-Chloro-m- 25 1.09 X103 = 25X 10% 87X 108 +20%
nitroaceto- 35 337X10% = 30X 105 3.7X10% — 98%
phenone
Thymol 0 579X10* *1.1X10*% 55X10* + 50%
25 170X 102 * 13X 102 1.6 X 102 + 5.9%
35 790X102 = 19X 102 54X 102 —-31%
4,8-Dinitro- 35 36X10%* * 22X 10* 40X 10* -11%
o-cresol
2-Chloro-8- ( tri- 23 271 X 103 — 2.84 X 103* — 4.8%
chloromethyl) -
pyridine
Trifluralin ° 29 219X 10 * .14 X10* 1.99 X 10* + 9.1%

¢ Data from Balson (1) except where otherwise indicated.

? Determined by the gas saturation method.

° Calculated from least squares fit of Clausius-Clapeyron equation:
5249.2

(¢(°C.) +273.15)

Literature value from manufacturer’s brochure.

logio P =13.7126 —

cated in the discussion of the DTA data. For example, with Jensen and
Schall's data for the vapor pressure of the methyl ester of 2,4-D, the
experimental uncertainty at 225°C. for an estimate by the Clausius-
Clapeyron equation can be expressed as a 95% confidence interval of
4.6% in the vapor pressure value. At 39°C., this figure has become 36%.
For the data in Table IV,.this extrapolation error is estimated to vary
between 15 and 84%.

The second factor involves the particular mathematical function
chosen to represent the data and is not easy to estimate. Some idea can
be formed by considering data which are known to deviate from the
Clausius-Clapeyron relation—e.g., that of Balson and co-workers on
lewisite and mustard gas. From careful measurements of vapor pressure
over a wide range of temperature (120°C.), they showed that the plot
of log P vs. 1/T(°K.) was not the straight line predicted from the
Clausius-Clapeyron equation. However, the deviation was not large
(< than twofold), and Balson concluded that for temperature ranges
of 50°C. or less, the Clausius-Clapeyron equation fits within experimental
error for even careful experimental work. It must be emphasized that
he is speaking of both accurate and extensive data. In the case of mustard
gas, Balson presents data for 20 well-spaced temperatures; in the case
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Table III. Vapor Pressures of Esters of Phenoxyacetic Acid Herbicides
by the Knudsen Effusion Method

Published on June 1, 1969 on http://pubs.acs.org | doi: 10.1021/ba-1969-0086.ch005

Observed Calculated*
Temperature, Vapor Pressure, Vapor Pressure,
Compound °C. mm. mm.
2,4-D methyl ester 17.6 1.07 X 10 1.16 X 104
(m.p., 39°€.) 17.8 1.23 X 10 1.19 X 104
25.0 35 X 10+ 3.25 X 10
3.29 X 104
3.24 X 104
34.6 1.28 X 103 1.16 X 103
34.8 1.12 X 1078 1.19 X 108
1.17 X 108
39 —_ 2.01 X 1078
2,4-D n-butyl ester 16.0 3.42 X 108 3.33 X 1078
(liquid at lowest temp.) 16.5 3.01 X 10¢ 3.52 X 1078
24.2 8.14 X 10¢ 8.14 X 106
1.33 X 1075
7.89 X 108
24.8 8.43 X 10¢ 8.87 X 1078
25.4 9.55 X 10 9.24 X 1078
25.5 8.28 X 108 9.34 X 107t
34.6 2.01 X 103 2.36 X 1075
2.05 X 1075
34.8 2.55 X 108 2.41 X 105
44.0 5.84 X 1078 5.82 X 108
6.38 X 106
25.0 —_ 8.68 X 1076
2,4,5-T n-propyl ester 0 2.37 X 1078 2.83 X 106
(m.p.,47°C.) 25 7.46 X 1073 4.70 X 1078
6.3 X 10
25.5 457 X 108 4,95 X 105
34 7.98 X 1078 1.15 X 104
35.5 1.24 X 104 1.30 X 10
40 2.14 X 10 2.04 X 104
1.81 X 104
47 —_ 3.87 X 103

* Values were calculated from the following equation which had been fitted by the
least squares method to the data:

5261.8
Methyl 2,4-D Logio P (mm.) = 14.1598 — -y ome

4087.9
n-Butyl 2,4-D Logio P (mm.) = 85012 — ey Tomm s

39734

n-Propyl 2,4,5-T Logm P (mm.) = 8.9984 — ﬂmg
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Table IV. Comparison of Vapor Pressure Values

Estimate of
Error: 95%
Temp., This Literature  Confidence
Compound °C. Investigation Value Factor
Methyl 2,4-D ester 25 3.25 X 104mm. 1.55 X 1073 —
25 3.25 X 104mm. 2.3 X 1073 —
28 6.86 X 10*mm. 7 X 10 —
39 2.01 X 103mm. 2.04 X 103 1.42
(m.p.)
(m.p.) 201 X 103mm. 6.78 X 1073 1.36
n-Butyl 2,4-D ester 25 8.86 X 10®mm. 3.97 X 10 1.48

n-Propyl 2,4,5-T ester 47 3.86 X 107*mm. 1.37 X 1073 1.84

* The constants in this equation differ slightly from those in the reference because
more_data were used to obtain the latter. Vapor pressure estimates do not differ
greatly, however; 7.39 X 103mm. for 2,4-D methyl ester and 1.61 X 1073 for
n-propyl 2,4,5-T.

of lewisite, 37 points were used to establish the curve. Very little data
in the literature of vapor pressure of pesticides are in this category.

The deviations observed between extrapolated estimates from GLC
data, and direct measurements with the effusion measurements appear
to be too large to be accounted for by extrapolation uncertainties. The
best estimate can probably be obtained by fitting the combined data to
the Clausius-Clapeyron equation (footnote b of Table IV). The obvious
implication is that where possible, extrapolation of pesticide vapor pres-
sures obtained at elevated temperatures be converted to interpolation
by including a direct measurement at room temperature. In terms of the
work described here, vapor pressure measurements requiring the DTA
should be supplemented with Knudsen cell measurements. This would
require a temperature at which the vapor pressure was 10 mm. or less.

Corrections in Knudsen Effusion Method. Two corrections must be
applied in the Knudsen effusion method to prevent large errors: correc-
tion for (1) finite thickness of the orifice plate and (2) pressure drop
owing to loss of vapor through the orifice. The first correction is necessary
because the Knudsen effusion equation shown below is derived from an
orifice with negligible thickness. Orifices whose thicknesses are an appre-
ciable fraction of their diameter have collimating action that diminishes
their effective area. A correction factor attributed originally to Clausing
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for Esters of Phenoxyactic Acid Herbicides

Temp. Reference and
Method Range, °C. Regression Eqn.’
B.p. vs. temperature — 16
GLC 171-300 14
Knudsen Effusion cell 28 Jensen (private communication)
Knudsen Effusion cell 60-100 Jensen (private communication)
GLC 171-300 14
(Log P =8.50747 — 3495.4/t(°K.))*
GLC 171-300 14
(Log P =9.01015 — 3700.3/t(°K.))*
GLC 171-300 14

(Log P = 9.31670 — 3899.4/t(°K.))*

*If the data of Jensen and Schall are combined with that of this investigation, the
following equations represent best fit for the vapor pressure of the liquid state:

Methyl 2,4-D (39-300°C.) — Log P = 9.70660 — 3909.3/[¢(°C.) + 273.15]
n-Butyl 2,4-D (16-300°C.) — Log P — 11.41254 — 4917.9/[¢(°C.) + 273.15]

n-Propyl 2,4,5-T (47-300°C.) — Log P = 44.95766 — 6399.7/[¢(°C.) + 273.15] —
11.37000 log [¢(°C.) + 273.15]

n-Propyl 2,4,5-T (47-300°C.) — Log P = 10.1304 — 4311.0/[¢(°C.) + 273.15]

(9) (see Kenard (15)), when multiplying the actual area, produces an
“effective” area which is valid in the Knudsen equation:

M 1/2
W= PA (—2"”) t

W = Weight loss by effusion

P = Vapor pressure in the chamber
A = Area of the orifice

M = Molecular weight of the vapor
R == Gas constant

T == Absolute temperature

t == Time

B 20 + 8 (D/R)
f=30+19(D/R) +3 (D/R)?

f = Clausing factor
D = Depth of the hole
R = Radius of the hole
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Table V. Vapor Effusion of 2-Chloro-4-aminopyrimidine

Average

Effusion Flux
Orifice Rate, pgram /hr. No. of

Radjius, cm. Area, 3q. cm. pgram/hr. $q. cm. Runs

0.01060 3.530 X 10 5.34 15,114 2
0.01809 1.028 X 108 23.9 23,225 4
0.03886 4.744 X 103 80.2 16,922 (¢]
0.05332 8.932 X 1078 170.5 19,094 8
0.1793 0.1010 1,430 14,163 3

* From the least square regression equation: ﬁ-fqmc—r/n]" = 10* (1.9204 — .03378 X
pgram/hr.).

For the orifices in our apparatus, this factor varied from 0.5 to 0.7.

To determine the effect of orifice size on vapor pressure, five different
orifices were used to measure the effusion rates at 25°C. of one compound,
2-chloro-4-aminopyrimidine. Carson, Cooper, and Stranks (6) have shown
that the net rate of effusion is directly proportional to the flux (rate of
effusion per unit area) if other factors are constant. That is, a graph of
effusion rate (ugram/hr.) vs. flux %“%m@ would be a straight line
that can therefore be extrapolated to zero orifice. The results of this
test, shown in Table V, were somewhat variable, but a best straight line
was fitted by the least squares method. From this line the limiting flux
was estimated.

The fact that Carson et al. found larger errors for comparable orifice
sizes can probably be accounted for by their smaller chamber (approxi-
mately one-third in volume). Exact comparison is difficult because of
uncertainty in the amount and nature of the sample surface. In any case,
considering the experimental variability, the pressure-drop error appar-
ently can be safely neglected (3% ) if the orifice is 1 mm. or less in
diameter, which was the case for all the work reported here.

In connection with the orifice test, the vapor pressure of the solid
state of this pyrimidine was also determined over a range of temperature
from 0° to 50°C. The Clausius-Clapeyron equation fitted by least squares
to the 14 measurements made was:

log P = 11.73591 — 4609.3/T (°K.)

and the calculated vapor pressures at 20° and 25°C. were 1.03 X 10
and 1.89 X 10 mm. This material is being developed in Japan as a
nitrification inhibitor.
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as a Function of Orifice Diameter

Calc.* % Difference

Std. pgram /hr. % of Limiting from Observed
Dev. sq. cm. Flux® Value
—_ 19,187 99.9 +21.2
286 19,121 99.6 -21.5
747 18,925 99.5 10.6
390 18,611 96.91 2.6
330 14,231 74.1 0.5

* Carson, Cooper, and Stranks (6) report the following for tetraphenyltin and tetra-
phenyllead:

orifice radius (cm.)—0.1, 0.05, 0.025

% of Limiting flux—50, 87, ~99

Conclusion

The two methods described for determining vapor pressures appear
to give reliable vapor pressure data for “volatile” pesticides and fumigants.
The precision is better than 10 to 20% in most cases. Care must be taken,
particularly with the determination of low vapor pressures which can be
difficult. Estimation of vapor pressures by Clausius-Clapeyron and other
related functions is dependable for interpolation and limited extrapola-
tion. Extensive extrapolation is, as always, dangerous, and a direct
measurement should be made as closely as possible to the desired tem-
perature. The literature contains a number of examples which violate
this principle.
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Surfactants, by virtue of their combined polar and apolar
nature, often facilitate and accentuate the emulsifying,
dispersing, spreading, wetting, solubilizing, and/or other
surface modifying properties of herbicidal formulations.
Reducing surface or interfacial tension and contact angle
improves spreading and wetting, to a point, thus favoring
penetration. However, subtler and more specific herbicide—
surfactant—plant surface interactions must account for en-
hancement beyond that attributable to improved wetting.
Both polar (hydrophilic) and apolar (lipophilic) absorption
pathways through plant cuticle apparently exist. For certain
chemical groups, definite structural configurations are appar-
ently related to activity (or inactivation), translocation, and
biodegradability. Radiotracer studies indicate that surfac-
tants enhance primarily at the point of application and in
immediately underlying tissues. Presently, there is no evi-
dence for surfactant-facilitated herbicide translocation,
per se.

Considerab}e information is known about the absorption, translocation,
and gross physiological mode of action of several recommended
herbicides (1, 2, 10, 11, 12, 13, 14, 16, 25, 38, 52, 65). Relatively little

! Present address: Department of Botany, University of Guelph, Guelph, Ontario,
Canada.
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information is available, however, concerning the modifying effects of
chemical additives on the uptake, distribution, and persistence of herbi-
cides and the ultimate fate of the additives themselves in plants and soils.

Numerous herbicides are currently recommended and used for weed
control in agricultural, industrial, and recreational areas. However, the
method of formulation and application of such chemicals to plants or
soils may markedly affect their biological efficacy and persistence. Chemi-
cal additives (primarily surfactants) in both oil and aqueous sprays are
already used widely, and when properly understood, promise a virtual
revolution in the use of agricultural chemicals. Conceivably, not only
weed control performance and herbicidal selectivity can be altered but
also distribution, metabolism, and accumulation of chemical residues.
With the widespread introduction and increasing use of chemical addi-
tives in weed science and technology, we must therefore “learn to reflect
on what before we knew” about the use of herbicides.

This article is a brief report on the state of knowledge in certain
aspects of the field, selected literature citations, a resumé of some of our
recently published articles (22, 23, 24, 25, 26, 27, 28, 54, 55, 56, 57, 58,
59), and summary statements relating to unpublished work by one or
both of the authors at the University of California, at Ft. Detrick, Mary-
land, and at Virginia Polytechnic Institute.

Terminology

Surfactants are additive chemicals which possess surface modifying
properties—i.e., they possess the ability to reduce the surface energy of
solvents at low concentrations. Many chemical substances qualify for
inclusion under the name surfactant, and McCutcheon (41) lists over
3000 commercial materials. Many other chemicals not listed by Mc-
Cutcheon also qualify as surfactants (surface-active agents).

Collectively termed additives, these chemically diverse substances
are sometimes grouped according to type of action (15) as follows:
surfactants (wetting agents, spreaders, penetrants), stabilizing agents
(dispersants, emulsifiers), co-solvents (coupling agents), hygroscopic
agents, deposit builders (stickers), activators, etc. These types of actions
may sometimes be real, sometimes imaginary, but they are not necessarily
mutually exclusive. Thus, in part because the role, function, and rate of
such substances are poorly understood, even the terminology of herbicidal
additives remains confused. The assumption that all of these commonly
used terms are synonymous has only contributed to and perpetuated the
confusion.
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Nature of Surfactant Action

Surfactants are usually classified into three main groups—i.e., anionic,
cationic, and nonionic, depending on their ionic nature in solution. A
fourth group is sometimes included, and these are called amphoteric
surfactants, which show both anionic and cationic properties depending
on pH.

The diversity of the chemical structures possible in these compounds
is enormous, thus making it difficult to arrive at precise structure-activity
relationships. In many instances commercial preparations are mixtures
of surfactants with the mean length or weight of any side group or chain
being distributed around a Poisson distribution curve. Thus, there is
tremendous variation possible within individual surfactants and mixtures
of surfactants, often making it difficult to interpret results.

In general, a surfactant molecule consists of two parts, a hydrophobic
part and a hydrophilic portion. The combined polar and apolar nature
of these molecules as well as their interactions with adjoining molecular
groups appear to determine their emulsifying, dispersing, spreading,
wetting, solubilizing, and other surface-active properties.

Increasing numbers of surface-active agents, detergents, and other
chemical substances have found application in various phase of biological
science in recent years (15, 20, 41, 45, 49, 51, 53). Several chemical com-
pounds or mixed (formulated) products including the new biodegradable
surfactants increase the effectiveness of herbicidal solutions, on occasion,
presumably by promoting penetration (7, 15, 16, 19, 22, 23, 24, 28, 29, 33,
34, 37, 42, 43, 44, 57, 58, 59, 60, 66). The fact that certain surfactants may
enhance the activity of herbicidal sprays has been known for the past
25 years (66), but precisely how and where do they exert their influence?
Acceptance of various surfactants in agricultural practice has been based
too much in the past on the results of empirical testing rather than
fundamental scientific principles.

Although it is generally conceded that the nature of herbicidal
enhancement is closely allied with penetration (16), surfactants could
conceivably influence the activity of herbicidal sprays at several sites.
These sites could include areas

(a) within the actual spray solution,

(b) on the cuticle surface,

(c) within the cuticle layers,

(d) within or on the surfaces of living cells underlying the cuticle,
and/or

(e) within plant tissues removed from the treated area.

Generally, surfactants (surface-active agents) may facilitate and
accentuate the emulsifying, dispersing, spreading, wetting, solubilizing,
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and/or surface modifying properties of herbicidal formulations to bring
about enhancement of foliar penetration and herbicidal action (12, 15,
19, 25, 37, 38, 60). Surfactants presumably accomplish this by virtue of
their combined polar and apolar properties in the same molecule, render-
ing compatible aqueous and lipoidal phases. Surfactants by their nature
normally reduce surface tension of aqueous systems, improve wetting to
a point, and may favor both stomatal and cuticular penetration (12, 15,
16, 22, 23, 25, 28).

Recently, herbicides which formerly showed little or no foliar activity
(e.g., atrazine and diuron) have been used effectively with surfactants
and/or oils as post-emergence herbicides (3, 17, 36, 39, 42, 43). This
approach offers promise in that lower rates may be required for equal
weed control and at the same time residue hazards may be reduced.

Surfactants have also enhanced the uptake of herbicides by plant
roots from nutrient solution, where neither stomata nor cuticle is involved
(15). Altered herbicidal toxicity patterns have been observed in field
studies using surfactants (6). Here, penetration rather than cuticle wet-
ting is obviously of primary importance but still not understood. Also,
as with foliar applications, influences on translocation, accumulation, and
metabolism of herbicides may be involved. Exactly where do herbicides
and surfactant applied in the same solution part company? Is it possible
to enhance both absorption and translocation of herbicides by using suit-
able surfactants? The application of pesticide chemicals and additives
to the soil may markedly affect the chemical, biological, and physical
properties of both—another area of potentially great importance that is
only now receiving meager attention (54). Water percolation and leach-
ing of herbicides are apparently affected by the addition of surfactants
to soil of irrigation water (4). It has been shown that surfactants can
increase or decrease the leaching of diuron in the soil (Figure 1) and that
structure-activity relationships exist between the structure of certain
surfactants and the degree of adsorption of diuron by the soil (54).

The fact that certain surfactants alone may exhibit physiological,
biochemical, and morphogenic effects, both stimulatory and inhibitory
(5,8, 32, 38, 46, 48, 49, 61, 62, 63, 64), has gone almost entirely unnoticed.
Each of these aspects also requires study in relation to its influence on
herbicide residues.

Comments on Herbicide—Surfactant—Plant Interactions

Numerous physical and chemical interactions among herbicides, sur-
factants, solvents (carrier), and plant surfaces are conceivable and prob-
able, though inadequately studied as yet.

Surfactants do not always enhance, but may have no effect or even
be detrimental to the action of a herbicide depending on many factors
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Figure 1. Influence of surfactants on leaching
depth of diuron as determined by 50% kill of
oats in 2-inch soil columns

(A) 10 grams/liter surfactant, 10 inches simu-
lated rainfall

(B) 100 grams/liter surfactant, 10 inches simu-
lated rainfall

From Soil Science (54), © 1966 by Williams

& Wilkins Co., Baltimore.

(15, 33, 34, 37, 47). The nature of total surfactant action in the uptake
of herbicides is complex and poorly understood; however, influences of
the chemical and physical environment must be important and appre-
ciable. In some instances, specific interactions between herbicide and
additive, ionic or otherwise, may occur at interfaces, altering both physico-
chemical properties and herbicidal performance (18, 34, 35, 57).

Interactions between surfactants and herbicides in spray solutions
are known to occur (57), and those studied either have no effect or are
detrimental to herbicide activity. No definite evidence exists that sur-
factant-herbicide interactions in solution cause enhanced activity of
herbicides.
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Table I. Initial Count Rate (c.p.m.) 5 Minutes after Mixing
in c.p.m. 2 Hours Later Recorded at the Solution—Air

Surfactants, Ionogenic Class Commercial Mol. wt.
and Chemical Designation Designation® (approx.)
Nonionic surfactants
Polyoxyethylene sorbitan monolaurate Tween 20 1225
Dodecyl ether of polyoxyethylene glycol Surfactant WK 438
Polyoxyethylene polyoxypropylene polyol ~ T-1947 1600
Polyoxyethylene glycol 400 monolaurate Nonisol 100 626
Anionic surfactants
Sodium lauroyl sarcosine Sarkosyl NL 300-310
Sodium dioctyl sulfosuccinate Vatsol OT 444
Alkylarylsulfonate Ultrawet DS 350
Sodium dodecyl sulfate’ — 288
Cationic surfactants
Alkyl imidazolinium chloride Quaternary O 450
1-Hydroxyethyl-2-heptadecenyl
glyoxalidine Amine 220 350

No surfactant — -

* Surfactant concentration, 1.0 gram/liter. Trials were replicated twice each.

® Mention of commercial products and companies is for specific identification of the
surfactants evaluated and does not imply endorsement by g'fe University of California
over others of similar nature not mentioned.

° Molecular weights as well as chemical identification of the surfactants studied were
obtained mostly from company literature.

¢ Sources: (1) American Cyanamid Co., Princeton, N. J.; (2) Atlantic Refining Co.,

One type of interaction that can occur in solution is chemical in
nature, as that between a positively charged molecule, such as the
herbicide paraquat, and negatively charged molecule, such as the anionic
surfactants. However, work at Davis (57) has shown that not all such
interactions are detrimental to the effectiveness of the herbicide. It
appears that even though the chemical interaction has occurred, it is not
in itself sufficient to prevent the toxicity of paraquat. This seems to
depend on the structural nature of the surfactant molecule and the con-
centrations of the surfactants and herbicides used. Table I shows that
paraquat-1C in solution with surfactants of the anionic type is adsorbed
or oriented toward the surface layers of the mixture. Presumably this
type of result indicates chemical ionic adsorption of paraquat-'*C into
the multilayered or monolayered solution—air interface of anionic sur-
factant molecules.

Other molecular interactions in solution between herbicide molecules
and surfactant micelles have been suggested (58), but no direct evidence
exists for this assumption, although the cleaning action of detergents has
been explained in this way (20).
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Paraquat-*C with 10 Surfactants, Together with the Increase
Interface of the Paraquat-“C and Surfactant Mixtures (57) *

Initial CPM Increase in CPM
Source*
Trial 1° Trial 2' Trial 1 Trial 2
(3) 1250 887 443 163
(4) 1282 976 852 261
(8) 1325 720 347 259
(5) 1227 961 386 273
(5) 1536 992 1450 760
(1) 2386 1480 2199 2171
(2) 2098 1413 2683 1688
(8) —_ 1048 — 174
(5) 1356 787 247 36
(7 1319 802 121 -29
— 1294 819 253 9

Philadelphia, Pa.; (3) Atlas Chemical Industries, Inc., Wilmington, Del.; (4) E. I
du Pont de Nemours and Co., Inc., Wilmington, Del.; (5) Geigy Industrial Chemicals,
New York, N. Y.; (8) Matheson Scientific, Inc., Oakland, Calif.; (7) Union Carbide
Corp., New York, N. Y.; (8) Wyandotte Chemical Corp., Wyandotte, Mich.

° 1/2 uCi paraquat-14C (2 ml. containing 64.25 ugrams — 32,125 p.p.m.).

" 1/4 uCi paraquat-14C (2 ml. containing 32.12 ugrams — 16,062 p.p.m.).

’ Reagent grade.

Once a spray droplet lands on a plant surface, more interactions can
occur between the surfactant, the herbicide, and the plant cuticle. Thus,
the possible effects or roles of the surfactant are increased many fold.
Currier and Dybing (16) list some nine causes in addition to surface
tension lowering which may contribute to increased herbicidal effective-
ness when surfactants are included in spray solutions. All of these pos-
sible factors involve interactions among the surfactant, herbicide, and
plant, or at least between two of the three components: (a) improving
coverage, (b) removing air films between spray and leaf surface, (c) re-
ducing interfacial tension between relatively polar and apolar submicro-
scopic regions of the cuticle, (d) inducing stomatal entry, (e) increasing
the permeability of the plasma membrane through stimulation or incipient
toxicity, (f) facilitating cell wall movement in the region of the wall-
cytoplasm interface, (g) acting as co-solvents, (h) interacting directly
with the herbicide in some manner, (i) acting as humectants secondarily.

The inclusion of a surfactant in a solution of a dye or herbicide has
conclusively been shown to increase the amount of solution penetrating
through open stomata (21) and thus into the substomatal chambers.
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However, even here penetration through a much reduced cuticle layer is
often necessary before final penetration into the underlying tissues.

Penetration of herbicide solutions through cuticle in the absence of
stomata is also common, and under field conditions it may be the domi-
nant portion of the penetration of herbicides. The existence of both polar
(hydrophilic) and apolar (lipophilic) absorption pathways through plant
cuticle seems certain from several laboratory and greenhouse studies (10).

No physical removal of cuticle has been observed with microscopic
and chemical studies when the cuticle is treated with a surfactant,
although solubilization of waxes has been suggested. It is likely that
orientation of surfactant molecules occurs towards the cuticle surface
causing wetting and spreading of the spray droplets over the leaf surface.
This would enhance the penetration of the herbicide solution into stomata,
insect punctures, cracks, and other imperfections in the leaf surface.

Much work has been carried out on the penetration process and the
role of the surfactant. Sites both on and within the cuticle are involved.
Factors such as pH, humidity, light, and temperature have been shown
to influence this process (50). The main role or effect of the surfactant
is thought by many to be involved somewhere in the penetration process
through cuticle.

Herbicide—surfactant-plant surface interactions subtler and more
specific than mere surface tension lowering and increasing wetting un-
doubtedly occur (16, 28, 29, 33, 34, 35, 37, 49, 55, 57, 58). For example,
in one study (28) using several concentrations of anionic, nonionic, and
cationic surfactants with dalapon, minimum surface tensions and contact
angles occurred at 0.1-0.5% concentration for all surfactants. However,
maximum herbicidal activity was observed at 10 times these levels or
greater. Thus, above 0.1-0.5% surfactant concentration herbicidal en-
hancement was not correlated with surface tension lowering, contact
angle, observed wettability, or initial toxicity of the surfactants. Pre-
cisely where and how does enhancement of herbicides by addition of a
surfactant occur? Are mobility and accumulation as well as absorption
of herbicides altered by solution additives?

Definite structural requirements relating to activity (33, 34, 35, 55,
57, 58), translocation (56), and biodegradability (41) appear to exist
for certain chemical groups of surfactants. Whether these also influence
herbicide persistence in plants and roots requires further study.

Structure-activity relationships between several nonionic surfactants
and three water-soluble herbicides have been studied (58). In general
it has been shown that the herbicide, the surfactant concentration, the
hydrophilic constitution (ethylene oxide content), and the hydrophobic
portion of the molecule all markedly influence toxicity.
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Generally a peak of maximum enhancement is reached as the ethylene
oxide content is raised and the molecule becomes more hydrophilic, but
after a certain content (depending on concentration) the enhancement
drops away again. This is illustrated for two herbicides and two sur-

Role of Surfactants

factant concentrations in Figure 2.
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Figure 2. Relationship between the num-
ber o[ moles of ethylene oxide in octyl- or
nonyl-phenol polyoxyethylene glycol ether
surfactant molecules and the toxicity index
of these surfactants in mixtures with (a)
paraquat and (b) dalapon on corn plants.
Herbicides applied at 1/64 and 10 lb. /acre,
respectively; surfactant concentrations were
1.0 and 10.0 grams/liter. Toxicity index as
defined in the text (58)

@, 0.1% nonylphenol

M, 0.1% octylphenol

0, 1.0% octyf

X, 1.0% nonylphenol

Extrapolation of these results with specific herbicides, surfactants,
plant species, and environmental conditions to general conclusions about
the behavior of another class of surfactants under other conditions would

henol
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perhaps be hazardous at this point. However, the results of work thus
far would tend to support the following as a possible mode of action of
certain nonionic surfactants in herbicide solutions.

Studies on structure-activity relationships between herbicides and
homologous series of surfactants indicate that definite relationships exist
between the herbicide and surfactant structure for maximum herbicide
penetration. The length of the molecular chains (either hydrophilic or
lipophilic) of a surfactant molecule appears to have considerable influence
on herbicide penetration, and the surfactant concentration also influences
this process markedly.

It seems reasonable that molecules of a surfactant may diffuse from
the spray droplet into the cuticle of leaves perhaps via imperfections and
cracks and then align themselves in monolayers with their nonpolar ends
oriented in the cutin and wax. The polar ends will thus also form a layer
whose size depends on the length of the hydrophilic chain of the sur-
factant molecule. These layers or “hydrophilic channels” will presumably
attract water, causing swelling of the cuticle, and thus channels or pores
are formed along which herbicide molecules can diffuse according to
their various chemical properties (solubility, residual chemical charge,
polar properties, etc.).

One property of the surfactant molecule recently studied in detail
has been the influence of the number of moles of ethylene oxide (EO) in
the lipophilic side chain on herbicide penetration and activity. A sur-
factant with a small number of moles of EO—i.e., 1-5—or a short hydro-
philic chain appears to be too nonpolar, whereas one with a large number
of moles of EO—i.e., 40—is too large to form layers as efficiently as those
with an intermediate number of moles—i.e., 10-20. The relationship
between the number of moles of EQ in three alkylarylpolyoxyethylene
glycol ether surfactants and the toxicity of three different herbicide solu-
tions is illustrated in Figure 3.

The influence of surfactant concentration may possibly lie in the
micellar structure of the solution and the adsorption of herbicide mole-
cules into these micelles, or it could be caused by the increased diffusion
rate of the surfactant into the cuticle with increasing concentration, thus
satisfying all the binding or adsorption sites within the cuticle.

Studies on certain other physicochemical aspects of surfactant action
have been reported or reviewed (9, 24, 30, 31, 40, 47). Entry of oils,
some organic solvents, and aqueous sprays, with lowered surface tensions,
into stomata is apparently a mass movement; entry through cuticle is by
diffusion, at least initially (12, 16, 25). Cuticular diffusion is conditioned
by particle size, pH and buffers, molecular structures (of penetrant,
solvent, additive, and plant surface ), prevalence of water and other factors
(reviewed in Refs. 12 and 47; cf. other references cited). The final influ-
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Figure 3. Relationship between the
number of moles of ethylene oxide in
octylphenol (®), nonylphenol (W), or
laurylphenol (O) polyoxyethylene gly-
col ether surfactant molecules and the
toxicity index of these surfactants in
mixtures with (a) paraquat, (b) dalapon,
and (c) amitrole on corn plants. Herbi-
cides applied at 1/64, 10, and 5 lb./
acre, respectively; surfactant concentra-
tion was 0.005M in all cases. Toxicit
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weight for each treatment as percentage
of untreated control and subtracting this

value from 100 (58)
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ence of a surfactant, then, will be determined by the nature of the sur-
factant (charge or ionogenic class, hydrophilic-lipophilic balance (HLB),
chemical structure, and concentration), the herbicide, the solvent, the
plant surface, and the physical environment. Interactions must also be
expected between plant surface and applied chemicals as follows: me-
chanical (relation of penetrant particle to pore size), physicochemical
(competition for adsorption sites), and chemical or electrical reactions.
Such interactions, recognized as possible but poorly understood in any
given situation, undoubtedly contribute to the erratic results reported
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