INFLUENCE OF SURFACE TENSION AND CONCENTRATION OF A NON-IONIC
SURFACTANT ON THE BARRIER EFFECTIVENESS OF A MICROPOROUS
POLYPROPYLENE FABRIC FOR PESTICIDE PROTECTIVE CLOTHING

by
Santosh Shankar Padki
Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of
Master of Science
in

Clothing and Textiles

%aéj%le J.T. Norton, Chairman

Clothing and Textiles

boni N L e o

Rinn M. Cloud James P. Wightm‘ﬁn
Department of Textiles Chemistry

& Consumer Sciences
Florida State University

APPROVED:

June 1997

Blacksburg, Virginia

Key words:  Surfactants, Surface Tension, Wetting, Pesticide Protective Clothing,
Microporous Materials, Barrier Effectiveness.



2 LD
C. 5655
V855
1997
P235

C.Z



THE INFLUENCE OF SURFACE TENSION AND CONCENTRATION OF NON-
IONIC SURFACTANT ON THE BARRIER EFFECTIVENESS OF
MICROPOROUS POLYPROPYLENE FABRIC FOR PESTICIDE PROTECTIVE
CLOTHING
by
Santosh Shankar Padki
Marjorie J.T. Norton, Chairman
Clothing and Textiles
(ABSTRACT)

This research evaluated the influence of concentration and surface tension (y) of
aqueous solutions of a non-ionic surfactant on the barrier effectiveness of a fabric
containing microporous polypropylene (PP) film that may be used in pesticide protective
clothing (PPC). Aqueous solutions.of Triton® X-100, a non-ionic surfactant, at various
concentrations were prepared, and the y of each solution was determined. The
immediate advancing contact angles (0), made by a 5-uL drop of each test liquid on the
test fabric, were measured.

Barrier effectiveness was evaluated from the capillary penetration, wicking, and
wetting characteristics of the fabric using the surfactant solutions at various
concentrations. Wetting characteristics were evaluated from the drop absorbency test, a
modified Draves test, the spreading coefficient (S,) values and, by inference, from a
Zisman plot.

As surfactant concentration increased, y decreased, and then remained relatively

steady past the 0.0134 percent concentration level, the critical micelle concentration



(CMC) of Triton® X-100. As Triton® X-100 concentration increased, 0 decreased, even
past the CMC. Results of the study indicate that, as surfactant concentration increases,
the amount of capillary penetration and the wicking distance increase even past the CMC.
The time for drop absorbency and the Draves wetting tests were very high (> 600
seconds) for all liquids below CMC. Beyond the CMC, drop absorbency times were
significantly lower for solutions of 2.0 and 5.0 percent concentration, and the Draves
wetting times were also significantly lower.

The values of the cos 6 and the y were used to calculate the S, for each liquid.
The calculated spreading coefficients indicate that the liquids at all concentrations did not
spread (wet) on the micro-porous PP test fabric for the advancing 6 measured within 10
seconds of placing the drop.

Results of the statistical analysis showed that surfactant concentration was a
significant factor in determining the barrier effectiveness of the fabric tested. Even
though y remained relatively unchanged beyond the CMC of the surfactant, the inability of
the test fabric to serve as an effective barrier against liquid penetration by capillary action,
wicking, and wetting increased significantly. Surface energy terms, that are no@al]y
used to explain liquid transport and wetting phenomena, may not in themselves be
~ sufficient to determine the effectiveness of a fabric for PPC, especially since concentration
of the surfactant, a pesticide adjuvant, is a significant factor in determining the barrier
effectiveness of PPC. Consideration must be made for the fact that very high

concentrations of surfactants are routinely used in pesticide application.
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Chapter I

INTRODUCTION

Pesticides are chemicals that combat insects, rodents, weeds, and other pests. In
agriculture, herbicides are used to control weeds, insects, and other undesirable agents.
Certain additives called ‘adjuvants’ are blended with a herbicide, at the formulation and/or
the spraying stage, so as to enhance the herbicidal efficacy and efficiency and for other
purposes. Adjuvants are used more with herbicides than with any other type of pesticide.
Adjuvants are credited with the delivery, optimization, and persistence of herbicide
phytotoxicity (Chow, 1984; Foy, 1989, 1991). Thus, adjuvants play a significant role in
helping to realize the potential of a herbicide in combating undesirable elements.

Among all adjuvants used, surfactants have the largest and most wide use.
Surfactants reduce the surface free energy, or the surface tension (), of the herbicide
spray ‘solution’, and thereby enhance the wetting of the sprayed area and optimize the
efficacy and efficiency of the herbicide (Foy & Smith, 1965, 1969; Seaman, 1990). Other
positive effects have been attributed to surfactants’ use as adjuvants in herbicide formula-
tions. In this study, a pesticide or herbicide mixture containing the active ingredient,
water, and the surfactant, along with the other ingredients, is referred to as an ‘emulsion’
rather than as a ‘solution’.

Of the several hundred surfactants used as adjuvants in agrochemicals, non-ionic

surfactants (NIS) are used the most. Unlike other ionogenic types, NIS do not pose the



potential of reacting nor of being incompatible with other ingredients of a
pesticide/herbicide formulation (Chow, 1984; Foy, 1979-80, 1991).

Surfactant adsorption on solid surfaces is influenced by the polarity of solid
surfaces (Porter, 1991). This could explain why non-polar or non-ionic surfactants are
used more extensively than polar anionic and cationic surfactants as herbicidal adjuvants.
Leaf surfaces of crops/plants have a layer of non-polar wax on their outer, cuticular
region. A non-polar surfactant (a NIS) would facilitate the adsorption and, consequently,
the herbicide effectiveness, to a significantly greater level than would a polar surfactant.
Thus, a non-ionic surfactant is the ideal choice as an adjuvant.

Pesticides and herbicides are toxic chemicals. Their handling and application
processes expose agricultural workers to harmful chemicals. Protective clothing is used in
pesticide related applications to minimize and, hopefully, avoid dermal exposure. Several
barrier materials have been used in pesticide protective clothing.

In pesticide protective clothing studies, the two aspects primarily studied are
wearer comfort and the barrier effectiveness to penetration by the pesticide. Protective
garments made from encapsulated rubber, neoprene, vinyl, and even certain types of
Tyvek® offer the best protection against pesticide penetration but are extremely
uncomfortable. These materials do not permit the evaporation (and thus the drying and
subsequent cooling) of perspiration from the wearer’s body, and make the wearer feel
clammy and uncomfortable. Consequently, this would discourage an agricultural worker’s

use of protective clothing made from such materials.



Textile fabrics containing microporous materials have been developed for use in
active wear. These materials have been used in research to determine their suitability for
pesticide protective clothing applications. Microporous materials work by allowing the
water vapor (perspiration) from a wearer’s body to pass through them and evaporate on
the outer fabric surface. Concurrently, they keep the larger liquid molecules from
penetrating into the fabric.

Previous studies with textile fabrics, such as Gore-Tex®, containing a
polytetrafluoro-ethylene (PTFE or Teflon®) microporous membrane have shown that they
performed well, i.e., resisted pesticide penetration and afforded wearer comfort (Branson,
Ayers, & Henry, 1986; Branson, DeJonge, & Munson, 1986; Leonas, Easter, & DeJonge,
1989). In some of these studies, fabrics made from microporous PTFE membrane were
compared to cotton and spunbonded polyethylene. The penetration resistance of the test
fabrics to different concentrations of pesticides was also investigated (Branson &
Rajadhyaksha, 1988; Leonas et al., 1989; Shaw, 1993; Shaw & Hill, 1990). The results
of these studies are not conclusive and warrant further investigation.

Research with microporous polypropylene fabrics for pesticide protective clothing
has been conducted at Virginia Tech in the Department of Clothing and Textiles. One
area of this research involves wearer-comfort aspects, while the other involves evaluation
of barrier effectiveness to solutions of a surfactant (which represents a pesticide emulsion
of a specific surface tension) following abrasion of the protective fabric.

Fabric wetting is influenced to a great extent by liquid surface free energy (surface



tension). Only liquids that have a surface free energy lower than the fabric will wet the
fabric. Low surface tension of the herbicide emulsion is essential to the wetting of plant
surfaces, but it presents a concomitant risk of the fabric becoming wet easily and thus
failing to serve as an effective protective barrier. A surfactant solution has the lowest
surface tension at its critical micelle concentration (CMC). Beyond the CMC, increased
concentrations of surfactant in a solution do not reduce the surface tension. CMC can be
reduced by the use of certain electrolytes (Pugh & Manev, 1991); however, reduction of
the CMC by the electrolyte addition technique is beyond the scoﬁe of the present study.

Even though concentrations up to the CMC would give the lowest vy, the
application of herbicides in practice involves the usage of surfactants in concentrations
several magnitudes greater than the CMC (Foy, 1979-80; Foy & Smith, 1965) The
higher concentrations of surfactant are claimed to enhance herbicidal penetration and
phytotoxicity, thereby permitting herbicidal usage at lower dosages. Surfactant
concentrations in excess of the levels required for minimum surface tension might be
beneficial from the agricultural standpoint. However, the effect of such high surfactant
concentrations on the barrier effectiveness of protective clothing is not known. Such
knowledge wo.uld be critical for the judicious selection of protective clothing in pesticide
applications. |

Careful consideration of the opposing needs of increasing herbicidal phytotoxicity
and efficiency versus the barrier effectiveness (non-wetting) of the protective clothing

should be made. Such consideration would help in the final selection of an ideal textile



material that could perform as an effective barrier under these constraints.

Herbicide emulsions of different surface free energy levels would exhibit different
wetting characteristics on solid surfacés. Because surfactants are the chemicals that
influence the surface tension of the herbicide formulation (or the spray tank emulsion),
water containing different concentrations of surfactant could attain different surface free
energy levels, though only below the CMC, and thus, could be expected to exhibit
different wetting characteristics.

Despite the extensive literature on pesticide protective clothing, the barrier
effectiveness of protective material, as a function of surfactant concentration and surface
tension, has not been reported. It is important to understand the influence of surface free
energy and concentration of a surfactant on the liquid transport properties of microporous
polypropylene fabric that may be used in pesticide protective clothing.

Knowledge of the influence of surface free energy would help in understanding the
mechanisms/relations of wetting, wicking, and capillary penetration properties which, in
turn, could help characterize the barrier effectiveness to pesticides. Since surfactant
concentrations beyond the CMC are commonly used in herbicide formulations, the effect,
if any, of increased surfactant concentration on wetting, wicking, and capillary penetration
of protective clothing fabrics would help determine the threshold range of surfactant
concentration beyond that for opﬁmization of herbicidal efficacy and efficiency.

A non-ionic surfactant that has a moderately high hydrophilic-lipophilic balance

(HLB) value, reduces aqueous surface tension to levels favorable for leaf surface wetting,



shows good emulsifying properties, and has wide usage as an agricultural adjuvant was
suitable for the purpose of this study. Following a review of the properties of several
surfactants from several sources, and considering the practical field-application

requirements and constraints, Triton® X-100 (Union Carbide) was the surfactant selected.

Research Problem Statement

The purpose of this research is to evaluate the influence of the surface free energy
and concentration of Triton® X-100, a non-ionic surfactant, on the barrier effectiveness of
micro-porous polypropylene fabric which may be used in pesticide protective clothing.
The capillary penetration, wetting, and wicking characteristics of the fabric were used to
indicate its barrier effectiveness.

Aqueous solutions of different concentrations of Triton® X-100 were prepared
using double distilled, de-ionized (DDDI) water. DDDI water, with a mean surface
tension of 72.52 dynes/cm and a Triton® X-100 concentration = 0% w/v, was used as an
additional liquid in the evaluation.

Fabric wetting was evaluated from the drop absorbency test, a modified Draves
test, spreading coefficient calculations, and, by inference, the Zisman plot. The fabric’s
surface free energy and spreading coefficient values were determined from the immediate

advancing contact angle measurements.



Chapter 11

REVIEW OF LITERATURE

The purpose of this research is to evaluate the influence of the surface tension and
concentration of a non-ionic surfactant on the barrier effectiveness of microporous
polypropylene nonwoven fabric for besticide protective clothing. To address the purpose
of this study, it is first necessary to understand the underlying principles that would govern
the performance of the fabric under the testing conditions of this research.

This chapter reviews the literature pertinent to the diverse areas that were
examined to understand the influence of surface tension and concentration of a surfactant
on the protective performance of the test fabric. This chapter is organized into four
sections, namely,

® Wetting of Surfaces

® Pesticides

® Adjuvants

® Pesticide Protective Clothing

The review of literature on the wetting of surfaces examines the phenomenon of
surface free energy, contact angle, wetting, and the role of these phenomena in pesticide
application and pi‘otective clothing performance. This chapter’s section on pesticides and
adjuvants is truly an in-depth review of surfactants, the adjuvant that is the primary focus

of this research. The section on pesticide protective clothing reviews the materials that



have been used for such clothing, and gives an introduction to microporous materials for

pesticide protective clothing applications.

Wetting of Surfaces

Wetting of surfaces is a complex phenomenon influenced by several factors.
Wetting involves interaction between two phases, and the term ‘interface’ is often used in
describing wetting behavior. Several interfaces are possible, based on the three states of
matter. This research and any discussion of wetting and interfaces in this research will,
however, deal strictly with liquid-solid interfaces.

Depending on the surface to be wetted, factors such as a liquid’s surface free
energy (surface tension), a solid’s surface free energy, and the solid porosity influence the
possibility and the extent of wetting. In order to fully understand fhe phenomenon of
wetting, the concepts of surface free energy and contact angle must be first understood.

The following addresses these factors and their relationship to wetting.

Surface Free Energy (Surface Tension)

Surface free energy is a propeﬁy exhibited by solid and liquid substances and is
commonly called the surface tension of the substance. It represents the free energy of
formation of an interface or the work required to increase the area of a surface by unit
amount (Shaw, 1970), and is denoted by y with units of erg/cm® or dyne/cm. Surface

tension is dependent on temperature, and it generally decreases with increasing



temperature.

Surface free energy is also identified as the force per unit length (dyne/cm). Itisa
force that prevents a substance from wetting, spreading or otherwise homogeneously
combining with an anisotropic material. This force could be considered to be a ‘sheath’
that prevents the spreading and wetting of, for instance, a liquid. A strong force implies
that the ‘sheath’ holds the liquid together tighter (and thus limits/prevents wetting) than a
weaker force. Addition of a surfactant reduces the force of the ‘sheath’, thereby allowing
a freer flow of the liquid, and facilitating wetting.

The concept of surface free energy is often illustrated by stretching a film of soap
across a wire frame. When a soap film is stretched, a force acts in the direction opposite
to the direction of the applied force. The work done in extending the soap film per unit
area is the surface free energy (Adamson, 1976).

If the free energy of formation of an interface is positive, then the force required to
stretch the liquid film across a wire frame will be high. In such cases, the liquid will not
show a tendency to continuously expand its surface region; it will try to agglomerate and
form a drop that will not spread readily. If the energy of formation of an interface is
negative or zero, it implies lack of resistance to expanding the surface area of the film.
Under such a condition, the liquid will show a tendency to expand its surface area
continuously; it will not agglomerate, but rather, it will spread and wet a surface.

Water, for instance, has a free energy of about 72 dynes/cm, and it does not spread

or wet most solid surfaces. Addition of a small amount of a surfactant reduces the free



energy of water to 25-30 dynes/cm, depending on the surfactant added, which fhen allows
water to spread more easily. Because of surfactants’ ability to reduce the free energy and
thereby facilitate spreading and wetting, they are common additives to pesticide
application systems containing pesticide, water, and other ingredients (Foy & Smith,
1969).

As with liquids, solids also have surface free energies. Low surface free energy of
a solid prevents the spreading and wetting of liquids that have free energies higher than
that of the of the solid (Fox & Zisman, 1950). Surfaces of leaves are difficult to wet with
herbicide emulsions due to the low surface free energy from the presence of waxes on the
leaf surfaces (Foy & Takeno, 1992). Knowledge of the free energies of leaf surfaces
would be helpful in tailoring a herbicide application system of specific ¥ to optimize the
wetting of the leaf surface by the applied herbicide.

Surface free energy (y) of liquids is determined relatively easily by several methods
such as the capillary rise method, the Wilhelmy plate method, the du Notiy ring method,
and the pendant drop method, to name a few. The surface free energy of solids, however,
cannot be measured directly, even for smooth films of polymers. Solid surface free
energy is determined indirectly by the liquid homolog method, the critical surface tension
method, and other methods (Fox & Zisman, 1950; Wu, 1982).

Zisman and co-workers (Ellison & Zisman, 1954; Fox & Zisman, 1950, 1952)
proposed a technique to determine surface free energy of solid polymers by using contact

angle and liquid surface tension data. In their approach, a homologous series of liquids of
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known surface tensions was taken and their contact angles were measured on a given
polymer surface. The cosines of the contact angles were plotted on the ordinate against
the surface tension of the liquids on the abscissa to give a straight-line graph. The
intercept of a line drawn from the ordinate of cos 6 = 1.0 (i.e., 0 = 0°) gives the surface
free energy of the liquid in the homologous series that would just spread on the polymer
surface. The surface free energy of the liquid that will just spread on the polymer surface

is also the critical surface tension (y,) of the solid polymer.

n ngl

When a drop of a liquid is placed on a flat solid surface, it either spreads
completely or forms a sessile drop having a definite angle of contact with the solid surface
(Adamson, 1976). The angle formed between the tangent to the profile of the liquid drop
at the point of contact with the solid surface is called the contact angle, and is represented
by the Greek symbol theta, 0.

Contact angles are formed when the cohesive forces within a liquid are stronger
than the attractive forces between a liquid and a solid surface. The formation of a contact
angle implies a condition of non-wetting of the solid surface in question, although this
might be a simplistic explanation. When 0 = 0°, the solid surface is completely wetted by
the liquid, whereas a contact angle of 180° implies a condition of no wetting (Shaw,
1970).

Contact angles are measured by several techniques such as the drop-bubble

11



method (which includes the sessile drop method using a goniometer), the tensiometric
method, and the capillary rise method. The accurate measurement of a contact angle of a
liquid on a solid surface is often hindered by the lack of reproducibility or homogeneity
and by the lack of smoothness of the solid surfaces (Shaw, 1970; Wu, 1982). Surface
roughness normally tends to lower the contact angle, as compared to a condition of
surface smoothness, with the same liquid (Fox & Zisman, 1950).

Contact angles are affected by surface contamination, which presents difficulties in
their accurate measurement. In a solid-liquid system, as surface free energy (surface
tension) of a liquid increases, the contact angle increases and vice versa. On the other
hand, as the surface free energy of the solid surface decreases, the contact angle increases
and vice versa (assuming the liquid in contact with the solid surface is the same). Non-
staining carpet is an application of non-wetting (high contact angle) from a decrease in the

surface free energy of the solid surface.

Adhesion
The work of adhesion is the work or energy, in dynes/cm, required to separate one square
centimeter of a common interface between two phases into two distinct interfaces
(Adamson, 1976; Shaw, 1970). Work of adhesion, W,, is indicative of the attraction of
the solid surface to the liquid at their interface and is given by the Young-Dupré equation
W, = y.v (1 +cosB)+mg

where v,y is the surface free energy of the liquid, 0 is the contact angle for the liquid on

12



the solid surface, and m is the equilibrium spreading pressure of the adsorbed vapor on

the solid surface. For a liquid like water, which has a relatively high boiling point, 7 is

negligible and is eliminated from the above equation (Fox & Zisman, 1950, 1952) to give
W, = y.v (1+cos0).

The application of the work of adhesion concept is in determining the wetting or spreading

behavior of, for instance, a liquid over a solid surface. Good wetting of a surface is a

prerequisite in pesticide application and in general adhesion-related situations. Poor

wetting, on the other hand, is desirable in pesticide protective clothing applications.

Work of Cohesion

Work of cohesion (W) is a characteristic of a single liquid (i.e., a homogeneous
system) that is indicative of how well a unit cross-sectional area of the liquid holds to
itself. It is defined as the amount of work or energy, in dynes/cm, needed to pull apart a
column of the liquid (Adamson, 1976; Shaw, 1970), and is determined from the surface
free energy of the liquid,

W, = 2y.v.

A liquid that has a high surface free energy also will have a high work of cohesion value,
and will not easily spread on a given surface. Low work of cohesion (from low surface
tension) values are required for good wetting of surfaces, whereas high work of cohesion

(high surface tension) values are desirable for applications requiring limited or no wetting.
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Wetting and Spreading

Wetting has been defined as the phenomenon resulting from the forces of adhesion
at the solid-liquid interface (Ellison & Zisman, 1954). Wetting implies that the contact
angle between a liquid and a solid is zero or very close to zero. Under conditions of low-
to-zero contact angles, the liquid will have a tendency to spread easily over the solid
surface. Spreading is the indefinite movement of the bulk liquid or a thin film (Fox &
Zisman, 1950) across a surface. The two terms, wetting and spreading, are used
interchangeably in the context of this research.

In order to determine whether a liquid will spread on a solid surface, a quantity
called the spreading coefficient is often used. The spreading coefficient is the difference
between the work of adhesion and the work of cohesion (Fox & Zisman, 1950). Thus,

S. = W,-W,
where W, is the work of adhesion, W_ is the work of cohesion and S; is the spreading
coefficient in dynes/cm. A positive S; value implies that the liquid will spread and wet the
solid surface, and a negative S, value implies that the liquid will not spread or wet the solid
surface within the time of the contact angle measurement. For all liquids, the initial
spreading coefficient is negative because the contact angle is never zero at the very outset
of placing the drop on the solid surface.

Since W, = y,v (1 +cos0)and W, = 2y,,, substituting the respective
quantities for the work of adhesion and the work of cohesion, we have

S. = Y (1+cosB)-2y,y,or

14



S, = yv (cosO-1).
Thus, the spreading coefficient can be determined easily from the surface free energy and
the contact angle of the liquid on the solid surface. In general, as the liquid surface free

energy increases, the contact angle increases and the spreading coefficient decreases.

h hanisms of Liquid Tran

Permeation and penetration are the two mechanisms that have been used to
characterize the movement or the passage of a liquid through a material. The concept of
penetration is generally used in characterizing the barrier properties of materials used in
pesticide protective clothing. Liquid transport through the mechanism of penetration
entails the nonmolecular-level movement of the chemical through porous materials, and/or
through imperfections in a barrier material (ASTM, 1995c). Penetration itself is further
categorized into four modes, viz., capillary penetration, pressure penetration, impact
penetration, and evaporation-condensation penetration. In the context of this research,
only capillary penetration is detailed.

Capillary penetration is a type of penetration mainly promoted by capillarity. It is
dependent on several factors such as liquid surface tension and viscosity, fiber surface free
energy and morphology, interaction of the fluid with the fiber surface, the size, volume
and orientation of the pores in the fibrous network, and the surface density (Minor,
Shwartz, Buckles, Wulkow, Marks, & Fielding, 1961).

Wicking, the migration of a liquid through the interfiber or interyarn capillaries of a
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fabric, is yet another form of capillary penetration. Wicking is caused by the pressure
difference across the curved surface of a given liquid meniscus, and is quantified by the
Young-Laplace equation (Adamson, 1976) as

AP =2y, cos O/r
where AP is the pressure difference across the meniscus, Y,y is the surface free energy of

the liquid, 0 is the contact angle, and r is the capillary radius.

h ing i ici li

The relevance of some of the surface chemistry concepts reviewed above becomes
clear in the application of pesticides, and specifically herbicides. In field applications, a
vast surface area usually must be covered by the applied pesticide and any adjuvants
within a very short application time. The full efficacy and efficiency of the pesticide can
be realized only if the pesticide emulsion stays on the applied areas.

The epidermal wax on a plant inhibits the penetration of the applied pesticide
emulsion. Contact angles as high as 145° have been reported for leaf surfaces covered
with wax (Foy & Takeno, 1992). A good surfactant will reduce the contact angle and
promote penetration of the pesticide into the target area.

The reduction of the surface free energy of the pesticide emulsion by the addition
of a small amount of surfactant is the key to optimizing the efficiency and efficacy of the
pesticide. Decrease in surface free energy decreases the contact angle of the emulsion on

the leaf surface and increases the spreading coefficient, which permits greater wetting.
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The contact angle cannot always be reduced to zero, even with very efficient wetting

agents (McKay, Koch, & Herbert, 1987).

f in icide Pr i lothi

For optimal efficacy and efficiency of a pesticide’s usage, conditions that promote
optimal wetting are necessary.  The pesticide emulsion that is applied should promote
effective wetting and penetration of the applied plant surfaces. The requirement and
achievement of conditions of optimized wetting of a plant surface by a pesticide emulsion
are, however, in direct contrast to the conditions required for a clothing material to
perform effectively as a barrier material. Low surface free energy, low contact angle, and
high spreading or wetting ability of the pesticide emulsion are essential for pesticide
application, but the exactly opposite conditions are desirable for effective performance of
protective clothing.

Careful consideration of the opposing needs of increasing herbicidal phytotoxicity
and efficiency versus maintaining the barrier effectiveness, through non-wetting, of the
protective clothing should be made. The non-wetting of the permeable protective
clothing material (as opposed to impervious materials) could be assured by using clothing
materials of very low surface free energies. A barrier material that has a very low surface
free energy would give a high contﬁct angle, assuming the surface free energy of the solid

is lower than the free energy of the liquid (pesticide emulsion).
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Pesticides

The term ‘pesticides’ refers to chemicals that are used to combat insects, rodents,
weeds, and other pests. Herbicides, insecticides, fungicides, nematicides, larvicides, and
plant growth regulators are some of the chemicals called pesticides. Representing a
significant portion of the chemical industry, pesticides have annual worldwide sales of $25
billion. Pesticide sales in the United States alone are $7 billion or 28 percent of worldwide
sales. Of this $7 billion, herbicides account for about $4.5 billion or 65 percent of total
annual sales of pesticides and plant growth regulators (Foy, 1993).

Herbicides are used in agriculture to combat weeds, insects, nematodes, and plant
diseases. Nearly 50 percent of the world’s annual agricultural produce is estimated to be
lost to insects, weeds, and other factors. Unlike losses caused by insects and plant
diseases, losses due to weeds are not readily visible. Weeds reduce agricultural yields by
competing with crops for water, light, and nutrients. They also are reported to produce
substances that inhibit the growth or germination of other plants (Chase, 1984). In the
United States losses due to weeds, alone, are estimated at more than $18 billion annually
(Foy, 1991, 1993). The sheer magnitude of these figures reflects the pivotal responsibility
bestowed upon herbicides in protecting crops against undesirable elements.

Agrochemicals, which include pesticides and other chemicals, increase farm yields,
lower costs, and improve the quality of farm products. A typical formulation for a
herbicide, or other pesticide, that is used in agriculture contains the active ingredient and

other chemicals called adjuvants.
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Adjuvants

Most herbicides are insoluble or have low solubility in water and thus are usually
dissolved in oils or organic solvents (Mullins, 1995). Dissolution in oil or solvent,
however, renders such solutions immiscible with water, the eventual carrier of the
herbicide. It is partly for this reason that a surfactant, having good emulsifying
capabilities, besides other properties, is used in a herbicide formulation.

In addition to surfactants, other additives called ‘adjuvants’, are combined with
pesticides to aid or enhance the efficacy of the pesticide. Adjuvants represent about six
percent of the value of pesticide sales (Foy, 1991, 1993). Adjuvants are incorporated in
the formulated product (formulation adjuvants) and/or in the spray tank (spray adjuvants).
Spray adjuvants are used more commonly with herbicides than with other classes of
pesticides. Reeves (1991) lists the general purposes of adjuvants: a) to improve or
facilitate the physical handling characteristics of herbicides; b) to improve performance
effectiveness and consistency; and c) to comply with legal requirements.

In the category of adjuvants are chemicals that have a wide range of functions,
such as activators, antidrift or drift-reduction agents, antifoam agents, buffers, chelates,
compatibility agents, conditioners, hygroscopic agents, penetrants, safeners, stickers,
spreaders, surfactants, and wetting agents (Foy, 1989a; 1994 Weed Control Manual).
Adjuvant terminology is in the relatively nascent stages, and the Weed Science Society of
America, in concert with the industry and the researchers in this area, is expending efforts

to standardize the terminology.
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