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PREFACE

The discovery that certain monolayer films applied to water surfaces
can reduce evaporation has spurred investigation into their effectiveness in a
water conservation program.
Monolayers have been considered to act as diffusion barriers. A theory
is presented which relates the diffusion of water through a liquid monolayer
surface pressure. This theory should enable a quick evaluation of monolayer
performance on outdoor bodies of water from a few simple measurements
rather than by the more cumbersome energy budget technique.
The present work also recognizes that the evaporation process is driven
by solar energy, which is absorbed at the water surface. Therefore a
reasonable method of evaporation suppression would be that of placing a
reflecting film on the water surface.
As yellow colored materials reflected at wave length where the solar
energy has its peak intensity, yellow monolayers and artificially colored
monolayers were studied experimentally. Only two yellow monolayers were
found: linoleic acid and 10-undecenoic acid. Although both were found to
act as diffusion barriers, neither were found to improve the reflectivity of the
water surface. A large number of yellow dyes were studied in an attempt to
color a monolayer or to disperse the dye on the water surface with an
evaporating solvent. In no instant did the dyes color the monolayer or form a
monolayer themselves.
A yellow silicone oil film on a water surface was studied after it was
found experimentally to reflect solar energy about 1.7 times better than a
plain water surface. Although it did not form a monolayer, it did effectively
reduce the evaporation rate by diffusion. When spread over a water surface,
the evaporation was reduced by 10%, and when spread over a linoleic acid
mono layer, the evaporation was reduced by 15%. In addition, the film was
found to be extremely difficult to remove from a water surface. This is a real
advantage when one considerers the need to constantly resupply monolayers
presently used in evaporation suppression applications.
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INTRODUCTION

The problem of evaporation suppression has been attacked in the past
by application of a monolayer which effectively increases the diffusion
resistance for the evaporation process. Such monolayers also have damped
out water waves, reducing the effective surface area through which
evaporation occurs. It has been suggested that wind barriers may be used to
limit the transport of water vapor by the air immediately above the surface.
In addition, if the energy input to the body of water could be minimized, the
thermal driving potential for the evaporation process would be reduced
resulting in less evaporation.
The ability of monomolecular films of certain long-chain fatty
hydrocarbons which spread on water to appreciably reduce the water
evaporation rate has resulted }n the possibility of an effective and inexpensive
water conservation program. The monolayer represents a physical barrier to
evaporation by slowing the diffusion rate of vaporized water from the
interface into the air. A reduction in evaporation and its resulting removal of
heat means that the body of water covered by a monolayer will actually
increase in temperature. An increase in the temperature of a natural lake or
P<>nd could have serious effects on the life cycles in the water. So, while the
monolayers do reduce the surface evaporation area and do act as an
evaporation barrier, an effective method of limiting the incoming energy .to
the body of water appears necessary.
Energy balances have shown that the major contribution to the energy
of evaporation in an outdoor body of water is provided by radiation from the
sun. It seems probable, therefore, that an effective reduction in input energy
would result if the water surface could reflect a significant amount of the
incident radiation.
At a temperature of approximately 10,00.0°R the sun's radiation is
composed of a spectrum of wavelengths, but the wavelength of maximum
radiation intensity and in fact the majority of the incoming solar energy lies
in the visible region (0.4 tO 0.7 microns). Either a perfect reflector or a
reflector which peaks at the wavelength of maximum solar intensity (yellow)
should be selected for maximum reflectance. Due to the . absence of
monolayers or films which are perfect reflectors, yellow monolayers and films
were considered.
The procedure of the research being reported is the following. A major
search was made to find a monolayer or film forming material with good

diffusion barrier capabilities that was already a yellow substance, or could be
in some way colored. Experimental tests were then run to determine the
percentage increase in solar reflectance of the particular film or monolayer
over that of a plain water surface.
A theoretical study of the mechanism of diffusion of water through a
monolayer was made. Results of this study allow the quick evaluation of
monolayer performance without having to resort to the energy budget
technique.
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BASIC MONOLAYER DESCRIPTION

This report is concerned with a number of properties of monomolecular
films, so it is perhaps best to clarify in the beginning what these terms
describe. Monolayers are, first of all, films exactly one molecule thick spread
over a substrate of some type. They are of an essentially two-dimensional
state where pressure is measured in terms of force per unit length, and density
is characterized by an area per molecule. Likewise, this two-dimensional state
can be a solid, liquid or gas. But since a monolayer is only one molecule
thick, it is invisible. The state of the monolayer can be determined from
surface pressure-area (per molecule) isotherms which are analogous to
pressure-volume isotherms in three-- dimensions, or from measurements of
surface pressure and surface viscosity where an abrupt increase or decrease in
viscosity over a very short span of surface pressure indicates a phase change.
All types of monolayers can be described in the foregoing general
terms. More specifically, the monolayers studied in this work were spread on
a water surface and were formed from either of two classes of hydrocarbons,
saturated straight-chain alcohols or acids, with chain length of six carbon
atoms or more. These acids and alcohols behave the same, functionally, in the
formation of the monolayer. The carboxyl (or hydroxyl) group is attracted
and hydrogen-bonded by the polar water molecules (the radical is called
"hydrophilic"). The carbon chain is essentially insoluble in the water
("hydrophobic") and extends completely out of the water ( 1). The alignment
of the molecules in the monolayer has been studied extensively by Dervichian
(2) and by Langmuir (3). They found that all of these monolayers (formed by
alcohols or acids) have the same type of structure; that is, the hydrophilic
radical actually becomes submerged in the water while the carbon chain
extends vertically above the surface (fig. 1). This was shown by the fact that
the same number of molecules of a monolayer, no matter what the chain
length, always covered the same areas.
Surface tension is the primary quantity used in describing the behavior
of any surface. Physically, it. is the force that tends to pull the molecules of a
surface together in order to minimize the surface area. Monolayers are surface
active agents which interact with the surface molecules to form a new surface
having different properties, including a lower surface tension than the original
surface. This lowering of surface tension results from the insertion of
molecules of the monolayer among the surface water molecules, and the long
chains. of these molecules repel each other resulting in a force in the opposite
direction to the surface tension. This oppositely directed (but along the
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Figure 1. Monolayer Molecule Interaction with
Water Molecule.
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is surface pressure force of monolayer molecules pushing
against one another

Figure 2.

Schematic View of Surface Pressure.

is surface tension force of water molecules pulling them
Yw in
toward the center
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surface) force is the "surface pressure." It can be defined as the difference
between surface tension without a monolayer and the surface tension with a
mono layer ( 1):
7r =

'Yw - 'Ywm

[1]

The surface pressure is, like surface tension, a function of temperature
and is also proportional to the number of monolayer molecules on the
surface. For this reason, the surface pressure is a convenient measure .of. the
extent of formation of the monolayer.
The equilibrium surface pressure is the pressure at which the monolayer
is completely formed (the area per molecule is a minimum). Any increase
above this pressure, such as mechanically reducing the surface with moveable
boundaries or barriers, results in film collapse. Thus, if an excess of film
molecules is available, the molecules will form a lens-shaped droplet on 'the
monolayer surface. This phenomenon is in fact predicted from the action of a
liquid of high surface free energy (surface tension) on a surface (in this case, a
flexible liquid surface) of lower free energy. The appearance of this lens is a
useful test for the presence and complete formation of a monolayer.
Surface viscosity is the two dimensional analog of bulk viscosity and is
an important property of a monolayer-covered surface (4). It is a convenient
property to measure in order to determine phase changes in the monolayer.
Data for surface viscosity plotted with surface pressure provide an easy
visualization of changes in the state of the monolayer. Figure 3 shows how a
liquid to solid phase change might look on such a plot. ·Predictably,
increasing the temperature shifts the curve down and to the right ( 1, 5, 6).
There are experimental difficulties in the measurement of surface viscosity
quite similar to those found with bulk viscosity. The usual means, however, is
a torque device such as a torsion wire suspended in a surface (6).
The discovery by Rideal (7) of the unusually high resistance to water
evaporation of certain monolayers has focused attention on the· mechanism of
mass transport through monolayers. In fact, the resistance to evaporation has
been found to be much higher for monomolecular films spread on water than
for a multiple film such as an oil slick on water, which may be hundreds of
times thicker than a monolayer (7).
Since the early 1950's, and beginning with the pioneering work of
Mansfield in Australia (8), monolayers have been studied on outdoor ponds
and lakes. The importance of an effective evaporation suppressant was
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dramatized by Harbeck and Koberg (9). Their calculations showed that the
annual gross evaporation from Lake Mead, the largest reservoir in the United
.States, exceeded the total capacity of most other reservoirs in the country.
Evaporation is particularly critical in the dry western United States and this
has spurred evaporation loss and heat balance studies on several lakes and
ponds such as Lake Hefner (10) in Oklahoma, and Lake Mead, by the U.S.
Geological Survey. Evaporation suppression has been attempted on smaller
ponds with the application of monolayers. Cetyl alcohol, a solid long-chain
hydrocarbon alcohol, has been tested extensively. A great advantage of any
suitable rnonolayer is that only a very small amount is required to cover a
large area of water. The spread monolayer has two quite striking visible
effects on the water surface as demonstrated in tests by the Bureau of
Reclamation on Lake Cachuma in California .. The immediate lowering of
surface tension results in a calming effect on the lake. From this it is quite
easy to determine to what extent the monolayer has spread on a lake.
Photographs also revealed the absence of morning fog over areas of the pond
covered by the monolayer (11, 12). This is visual indication that the
monolayer is effective even on open bodies of water. The calming effect of
the monolayer also tends to reduce the d.isruptive effect of wind on its
formation, and the monolayer has thus a built-in protection system.
That monolayers are an effective evaporation suppressant, and that a
low cost ( 11) evaporation control program using monolayers is quite possible
for outdoor lakes and ponds has been amply demonstrated. A major
difficulty still exists. That is the evaluation of the extent of monolayer
formation and of the evaporation rate through the monolayer. Energy studies
for ponds show that the addition of a monolayer will cha·nge the ratio of
energy convected from the water as sensible heat to energy loss due to
evaporation. The monolayer is added to reduce the energy loss by
evaporation by reducing the evaporation, so the ratio (called Bowen's ratio)
cannot be evaluated as it is for natural evaporation, and difficulties arise in
the calculation of evaporation loss. A possibly less cumbersome method of
evaluating evaporation loss than an "energy budget" 'study is to study the
mechanism of mass transfer through the monolayer directly. Since mass
transfer through the monolayer should be a function only of temperature and
certain surface properties, determination of evaporation loss could be greatly
simplified if the evaporation mechanism with a monolayer were known.
Sebba and Briscoe (7) have shown that surface pressure has a
pronounced effect on evaporation through the monolayer~ It has already been
shown to influence the physical state of the monolayer. One object of this
work is therefore to find a correlation for permeability of the monolayer to
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water with surface pressure. For this work, data on diffusivities of water
through various normal paraffinic acid and alcohol monolayers taken by
Enright ( 13) was used. The monolayers he studied were found to give
evaporation reductions of up to 40%. Surface pressure measurements were
made at equilibrium surface pressure conditions (complete monolayer
formation) by the Wilhelmy plate method.
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TABLE I
REFLECTANCE RATIO MEASUREMENTS

FII11 SUBSTANCE
1.

2.
3.

4.

MONOLAYER

FILM

REFLECTANCE RATIO

Union Carbide Yellow
(old batch)
(new batch)
(new batch)
(after cleaning)

x
x
x
x

1. 39
1 .65
1.69
1. 52

Union Carbide Yellow with
Aviation Oil #65

x

0.97 - 1.21

Aviation Oil #65
(at first)
(later)
(still later)

x
x
x

1. 81
1. 52
1. 30

Aviation Oil with
Dodecyl Alcohol

x

0.99

5.

Octanoic Acid

x

0.97

6.

Cetyl Alcohol

x

0.94

7.

Linolic Acid

x

1.00

8.

Hexal Alcohol with
Amacel Yellow 5-G

x

0.93

9.

10.
11.

Hexal Alcohol with
Chrome fast Yellow
(moderate)
(excess)
(large excess)

x
x
x

1. 01
1 . 22
0.83

Ethanol with
Chromefast Yellow

x

1.00

Octyl Alcohol with
Chromefast Yellow

x

0.99

TABLE II
LIST OF DYES INSOLUBLE IN H 0 (with properties)
2

Pigment Chrome Yellow; 4-o-Toluene-azo-1-phenyl-3-methyl-5-hydroxy-pyrazol
Soluble in alcohol,non-toxic
Oil Yellow; Dimethylaminoazobenzene
Soluble in alcohol, non-toxic
Oil Yellow AB; Benzene-azo-B-napthylamine
Soluble in alcohol, non-toxic
Oil Yellow OB; o-Toluidine-azo-B-napthylamine
Soluble in alcohol, non-toxic
Quenoline Yellow; 2-quenolylindandione and iso-quenopthalone
Soluble in paraffin and Hydrocarbons
Lithol Fast Yellow GG; 1:1 -Dinitro-5:5-dichloro-diphenil-2:2-di-iminomethame
Pigment Chloride GG; 1:1 -Dinotro-4:4-dichlorodiphenil-2:2-di-iminomethane
Soluble in alcohol
Indanthrene Yellow GK; 1:5-Dibenzoyldiaminoan-thraquinone
Soluble in xylene
Indanthrene Yellow GN; 2:5-Dichloro-1:2-anthra-quinone-thionanthone
Helio Fast Yellow; 1-Salicylamenoanthraquinone
Soluble in pyridine
Hydron Yellow G; N-Ethyl-2:3:2:3 dianthroquinone-carbozole
C.I. Food Yellow 10, C.I. No. 11380
Soluble in vegetable and mineral oils
Soluble in steoric acid
Soluble in oleic acid (3.5 gm/lOOml)
Non-toxic (5)
C.I. Food Yellow 11, C.I. No. 11390
Soluble in oleic acid (3gm/100 ml)
Soluble in steoric acid (6.5 gm/100 ml)
Non-toxic (5)
C.I. Food Yellow 12 C.I. No. 12740
Soluble in oleic acid
Soluble in steoric acid
Soluble in xylene
Soluble in Benzene
Non-toxic (5)
Amaplast YellOw PC (Am. Aniline Products) an azo dyestuff
Slightly soluble in Methyl Meth-Acrylate monomer
(1.5 gm/100 ml)
Slightly soluble in oleic acid (6)
Amaplast Yellow PFC (Am. Aniline Products) an azo dyestuff
Slightly soluble in methyl-meth-acrylate monomer (1.5 gm/100 ml)
Soluble in oleic acid (6)
Amaplast Yellow EJ (Am. Aniline Products) a ceroxone
Soluble in methyl-meth-acrylate monomer (1 gm/100 ml)
Soluble in styrene monomer (2 gm/100 ml)
Slightly soluble in oleic acid (6)

EXPERIMENTAL MONOLAYER STUDIES

Although many of the monolayers which have been shown to be
effective evaporation suppressants have been actually mixtures or impure
industrial grade chemicals, all are colorless. In fact, no solid yellow
monolayer-forming monolayers were found. The two liquids, linoleic acid and
10-undecenoic acid, in. fact, were only very slightly yellow. As shown in Table
I, using the apparatus of Figures 4 and 5, experimental studies confirmed that
these monolayers reflect approximately the same amount of solar energy as
does a plain water surface.
The alternative to a natural yellow color is an artificially imposed color
of the monolayer material. There are two very important problems with this
approach. First, it has been found that impurities, or molecules which do not
show the monolayer orientation, actually act as holes in the monolayer and
thereby reduce its effectiveness; only a very low concentration of such
impurities can completely cancel any reduction the monolayer would have
had. Secondly, at high surface pressures near the equilibrium surface pressure,
the monolayer will squeeze out any non-oriented impurities. Thus, by its very
nature, a monolayer would discourage the use of dyes. Some dyes with a
hydrophilic-hydrophobic structure similar to monolayers were investigated to
determine whether they would mix with a monolayer to form a "yellow"
surface. A list of these dyes appears in Table 11. The dyes, in powder form,
invariably failed to mix with the monolayer material. Solutions of the dyes in
benzene, toluene, or acetone were not miscible in the fatty oils. The results of
these experiments indicated that dying the monolayer was unsuitable.
However, one particular yellow oil, Union Carbide Experimental
Silicone S-1362-91-2, was found to have desirable reflecting properties. When
it is spread on water about 1. 7 times as much solar energy is reflected as on a
plain water surface.
Although the oil does not form a monolayer, but rather a film, it was
found to exhibit spontaneous spreading properties and a surface pressure
which decreased even as a multilayer was forming so that the interfacial
surface tension dropped nearly to zero. More important, it exhibited the same
ability to reduce evaporation as did the monolayers. In tests with a linoleic
acid monolayer, the oil was found to have the same percent evaporation
reduction as the monolayer (roughly 10%). In addition, the oil was found to
spread spontaneously over the monolayer. Surprisingly, the spreading of oil
over the monolayer actually increased the evaporation reduction to about
15%.
14

The above mentioned silicone oil was the only chemical of any type
which has been found to both inhibit evaporation and increase solar
reflectance. However, since the actual structure of the oil or mixture of oil is
not known publicly, it is impossible to predict whether this material is
capable of forming an actual monolayer.
The spreading properties of the silicone oil make experimental findings
of surface properties open to some doubt in that once the oil has been used
on a piece of equipment, it is impossible to clean it off. This, although an
experimental inconvenience, does indicate a favorable property when applied
to a water system. Unlike cetyl alcohol, which is easily cleaned off of a water
surface by wind, it is projected that the silicone oil will resist such cleaning.
In fact, the data of Table I indicated the extreme difficulty in cleaning the oil
off the water surface. Consequently the continuous application procedures' of
Lake : Hefner may not be required if this silicone oil is used.
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SURFACE PRESSURE AS A TECHNIQUE FOR
DETERMINING DIFFUSION PROPERTIES OF MONOLAYERS

In conjunction with the development of a yellow monolayer, studies
were made to determine the mechanism of evaporation suppression by
monolayers. A theory was developed to predict the evaporation rate of water
through a monolayer. Assuming there is an ener~y barrier to the diffusion of
vaporized water molecules at the air-water interface into the air, the fraction,
f, of water molecules having enough energy E to pass the energy barrier is:
f = e·E/kT
where k = Boltzmann's constant
T =Absolute temperature
Since this fraction is directly proportional to the permeability (p), or to the
diffusivity (Dwm) of the monolayer, the diffusivity becomes:
D
- C f
- C e·E/k T
wm - 1 wm• - 1
The difficulty is the evaluation of the Energy, E. If one assumes that it is
equal to the amount of work required to make a hole with the perimeter (a0 )
of a water molecule in the monolayer,

then,

D
= C e·'YwmaofkT
wm
1
We know that:
'Ywm = 'Yw - 'Tr,
where 'Yw is the surface tension of the water and is a function only of
temperature. At any given temperature, 'Yw is a constant and therefore:
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TABLE III
THEORIES OF MASS TRANSFER THROUGH MONOLAYERS

A.

Stokes-Einstein with surface properties

D
wm

B.

CONST l

( TTl )

Energy barrier theory with E

na

0

D
wm

C.

Energy barrier with E

D

wm

CONST

3

na 0
(1 + kT

)
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=

c2e -(yw

=
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a

- n)a 0 /kT

o/kT

e

na 0 /kT

= C3ena 0 /kT
Then if the exponential is approximated by a truncated series when 1l'a0 <kT,
we have:

D

wm

For comparison, results of two other theories are presented in Table 3.
To determine whether any of the theories were applicable, surface
pressure data were taken for a number of different monolayers, all straight
(unbranched) chain paraffinic alcohols and acids with chain lengths from six to
eighteen. Data for a group of the monolayers which were liquid-phase were
correlated with existing diffusion (mass flux) data and the result is shown in
Figure 6. The correlation shows that Dwm is proportional to 11' and not -11' as
theories A and B in Table 3 show. The theory is actually semi-empirical
since constant C3 can be evaluated only from experiment, but it shows the
same dependence of Dwm on 11' as the experimental results, and if the
resulting correlation from experiment
Dwm = .12701r+ 2.185

is altered slightly,
Dwm

= 2.1875

(1 + .058111']

a0

the second constant agrees very closely with kT

for T

0

= 300 K and a0
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0

slightly larger than the perimeter of a water molecule (9 to 15A ). The
larger size "hole" is probably the result of hydrogen bonding at the
monolayer molecule.
Since nothing is known of the molecular properties of the previously
mentioned experimental silicone oil, it is not possible to determine whether it
fits the correlation. If it did fit the correlation, that would be strong evidence
of orientation at the interface.
The value of the correlation is that with only the measurement of
surface pressure, either with a surface balance or with much simpler indicator
oils, the evaporation rate from a monolayer covered pond can be easily
found. In the case of windy conditions a simple correction factor should be
applicable, but in any case the correlation will give the lower bound of the
evaporation loss. This would provide a much quicker and less cumbersome
evaluation of monolayer performance than an energy budget over the entire
pond or lake.
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SUMMARY AND CONCLUSIONS

1.

An analysis of the various mechanisms which drive the evaporation
process indicates that for maximum evaporation suppression a
monolayer or film should not only act as a diffusion barrier, but must
also act to limit the amount of solar energy absorbed by the water
surface.

2.

An analysis of various materials which form stable monolayers or films
on a water surface showed only one film and no monolayers that
significantly increased the solar energy reflectance (reduced the solar
energy absorbed). This was a special Union Carbide Experimental
Silicone, S~1362-91-2. In addition to acting as a diffusion barrier and
increasing the solar energy reflectance, the film also had good spreading
properties and was extremely difficult to remove from a water surface.

3.

An analysis of the diffusion mechanism of water vapor passing through
a fully compressed liquid monolayer showed that the diffusion
coefficient is directly proportional to surface pressure. Consequently
the simple measurement of surface pressure should indicate the
potential for a monolayer to suppress evaporation.
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