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AND LIQUID-LIQUID INTERFACES AND SOME
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SUMMARY

Freundlick's derivation of Gibbs equation for calculating adsorption at liquid-liquid and liquid-vapor interfaces is given.
The adsorption in the liquid-vapor interface in moles per square
centimeter, and likewise the number of molecules, the area occupied
by each, and their diameters for the first 10 acids of the aliphatic
series are given in Table I.
The effect produced upon the surface tension of decylic acid by
adding varying quantities of hydrochloric acid is shown in Table II.
A method of calculating adsorption by use of the Gibbs equation
is described.
The adsorption of butyl, octyl, and cetyl alcohols is shown in
Table III.
The weight of a hanging drop depends upon its time of formation.
The reason for this is to be found in the application of Fick's
law. Figure 1 is a curve showing very clearly the relation between
the time of formation and the weight.
Table IV and figure 5 give respectively the data and adsorption
curves for allyl, propyl, and dipropyl amine.
Table V and figure 6 give respectively the data and adsorption
curves for several esters.
On comparing the logarithmic curves of the acids and alcohols
the alcohols are found t o exhibit a greater adsorption than the
acids, and also to possess a constant degree of adsorption through
a greater range of concentration change. An explanation of this
behavior may be found in the different electrolytic characters of
the acids as compared with the alcohols.
The alcohols of four- and five-carbon atoms reach zero adsorption
a t the same concentrations as do the acids of the same number of
carbon atoms. The alcohols of one-, two-, and three-carbon atoms
show adsorption a t a lower concentration than the corresponding
acids.
The curves for the esters lie very nearly in the same position as
those of the alcohols o f the same number of carbon atoms. Taken
as a whole the curves for the esters correspond closely to those of
the acids. Ethyl propionate and propyl acetate, two esters having
the same number of carbon atoms but differently arranged show an
interesting relation. The former requires a higher concentration t o
produce the same adsorption. The more symmetrical the ester is the
(3)

t
cumen n
io
cal Do
Histori tural Experiment Stat

Kansas

Agricul

smaller the adsorption after the adsorption has once become constant.
A method is shown whereby the solubility of a difficultly soluble
substance may be ascertained.
At the interface water-benzene when the concentration in the
aqueous solution was 0.04 moles per 1,000 grams of water, 1 X 1014
molecules were found to be present in one square centimeter of the
film between water and benzene, while if the benzene were not
present the concentration of the aqueous phase need be only onethird as great to be in equilibrium with the same number of molecules in the surface film.
The adsorption of substances of' the type of organic acids, alcohols, and esters is always greater a t the surface of water than a t
the interface between water and an organic solvent of the type of
benzene or a paraffin.
An adsorption formula worked out by Dr. A. C. Lund of t h e
University of Chicago is given in full.
The curves shown in figure 7 indicate single molecules of butyric
acid are more soluble in water than in benzene, but that the double
molecules are more soluble in benzene.
The presence of benzene as an upper layer does not change the
number of butyric acid molecules in this monomolecular layer.
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ADSORPTION AT LIQUID-VAPOR
AND LIQUID-LIQUID INTERFACES AND SOME
RELATED PHENOMENA
H. H. KING²

.
OCCURRENCE OF ADSORPTION IN SOILS

Adsorption is a phenomenon which is finding an increasing application in the study of the chemistry of soil and soil solutions. Since
adsorption is confined to surfaces, the enormous surface present in
soil, together with the largely variant type of soil solutions, offers
excellent opportunity for its manifestation. The colloidal character
of some of the principal soil constituents certainly offers suitable
conditions for adsorption. Among these may be mentioned humus
and decayed material of an organic origin, aluminum and ferric
hydroxides, decayed or weathered forms of silicates, and various
types of bacteria.
Adsorption plays an important role in the retention of soil nutrients. The finely divided soil particles possess the power of withdrawing dissolved materials by surface concentration from the
aqueous solution with which they are surrounded, thus preventing their washing out. Much material necessary for plant nutrition is undoubtedly held by this means. The products withheld in this manner are in excellent condition to be taken up by
the plant rootlets penetrating into the region of the adsorbed substances. Such products as readily soluble fertilizers are thus prevented from being immediately leached out of the soil. Nitrates
and soluble potash compounds are especially indebted t o adsorption for their retention. Nitrates when added to a clay soil can
only to a small measure be removed from the particles by washing
with distilled water. The finer the soil particles the less the amount
removable by use of a certain quantity of solvent.
Gases are also adsorbed when brought in contact with soil particles. No doubt oxidation within the soil is materially hastened
by the adsorption of oxygen on the surface of the soil particles.
Oxygen and hydrogen, though very stable when mixed together
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at ordinary temperatures, may explode if finely divided platinum is
introduced into the containing vessel. I n a similar manner oxidation within the soil should be enhanced by the surface condensation.
The phenomena of nitrification are likewise affected by surface concentration forces.
Adsorption may become selective in character in that one kind
of ion may be removed from solution to a greater extent than another.
It is well known that by shaking a sample of soil with a solution
of potassium chloride the quantity of potassium will be diminished,
having been supplanted by some of the bases of the soil. The resulting solution will have become much more acid in reaction. This
phase of adsorption is very commonly met with in soil studies.
I n the investigation described below much simpler solutions were
employed than are found in the soil. In order t o ascertain the
general character and laws of operation of any physical or chemical
phenomenon, the purest kind of products should be used and in the
simplest fashion possible. From these simpler systems advance can
more easily and accurately be made into the complex. This investigation is a part of the work originally planned t o include a study
of the adsorption of the normal paraffin acids and alcohols with
chains from one t o sixteen carbon chains in length both a t the interface water-benzene and that of water-air, which was begun by
Harkin and Humpherys (1916) in 1913.
DERIVATION OF THE GIBBS EQUATION

(1909).

The general phenomena to be considered are those found a t the
interface where two phases meet. Willard Gibbs in his papers on
“Equilibrium in Heterogeneous Systems,” pointed out that in addition t o the common variables, temperature, pressure, and concentration, we should also include the interface. He gave no experimental
data in substantiation of his theory and for some time after his
theoretical deductions were made no experimental work was undertaken to test the verity of these conclusions.
F. G. Donnan (1899) and W. C. McC. Lewis (1908) were the first
t o attempt an experimental verification of Gibbs’ Law.
The deduction of Gibbs’ Law has been put in simpler form by
several authors. The one which is here given is that of Freundlick
(1909).
Consider a dilute solution of volume, v, osmotic pressure, P, in
contact with a vapor phase consisting only of the vapor of the solvent.
The area of the separating surface between liquid and vapor is s,
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and the surface tension is γ. The solution is placed in a vessel fitted
with a piston having a semipermeable membrane, the solution being
on one side of the membrane, and on the other side a n infinite reservoir of pure solvent in contact with it. The following cyclic
process is carried out:
The surface area is increased by the amount ds, the work done
being -γds. The volume of the solution is considered as having
remained constant. At the same time the osmotic pressure, P,
may have altered-its new value being given by the expression
.-

This equation states that if the surface tension alters with the
volume, that is with the concentration, then the osmotic pressure
must alter with the surface area. The latter can be the case only
if the concentration of the solute in the bulk of the solution depends on the surface area, and this can be so only if the concentration in the surface layer is greater or less than that in the bulk of
the solution.
From the above it is seen that the concentration, c, of the solution is a function of v and also of s. If n moles are dissolved, then
n
we cannot simply write c = - , but instead must allow for the fact
v

that in the surface layer the solute is present to a greater or less
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extent than in the bulk. Suppose we denote this positive or negative excess in the surface by u, where u is the mass of solute reckoned per unit area of surface. Then if the surface area is s, the
quantity of solute in excess in the surface layer is us and hence the
actual concentration in the bulk of the solution is given by
n -us
c = - Note that the quantity, us, may be positive or negative.

v

The above equation ( 1) may now be written i n t h e form

This is the so-called Gibbs' Law. It was employed in the calculations of all the adsorption curves. This equation points out the
fact that if the surface tension decreases as the concentration of the
solute increases, the value of u will be positive, but if the reverse is
the case, then u will be negative. This signifies that a positive adsorption means an accumulation of an excess of solute in the surface
layer over that in the interior of the liquid.
No assumption is made concerning the nature of the boundary,
and the formula should apply t o all kinds of surfaces, such as solidliquid, liquid-liquid, liquid-gas, etc. No correction is introduced
for the dissociation of the solute, but m a y be so done by writing
c
the osmotic pressure law as, P = iRTc, which gives, u = - -- •
iRT
It is to be observed that a small quantity of solute may produce
a marked lowering of the surface tension, but can only produce a
small increase in it.
In making the adsorption curves the following procedure was followed: The surface tension of a whole series of solutions containing
the solute in different quantities was determined and plotted against
the logarithm of the concentration. The logarithm of the concentra-
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tion may be employed, since we may rewrite the adsorption equation as, u

l
i RT

.

c
T o ascertain the value of u for any concentration, it is only nec-

essary to find the slope, -, of the adsorption curve at that
c
point and substitute the found value into the equation and solve
for u.
EXPERIMENTAL DATA ON THE FATTY ACIDS
FORMIC ACID

All the results were obtained for this acid by the drop-weight
method. The first result (drop weight=0.0293) was obtained by
the Morgan tip having a radius of 0.29925 cm. This tip was so
badly damaged by accident that a new Morgan tip was employed.
All the rest of the surface tension data for this acid was calculated
from results secured by use of the new tip. The radius of this new
Morgan tip was 0.27650 centimeter.
ACETIC ACID

All the points for acetic acid were taken from the work of
Drucker, Karl (1905). His results were put in a different form
from that used in this investigation, so it was necessary to recalculate all his work. His results were obtained by the capillary height
method.
PROPIONIC ACID

The C. P. Acid was redistilled three separate times. The middle
fraction was selected and had a boiling point of 140 degrees C. This
acid was used in making up the solutions for running the adsorption
curve. The first Morgan tip was employed, having a radius of
0.29925 centimeter. On the most dilute solutions 30-minute drops
were run, but these did not differ materially from the 5-minute
drops.
BUTYRIC ACID

This acid was run partly by Doctor Clark and partly by the
writer. All points up t o the 0.1 N solution are those obtained by
Doctor Clark, but beginning with the 0.1 N solutions the points
plotted are those obtained by the writer. The time of formation
was as long as 10 minutes for a drop, but these were practically the
same as the drop weights obtained for a 5-minute drop.
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VALERIC AND CAPROIC ACIDS

The points plotted for these acids were obtained by recalculating
the results of Szyszkowski (1908). He made use of the capillary
height method in obtaining these results.
HEPTYLIC ACID

A Morgan tip of radius 0.29925 centimeter and 30-minute drops
were used. These 30-minute drops were practically the same as the
5-minute drops in weight. No difficulty was encountered in obtaining checks with this acid. The weights of the 30-minute drops
seemed to be always slightly lighter than the 1-minute drops but
the results were not always uniform; that is, the differences were not
always of the same value.
NONYLIC

ACID

A Morgan tip of radius 0.29925 centimeter was used. Time plays
a n important part in obtaining the drop weights. For the more
concentrated solutions of this acid the time was much less than for
those solutions which were more dilute. The points were plotted
from the 30-minute drop weights for all except the first point. For
this, 5-minute drops were used. The greatest error is very likely
to be found in the most dilute solutions in that these drops from
which the surface tensions were calculated may not have been allowed to hang until they had come to a state of equilibrium.
DECYLIC

ACID

A Morgan tip of 0.29925 centimeter radius was used. This acid
gave much difficulty, especially with the more dilute solutions, because of the time effect. The time effect, plotted in figure l , deals
with this acid and shows very clearly how important it is t o take
note of the time the drop hangs before dropping.
I n these calculations 30-minute drops were used. An attempt
was made to use a 60-minute drop, but the difficulties incurred in
keeping a full-sized drop hanging for this time were too great.
The data obtained for the acids mentioned above will be found
in Table I (pp. 14 to 16).
The first four columns of figures in Table 1 are self explanatory.
The fifth column is the relation of the radius of the tube used t o

the capillary constant (Harkins and Humphery, 1916) and f

a
r
represents a function of
; γ stands for the surface tension measa
ured; a and
represent respectively the space occupied by each
molecule and its diameter.
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Figure 2 (page 13) represents the curves obtained by plotting the
surface tension against the logarithm of the concentration.
From these curves the slopes may be determined and this value
substituted in the Gibbs equation in calculating the adsorption.
CAPILLARY H E I G H T M E T H O D FOR DECYLIC ACID

Owing to the fact that it seemed likely sufficient time was not
allowed for equilibrium to be established by the drop-weight
method, an attempt was made to make these measurements by the
capillary height method. Satisfactory results were not obtained by
this process, as it seemed practically impossible to obtain checks.
The capillary tube was thoroughly cleaned with chromic acid, rinsed
with conductivity water, thoroughly steamed, and finally dried by
a current of dry air. It was then filled completely with the decylic
acid (saturated solution) and the column allowed t o fall. It would
not always come to the same level, however, and while in practically
every instance there was a marked fall in the height of the liquid
column, it was not uniform in different measurements. In some
cases the column of liquid went through a maximum and then began
to fall.
The reason for this behavior appeared to rest with the character
of the surface film, This behaved as though it were partially
solidified and had a tendency t o stick, thus preventing the column
of liquid sustained by i t from moving freely.
EFFECT OF HCl UPON T H E ADSORPTION OF SOME FATTY
ACIDS A N D ALCOHOLS

As it is commonly thought that only the un-ionized part of the
molecule is effective in producing adsorption, it was thought advisable to learn what the effect would be of adding a strong mineral
acid, like HC1, to some of the fatty acids. Decylic, which shows
adsorption to the highest degree of those investigated, was chosen.
The HCl itself, within the concentration employed, would have only
very slight effect upon the surface tension.
Table II shows the results of one series of experiments, using
0.00005 N decylic acid with varying concentrations of HCl. (Ionization equals 46.85 percent.)
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According to these, it is to be seen that HCl of 0.091 N concentration has a maximum lowering effect upon 0.00005 N decylic acid.
with concentrations of decylic acid, higher or lower than 0.00005 N,
such noticeable effects were not observed, although a lowering was
observed in practically all cases.
Butyl and actyl alcohols were selected from among the alcohol
group for investigation. It is known that alcohols form oxonium
salts with acids like HCl and it was thought that possibly they
might produce some effect other than that produced by the pure
alcohols, upon the surface tension. In the case of butyl alcohol a
very slight lowering was obtained, but this was so small as to be
almost within the limits of experimental error. No noticeable effect
was observed in the case of octyl alcohol.
From these investigations it is apparent that if oxonium salts are
produced when HCl is added t o these alcohols they have practically
the same effect upon surface tension as the alcohols themselves.
E F F E C T OF TIME

O N THE W E I G H T OF A H A N G I N G DROP

Milner (1907) was the first to make quantitative measurements
of the effect the time of hanging has upon the weight of a drop.
He obtained some time effects of a considerable magnitude by using
solutions of sodium oleate.
I n experiments with the fatty acids and alcohols, it soon became
evident that to produce consistent results, special precautions were
necessary as regards time of formation. This effect is the more pronounced the higher the molecular weight of the acid or alcohol.
While for the acids it is very little up to and including butyric, for
acids and alcohols having a larger number of carbon atoms it
becomes much more noticeable. I n figure 1 are plotted the drop
weights against the time of formation for 0.0015 N decylic acid.
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This curve shows very plainly the effect produced by the time of
formation.
With octyl alcohol a very noticeable difference in drop weight
with time was observed, but the effect was the exact reverse of that
of the acids, for a n increase in time produced an increase in drop
weight. I n figure 3 are plotted the values of the surface tension
against the logarithm of the concentrations.
The top curve contains the values of the surface tensions calculated from 30-minute drops, while the second contains the values
of 1-minute drops made on the same solutions. Each curve pro-
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duces consistent results with itself, but differs very markedly from
the other. Results were obtained only for a concentration of 0.0025
N for a one-half minute drop.
With cetyl alcohol containing 16-carbon atoms, time would be
expected t o play a still more noticeable effect, and such is indeed
the case. Figure 4 contains the adsorption curves for three alcohols.

Cetyl alcohol should have a greater slope than the alcohols of
smaller carbon atom content while, as a matter of fact, its slope is
much less than those next to it. With cetyl alcohol of one-eighth
saturated solution, the drop weight for a one-fourth minute drop
was 0.0845 grams; for a 5-minute drop it was 0.0840 grams; for a
30-minute drop it was 0.0825 grams; and for a drop hanging for
one hour, it was 0.0779 grams. This indicates that it is impossible
to obtain accurate results for this alcohol by the drop-weight
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method, owing t o length of time it takes the film to become saturated.
With butyl alcohol, the effect of time upon drop weight was very
small, but the general indication was similar t o the results obtained
with octyl alcohol.
The cause of the decreases in the drop weight with the time is
undoubtedly to be found in the speed of diffusion of the molecules
themselves. In order that equilibrium may be established between
the excess of molecules of solute in the surface film and those within
the interior, time must be allowed for the molecules from the interior
to migrate to the surface. In case the solution is fairly concentrated the time necessary to obtain equilibrium will be very short,
but if the solution is very dilute, as is the case for the acids and
alcohols of high molecular weight, the time effect will be more pronounced.
The first quantitative measurements on the migration of the particles of solute from one part of the solution to another, were made
by Nernst (1889). He made use of Fick’s Law (1855) that the
quantity of salt which diffuses through a given volume is directly
proportional to the concentration differences of two areas infinitely
near each other. If the difference in concentration at these points
is dc, and the difference in distance is dx, then the concentration
dc
gradient will be - Fick’s Law states that the amount, ds, which
dx
will cross the cross sectional area, a, in time, dt, is given by the

.

expression, ds = - Da - dt.

The rate of change may be expressed

by ds
.
dt
This negative value indicates the motion is in the direction of
decreasing concentration. D is the specific diffusion rate. In case
of solutions where the value of the concentration differences is very
small the speed of diffusion must also be correspondingly slow.
Such is the case with the solutions of the higher acids and alcohols.
Also the higher the molecular weight the slower the diffusion,
With the octyl alcohol which gives the reverse effect, an explanation has not as yet been deduced.

t
cumen n
io
cal Do
Histori tural Experiment Stat

Kansas

Agricul

EXPERIMENTAL DATA ON THE ALCOHOLS
DIETHYL, E T H Y L , PROPYL, AND ISOAMYL ALCOHOL

The points for these compounds were recalculated from the results found by Traube (1891). It was necessary to change his system of expressing the results into the one used in this investigation
and also t o change from volume molar to weight molar.
BUTYL ALCOHOL

Kahlbaum’s best butyl alcohol was dried with metallic calcium
and distilled under reduced pressure. A Morgan tip with 0.29925
centimeter radius was used. Thirty-minute drops were used in
making the adsorption curve. These drops were heavier than those
resulting from the one-fourth, 1-, and 5-minute drops, but not to the
extent manifested by the octyl alcohol.
OCTYL ALCOHOL

Octyl alcohol was purified in the same manner as butyl alcohol.
A Morgan tip of 0.29925 centimeter radius was used. The adsorp-

tion curve given was calculated from 30-minute drops. The 30minute drops were uniformly heavier than those of shorter times.
C E T Y L ALCOHOL

This curve was calculated from 30-minute drops. It is very evident that the time during which these drops hung was not long
enough for equilibrium to be established. The slope of the curve for
this alcohol should be steeper than for butyl alcohol, while it really
is much less.
Table III contains the data for the alcohols studied.
EXPERIMENTAL DATA ON THE AMINES

The adsorption curves for allyl and propyl amines were plotted
from the results given by Traube. His results were in units different from those here employed and it was necessary to recalculate
them. They were also changed to weight molar from volume molar.
The dipropyl amine adsorption curve was plotted from the results obtained in this investigation. The dipropyl amine was purified by fractional distillation, weighed quantities being added to
weighed amounts of water in making up the solutions of different
concentrations. The concentration was determined by titrating
with standard hydrochloric acid from weight burettes. Time did
not appear to play an important part in the drop weight. Fiveminute drops were used in all cases.
These curves are shown in figure 5.
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The data for allyl, propyl, and dipropyl amines are given in
Table IV.
COMPARISON OF THE LOGARITHMIC CURVES
OF THE ALCOHOLS AND THE ACIDS

The slopes of the straight line portions of the alcohol curves are,
in general, slightly steeper than those of the acids having an equal
number of carbon atoms. Since the adsorption depends upon the
dy
slope, - , it is then evident that the alcohols exhibit a greater
d log c
adsorption than do the acids of the same number of carbon atoms.
I n general, also the alcohols possess a constant degree of adsorption
over a wider range of concentration; that is, the adsorption curve
is a straight line through a greater concentration change.
As an explanation of this greater adsorption and of the fact of its
being through a wider range may be mentioned, among other things,
the difference in the electrolytic character of the acids and alcohols.
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The alcohols show such a slight degree of ionization t h a t no correction is used in the application of Gibbs' Law. The acids, for the
more concentrated solutions, it is true are very weak electrolytes, but
for the more dilute solutions the degree of electrolytic dissociation
becomes of considerable magnitude as calculated from the Ostwald
formula. This is especially true for the acids of high molecular
weight which exhibit a marked effect upon surface tension even

when present in very small quantities. It is well known that the
Ostwald formula is quite limited in its range of accuracy when applied t o substances highly ionized. Furthermore, particularly for
those acids producing solutions of high concentration, proper corrections for the degree of polymerization may not be made. I n the
case of formic and acetic acids over the most concentrated solutions used, this would be of considerable value, and it is not known
exactly how the ordinary osmotic pressure equation may be ac-

t
cumen
cal Do ent Station

Histori

ultural
as Agric

Experim

Kans

curately used in each concentration. The solutions of the highly
ionized acids are under a much different thermodynamic environment because of the presence of the electromagnetic forces arising
from the electrically charged particles, than are the alcohols. It
is quite well established that these electric forces affect the surface
tension very materially.
The alcohols of four- and five-carbon atoms reach zero adsorption a t the same concentrations as the acids of the same carbonatom content.
In case of the alcohols of one-, two-, and three-carbon atoms, the
adsorption begins a t a lower concentration than the corresponding
acids. The curve for the three-carbon atom alcohol lies about twotenths of a logarithmic unit t o the left of the corresponding acid.
SOURCE OF DATA FOR ESTERS

All the data for the esters plotted was obtained by recalculation
of the work published by Traube in the Annalen (1891).
These curves appear in figure 6. It was necessary t o change all
his values into the units employed in this investigation for expressing surface tensions and to change his concentrations from volume
molar t o weight molar. The data are shown in Table V.
COMPARISON OF THE LOGARITHMIC CURVES
OF THE ALCOHOLS AND THE ESTERS

The curves for the esters lie very nearly in the same position as
the curves for the alcohols of the same number of carbon atoms. As
a rule, however, the curves for the esters lie a t a higher concentration than the alcohols.
Ethyl propionate and propyl acetate, two esters having the same
number of carbon atoms but differently arranged, show an interesting relation. The former requires a higher concentration to produce
the same adsorption.
As a rule the adsorption of the esters begins a t a lower concentration, takes place more gradually, and finally becomes constant at
a higher concentration than the alcohols having the same number
of atoms of carbon.
Taken as a whole the adsorption curves of the esters correspond
somewhat more closely with the corresponding curves for the acids
than they do for those for the alcohols.
A relation between symmetry of the ester and its adsorption
curve is found in that the more symmetrical the ester is, the smaller
the adsorption after the adsorption has once become constant.
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MEASUREMENT OF SOLUBILITIES BY MEANS OF
SURFACE TENSION

Surface tension measurements may be employed to ascertain the
solubility of a substance, the solubility of which is very difficult to
obtain by use of ordinary methods. Decylic and nonylic acids are
so slightly soluble in water that by ordinary processes of measuring
solubility the experimental error is almost as great as the solubility
itself. Their solubilities in water were determined by use of the
surface-tension method quite accurately and easily. T o do this a
saturated solution is produced and its surface tension measured.
This value is plotted on the adsorption curve of the product, this
curve having been produced by using solutions having known
amounts of substance in solution. The value of the surface tension
for the saturated solution is put upon the extended adsorption curve
and the logarithm of the solubility read off on the abcissa.
DESCRIPTION OF EXPERIMENTAL METHODS ON BENZENEWATER INTERFACE WITH BUTYRIC ACID DISTRIBUTED
BETWEEN BOTH SOLVENTS

Purified materials were employed in each case. The water used
for solvent was conductivity water and the benzene was some which
had been especially well purified for a previous research and preserved in resistance glass bottles over metallic sodium. The butyric
acid was fractionally distilled several times and the middle constant
boiling point fraction selected.
Weighed quantities of both solvents and solute were taken in each
case. The materials were then placed in a 500 c. c. glass-stoppered,
resistance glass bottle and shaken at 20 degrees C by a special
shaking apparatus in a water thermostat. The shaking was usually
continued for 12 to 20 hours, after which the interfacial tension, the
concentration of acid in each phase, and also the densities were determined. To insure that equilibrium of acid between the two
liquids had actually been reached, the bottle was returned to the
bath and the shaking again continued for three hours and the values
given above once more ascertained. In no case was it found that
equilibrium had failed to be set up after the material had been in
the shaker for 12 hours.
The densities of the solutions, as in the case of all the other
densities reported in this bulletin, were determined by use of the
Harkins picnometer. This instrument is so made as to give exceedingly accurate results.
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The concentrations of acid in the two phases were ascertained by
titrating the solutions with approximately one-tenth normal sodium
hydroxide from weight burettes, using phenolphthalein as indicator.
No difficulty was encountered with the water solutions. With the
benzene solutions considerable care was necessary. Water was
added t o the flask, well shaken with the benzene layer, and titrated
as mentioned above. Prolonged shaking was required t o insure
complete removal of acid from the benzene layer.
The surface tensions for the points on the adsorption curve shown
in figure 7 were obtained partly by the drop-weight method and
partly by the capillary-height method. It was the original intention to use the former method only. However, it was soon discovered t h a t it was practically impossible t o use this method on
solutions which were rather dilute. For such concentrations the
capillary height proved t o be better adapted. The capillary height
apparatus was that employed by Harkins and Humphery (1916).
The height of the liquid column was determined by use of the
cathetometer. All points having a concentration in the water layer
greater than 0.3501 N were calculated from results obtained by the
drop-weight process. All those having a concentration of acid less
than this were obtained by the capillary-height method.
The bulb of the drop-weight interface pipette had a capacity of
1.618 c. c. with a tip radius of 0.27171 c. c.
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The solute represented by figure 7 (data in Tables VI and VII)
is butyric acid, and the two systems are benzene-water and waterbenzene. The first measurements on this system were made by
Humphery (1916) in 1913 for use in developing the theory of orientation of molecules in surfaces and interfaces, and were made by
the capillary-height method. These measurements mere not considered precise enough, and the results given here are those obtained in this investigation by using the drop-weight method in the
form developed by Harkins and Humphery, the most complete account of which will be found in a paper by Harkins and Brown
(1916). The results on interfacial tension for the lower concentrations were obtained by the capillary-height method.
Using the equation given above the adsorption of butyric acid
at both interfaces was calculated. When the concentration in the
aqueous solution was 0.04 moles per 1,000 grams of water, 1 x1014
molecules were found to be present in one square centimeter of the
film between water and benzene, while if the benzene is not present the concentration of the aqueous phase needs to be only onethird as great to be in equilibrium with just the same number of
molecules in the surface film. This shows that the molar activity
or fugacity of the molecules in the interface between water and
benzene is three times as high as on the surface of water, when both
films have the same concentration of about 1 x
molecules per
square centimeter.
In order to give 1.5 x1014 molecules per square centimeter in
the interface between water and benzene, the concentration in the
aqueous phase must be 0.1 moles per 1,000 grams of solution, while
to give the same number of molecules on the surface of water the
concentration needs t o be only 0.02 mole, or the difference in activity is nearly the same as that described in the preceding paragraph.
As the number of molecules per square centimeter in the surface film increases the amount of solvent in the film becomes so
small t h a t the activity of the solute molecules in the film changes
very rapidly when calculated on the basis of the concentration of
solute in the film, so the number of solute molecules in the film
remains practically constant over quite wide ranges of concentration
of the adjacent liquid phases. A film of this kind has been designated by Langmuir as of one molecule in thickness. At the interface under discussion this constant film is obtained while the concentration in the aqueous phase varies from 0.2 t o 0.5 of a mole¹
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butyric acid to 1,000 grams of solution, while with the water phase
alone and the same concentration in the surface, 2.77 x
molecules per square centimeter is obtained a t concentrations between
0.05 and 0.625 of a mole, showing for the lowest concentration a t
which this film is obtained, somewhat the save average ratio in the
activity in the film; that is, the butyric acid in the interface has
again an activity three or four times greater than that a t the surface of water. These results indicate that, corresponding t o the
theory, the restraining force on the butyric acid molecules is much
greater a t the surface of the water than it is a t the interfacewater-benzene. This may be stated in the form that for equal
concentrations in the aqueous phase the adsorption of substances
of the type of the higher organic acids, alcohols, amines, etc., is
always greater a t the surface of water than i t is a t the interface
between water and an organic solvent of the type of benzene or
a paraffin.
CALCULATION OF THE ADSORPTION AT INTERFACES

I n calculating the adsorption a t interfaces the difficulty was met
that none of the adsorption formulas which could be found took
into consideration the presence of the solute in more than one
phase. Since, even when water is the only solvent, the solute may
be, and usually is in the vapor phase, the equations should take
account of this fact. The adsorption formula presented here was
worked out for use in this paper by Prof. A. C. Lunn of the Department of Mathematics, University of Chicago. It is based on the
laws of thermodynamics and the equation for maximum work considered in connection with osmotic pressure.
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