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466 REYNOLDS : ON INTERFACIAL TENSION. PART II.

LIX.—On Interfacial Tension. Part II. The Relation
between Interfacial and Surface Tension in Sundry
Organic Solvents in Contact with Aqueous Solutions.

By Wirriam COLEBROOK REYNOLDS.

In Part I of this communication the author has described an
apparatus in which interfacial tension can be measured in absolute
units. It is now proved that there is a very intimate connexion
between the interfacial tension at the surface separating immiscible
liquids and the surface tensions of the liquids.

From a consideration of the conception that surface tension is
due to the attraction of molecules lying in the surface by those
immediately surrounding and beneath them, it appeared probable
that if the internal forces giving rise to this phenomenon were, like
gravitational or electrostatic force, independent of the chemical
nature of the molecules concerned, interfacial tension would be
the difference between the two surface tensions.

This hypothesis, when tested, was found to be only very approxi-
mately true in some cases, whilst in others the discrepancy was
considerable. Further investigation revealed the cause.

When two liquids are in contact, each is saturated with the other
at the surface of contact, consequently it is necessary to substitute
for the surface tensions of the two liquids those of their mutually
saturated solutions. When the latter were determined, with the
precautions detailed below, it was found that the following law was
accurately true in the case of pure solvents :—The interfacial tension
between two liquids 4 and B is the difference between the surface
tension of A saturated with B and the surface temsion of B
saturated with 4.

When the interfacial tension is measured by the capillary method
described in Part I, due consideration must be given to the pheno-
mena of wetting. All the liquids described in this paper wet glass;
here, the capillary rise is the difference. In Part III, where mercury,
which does not wet glass, is dealt with, the capillary forces act in
the same direction in glass tubes; hence the capillary depression
is the sum. A convention as to the sign of the forces has thus to be
adopted, since the true interfacial tension is always the difference
between the forces.

The following appear to form exceptions to the law :

(1) Immiscible liquids that react chemically.

(2) Mercury and liquid amalgams in contact with certain
electrolytes.
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(8) The old interface separating certain solutions where surface
concentration has occurred.

The Measurement of the Surface Tension of Saturated Liquids.

When the surface tensions of mutually saturated liquids were
being measured, the liquids were shaken in a separator and run
into cylindrical bottles, about 44 em. in diameter, with straight
sides about 124 cm. in height. Selected capillary tubes were
employed (see Part I), the same tubes being Fro. 1.
used for all the measurements recorded. The
capillary tube was allowed to rest in a ver- J:L
tical position against the walls of the bottle
(see Fig. 1). The bottle and the capillary
tube were cleaned (see Part I) and dried in
an air-oven before each measurement. When
observations were being made, the bottle was
inclined to allow the liquid to fill the tube
completely, and the position of equilibrium
of the column on falling was noted. The
bottle stood in a water-bath at a known
temperature, except at the moment when
measurements were being taken, and was
closed by a cork to prevent evaporation of
volatile, saturating liquid. It was found,
however, that there was a considerable error
in such determinations due to volatilisation
of the saturating liquid into the space above
the liquid, whereby the surface layer became
weaker, and in the case of aqueous solutions |C ]
the observed tensions were too high. This
source of error was eliminated by a simple C>
expedient (Fig. 1). This consisted of a “~~—_ 1~
cylinder of wire gauze (4) supported by two wires fixed into the
cork and filled with cotton wool moistened with a few drops of the
saturating liquid (chloroform, ether, etc.), the vapour of which
maintained saturation of the air space. Readings taken every few
minutes proved that the capillary rise, which fell at first, became con-
stant after a short interval, usually thirty to forty minutes, complete
saturation having been effected. If the temperature fell slightly
subsequently, condensation occurred on the walls of the bottle
and an oily layer appeared, but the position of equilibrium remained
constant.

It was subsequently found that in the case of pure liquids the
shaking in a separator was unnecessary, since only the surfaces

-
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were active. Exactly the same effect was obtained when a pure
solvent was placed in the bottle and the air space was saturated
with the vapour of the immiscible liquid, as when the two liquids
had been previously shaken together. This circumstance made
it possible to take measurements when dealing with certain colloidal
sols such as gelatin, where almost permanent emulsification occurred
on shaking the sol with an immiscible liquid.

In Table I, the interfacial tension of the liguid mentioned in
column 1 in contact with water is given in column 6. The liquids
were purified and redistilled. The difference between the values
in columns 2 and 4 is given in column 5. The close agreement
between the calculated values in column 5 and the observed values
in column 6 will be noted. Column 7 gives the temperature at
which the observations were made.

TasLz 1.
Surface Surface
tension tension
of water  Surface of the Interfacial
0il. saturated tension oil tension Interfacial
with the of the  saturated caleu- tension Temper~
oil, dry oil. with water, lated. observed. ature.
Benzene .........cooieeinn 632 284 288 344 344 19°
Ethyl ether ............ 281 177 175 106 10-6 18
Aniline ......coeeneia 464 41-9 42-2 42 4-8 26
Chloroform  ............ 598 272 26-4 334 333 18
Carbon tetrachloride... 70-2 267 26-7 43-5 43-8 17
Nitrobenzene ............ 67-9 434 432 24-7 247 18

The interfacial tension of pure liquids is invariable at constant
temperature; surfaces had the same tension after five minutes
and after twenty-four hours in each of the above cases. When,
however, one of the liquids is complex, that is, an aqueous solution,
colloidal sol, or mixture of two or more organic solvents, the inter-
facial tension frequently depends on the age of the contact surface,
because concentration of one or more of the constituents of the
solutions often occurs. It seems probable that the law stated above
holds true in nearly all phases of these cases also, but where the
value of the tension is rapidly changing it is only practicable to
make comparable observations of the interfacial and surface tensions
in particular circumstances, and at times dynamical methods must
be employed where statical ones are unsuitable. The author
has endeavoured to find in each case the interfacial tension of freshly
formed surfaces, and of old surfaces when final equilibrium had been
reached. In all these complex contact surfaces so far examined,
the underlying cause of surface concentration appears to be this :
at any given temperature the interfacial tension tends towards a
minimum ; it never increases spontaneously with age. If, therefore,
one of the constituents of a mixture has a lower interfacial tension
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than the others, it is attracted towards the contact surface, the
movement in the case of organic solvents and of many colloidal
sols proceeding for many hours. The three classes are considered
separately below.

Mized Organic Solvents.

The figures in Table II prove that the law holds good in the case
of mixtures of organic solvents when the interfaces are freshly
formed or old surfaces are disturbed. In some cases mixtures of
nearly allied solvents behave like pure solvents, and the interfacial
tension retains the same value in the case of old surfaces. Where,
however, one of the ingredients has a much lower interfacial tension
than the other constituents, this is found to be slowly drawn towards
the surface of separation, concentration proceeding here for many
hours, during which the interfacial tension falls slowly. Thus, when
water is brought into contact with benzene to which a small pro-
portion of a liquid (such as oleic acid) which has a lower interfacial
tension than itself has been added, the interfacial tension falls
slowly for several hours. The question arises, Does the interfacial
law still hold in the cases of the older surfaces when equilibrium
has been reached and the interfacial tension has become constant ?
It appears that the apparent equilibrium applies only to the contact
surface. The oleic acid in twenty-four hours reaches a new con-
centration and the water a new degree of saturation at the interface,
but the changes do not extend to the body of the two liquids, which
retain the same surface tensions as they had when the contact
surfaces were fresh. This class therefore does not obey the law
in regard to old surfaces, though this may in reality be due to our
inability to measure the surface tensions at the actual interface.

All the various commercial products from petroleum, even after
they had been distilled with steam in the presence of sodium
hydroxide to remove traces of saponifiable oils, showed more or
less adsorption with time, due to the presence of constituents of
low interfacial tension.

In Table II, the values of the tensions for the mixed solvents
shown in column 1 are given. Where two figures are bracketed,
the larger refers to surfaces five minutes old, and the smaller to
those twenty-four hours old. Where only one figure is given,
this applies to both.

In several instances surface concentration had already occurred
to a measurable extent at surfaces five minutes old, and the inter-
facial tension, even at this early stage, was already somewhat
below the calculated value. In the case of liquid paraffin, B.P.,
the adsorption was so rapid that no accurate measurement of the
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TaBLE II.
Surface Surface
tension tension
of water Surface of the Interfacial
saturated tension oil tension, Interfacial
with the of the saturated calcu- tension, Temper-
Oil. oil. oil. with water. lated. observed. ature.
Amyl aleohol ............... 263 244 21'5 48 48 18°
Cresylic acid ... 378 371 343 35 39 18
POtrol weeverrrveeereeereeeens 696 220 220 476 {g‘;:“f} 18
White SPItit ..ooveceeen.. 695 252 251 444 {;g:i} 18
Paraffin oil ...oooovvrennnn. 730 248 247 483 { ig:g} 18
Liquid Paraffin, B.P....... 730 316 316 415 {(1451}} 17
TUrpentine «.......c...cv.v... 630 272 272 358 {g"s‘jg} 18

Amyl alcohol, 5 9, +

{167
Benzene, 95 9, ' 17

1 . . . .
joo 44 280 260 154 g

Aniline, 5 % | .. . . - .
oo S o ) e 571 204 296 275 271 17
Cresylic acid, 1 9, - ) . . . . .
Bonone, 809, ° | o 065 201 28T 278 275 17
Oleic acid, 1 9% +1 630 203 202 348 [308) 17

| 12424
fresh surface was possible by the author’s statical method. By
the dynamical method the value 41 was obtained when drops were
allowed to form rapidly from a special pipette of wide bore. When
the drops formed slowly the value fell to about one-half.

Benzene, 99 9 f

Agueous Solutions.

In Table III the interfacial tensions between benzene and aqueous
solutions of the compounds in column 1 are recorded. The differ-
ences between the values in columns 5 and 6 are given in column 7;
they are in close agreement with the observed values in column 8.

Tasrr III.
3 5 3 T |Z 2 V. 3
28 =E g ofs a8F 8 &9
=3 s- 24 <S58 SEE 3z £ ¢
82 gy 28 EEs BEE 3E 3@ B
B g8 BF 32z Bmo 83 88 g
22 £, 8¢ 885 885 £ £ &
88 g8 £° gET &£8: #4 2E ¢
AE 5% 5§ EZ¥ YEE HE  EE g
Solute. g 2 @? &3 alE @ = &
Sodium chloride 1-0012 01 722 640 289 351 349 18°
9 ’ e 10041 1-0 744 655 287 368 373 196
v ' ... 1-187 50 835 720 291 429 425 17
Sodium hydroxide ... 1-046 10 74'8 653 289 364 377 18
»s s .. 10191 50 845 727 290 437 447 17
Sulphuric acid ...... 10275 05 730 625 280 3456 350 26
' sy ereaes 1151 25 756 657 289 368 366 18
v ss  senens 1-291 50 7745 662 289 373 371 18
Sodium thiosulphate 1-041 01 7356 634 287 347 346 20
Glycerol .... e 1t 50 709 877 287 290 286 20
Sucrose 01 737 627 287 340 344 20
10 753 630 289 341 341 18
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The law holds true in all these cases, the interfacial tension
after five minutes remaining constant for twenty-four hours.
This does not mean that surface concentration does not take place
but it does prove that if it occurs it is complete, within measurable
limits, in the case of surfaces five minutes old.

Colloidal Sols.

The sols were prepared as follows and kept under sterile conditions.

Gelatin.—Coignets Extra (Gold Label) was filbtered. The vis-
cosity of this sol varies considerably with its age, but the interfacial
tension was found to be independent of the viscosity.

Qum Acacia.—Filtered aqueous sol.

Gum Tragacanth.—The powdered gum, moistened with a little
alcohol, was treated with water, concentrated on the water-bath
to remove the alcohol, diluted to volume and filtered under sterile
conditions in an incubator at 37°. The insoluble matter adsorbed
much of the gum, the original 0-5 per cent. sol only containing
0-32 per cent. after filtration.

Starch.—Two per cent. unfiltered sols of various starches differ
greatly in viscosity, that of potato starch being 53-2 (water = 1),
and that of rice starch only 3-7.

The sterile sols were allowed to stand in tall, covered cylinders
for some days while the insoluble matter slowly settled at an average
rate of about 2 cm. per day. The insoluble matter adsorbed a
large proportion of the starch, the decanted clear arrowroot sol
only leaving 0-488 per cent. on evaporation instead of 2 per cent.;
the viscosity meanwhile had fallen from 7-6 (unfiltered) to 1-52
(clear, decanted).

Lord Rayleigh’s classical experiments (Proc. Roy. Soc., 1890, 47,
281) have proved that the surface tension of soap solutions, when
the surface is not more than one-hundredth of a second old, is the
same as that of water, although when the surface is only a few
seconds old the value may fall to approximately one-half, owing to
the extremely rapid concentration of the soap at the surface. If
colloidal sols behave like soap solutions and have the same surface
tension as water in freshly formed surfaces, it might be anticipated
that the sols in contact with benzene would, at the moment of
contact, have the same interfacial tension as benzene and water.
The application of ripple and jet methods of measurement to the
sols mentioned below does not appear to have been undertaken. By
Donnan’s drop-pipette method it is possible to make a comparison
of the interfacial tension between benzene and colloidal sols with
that between benzene and water, and if the drops are forming
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very rapidly (about ninety per minute) the surfaces are still fairly
fresh.

In Table IV the number of drops of benzene formed in the sols
is compared with the corresponding number formed in water at
the same rate at 18°. From these numbers it appears that surface
concentration in these cases does not take place so rapidly as in
soap solutions, where very much larger drop numbers are obtained
under the same conditions, and that the sols in question have nearly
the same interfacial tension at this stage as water.

Tazre 1V.
Number of Interfacial tension
drops of observed after
Sol. benzene formed. 15 minutes.
[WABLET  ververererreeereenene 84 34:4]
05 per cent. Gelatin. 96 21-0
‘ ’ 2 2 . 85 26-1
10 ,, ,, Acacia .. 87 329
5 2 » 3 . aes 86 346
S 85 363
05 ,, , Tragacanth, 0'32% 92 259
2 ,, , Arrowroot, 0-488* 85 363
2 ,, ,, Patent Starch ...... 85 363

* Percentage concentration after clarification.

The interfacial tension of these sols in contact with benzene,
measured by the statical method when the surfaces were fifteen
minutes old, is recorded in column 3. From a comparison with
the drop numbers in column 2 it will be seen that considerable
concentration had occurred in the case of gelatin and tragacanth.
As the interface grew older equilibrium generally supervened very
slowly, owing to the lowering of the surface tension as surface
concentration of the colloid proceeded. It was therefore necessary
to make observations at intervals over twenty-four hours; even then
it was doubtful in a few cases whether adsorption had reached
measurable limits, but it was difficult to keep the apparatus at a
constant temperature for longer periods by means of the water-
jacket, and the error due to the variation in temperature effected
minute changes in the interfacial tension. Starch sols formed
an exception, for here equilibrium was reached almost immediately.
But it was not only the interfacial tension of the sols in contact
with benzene that changed with time. The surface tensions of
the sols, alone and also when saturated with benzene, also altered,
and it was found that the values of these tensions, observed at
surfaces of the same age, were in agreement with the interfacial law.

The general behaviour will be made evident by considering one
example in detail. A 10 per cent. sol of gum acacia had a surface
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tension of 728 dynes per cm. when the surface was freshly disturbed,
but the value diminished gradually for several hours as surface
concentration occurred, and after twenty-four hours it was 69-0.
The surface tension of this sol saturated with benzene changed
similarly, and was found to be 53-0 after twenty-four hours. The
interfacial tension in contact with benzene was 32-9 dynes per cm.
when the contact surfaces were fifteen minutes old, but fell to 27-6
after three hours, and to 25-9 after twenty-four hours.

In Table V are given the results obtained with surfaces twenty-
four hours old. Where two values are bracketed the higher refers
to the fresh surface, and the lower to the twenty-four hour-old
surface ; otherwise, the value does not alter with age. The difference
between the values in columns 3 and 4 is given in column 5, and
agrees fairly well with the figure in column 6, although the
agreement is not so good as that in Table III.

TABLE V.

2. HEES E§° E3F §%FE ¢

ad sgss 227 558 258

2 3% g% Sxs 3%8 3

28 g3o2 gBF ESE gET B

4% g3%8 28y f&% £3% 2

Sol. 2 338 E2° EF F° 8

05 per cent. Gelatin  ...veeveeveennn. {géé 482 289 193 199 18°
01 b s gy eeeeeeeeens {gg::J 502 290 212 234 17
10, ,, Gum Acacia .eeeeeeen. {Zgjg 530 289 241 259 18
B v ae ar ar eeeeeeen {gg:g 560 287 273 299 19
o 735 62:9 289 340 345 18
05, Gumegaeanth,o-zz*{ggﬁg 453 289 164 192 18
2 ., ., Arrowroot, 0-488% 640 288 352 357 19
2 . Patent Starch ......... 8 635 289 346 363 18

* Percentage concentration after clarification.

The meniscus of a twenty-four hour-old sol in a capillary tube
standing in a closed bottle exhibits in some cases a distinctly gel-
like character. When the contents of the tube are allowed to exude
slowly on to a watch glass, this gel-like surface, retaining the form
of the meniscus, and having a depth equal to its diameter, may be
seen floating in the body of the sol for some minutes before it is
absorbed.

Soap Sols.
The surface and interfacial tensions of nine dilutions of soap sols,

belonging to three typical classes, in contact with benzene were
investigated. The behaviour of these sols resembled in general
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that of the colloid sols mentioned above, the chief difference being
the more rapid surface concentration in the case of the soap sols.

From Lord Rayleigh’s observations on surface tension (loc. cit.)
it may be anticipated that the interfacial tension between the soap
sols and benzene, at the moment of contact, would be the same as
that between water and benzene. The freshest contacts that the
author observed were those formed in the manner described in the
case of the colloid sols.

In column 8 of Table VI the number of drops of benzene, formed
in the soap sols as quickly as they could be accurately counted
is compared with the number of drops formed in water in the
same ecircumstances. The results prove that the interfacial tensions
at these contact surfaces, which must be considerably under one
second old, are 75—21 per cent. of that of benzene-water contacts
(34-4 dynes per cm.).

The interfacial tension determined by the preceding statical
method became constant after five minutes in seven out of the nine
dilutions, whilst, in the surface tension measurements of the sols
themselves, in contact with air, equilibrium was only established
after 10-—120 minutes. Surface concentration therefore appears
to be more rapid at benzene- than at air-contacts.

It is probable that very fresh contacts, one-hundredth of a second
old, would obey the interfacial law stated above. Old contacts, when
surface concentration was complete, did not do so, the observed
interfacial tension being higher than that calculated from the surface
tensions of the immiscible liquids. This may be due to a smaller
surface concentration at benzene contacts than at saturated soap
sol-air surfaces, but the measurements may be appreciably affected
by hydrolysis of the soap, the free fatty acid being dissolved by the
benzene and a more alkaline, aqueous sol remaining.

The soap sols were prepared as follows. Ten grams of the oil
mentioned in column 1 (Table VI) were saponified by that volume
of a solution of sodium hydroxide (D 1-30) which experience had
shown yielded a neutral soap, the soap was dissolved and the
solution made up to 100 c.c. The other dilutions were prepared
from the 10 per cent. sol. A 10 per cent. cocoa-nut sol crystallised
after some days, and a 1 per cent. sol gelled, but on warming and
cooling both remained clear mobile fluids for more than twenty-four
hours, and the measurements were made on the recently cooled
sols. All observations were made at 17—18°. The observed
interfacial tensions for contacts after twenty-four hours and after
five minutes are given in columns 6 and 7 respectively; the calcu-
lated tensions, that is the difference of the values in columns 3 and 4,
are given in column 5.
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TasLe VL

3 B 4 B3 : 8. =s A
55 5585 g8s =9 gif zif &,
EF: 'a§§,8 ‘@S @ 38, 82 ~3$g =1
£3E 8287 dce  3°d 884 322 w3
225 2833 =298 g2 5°3 LR
S$ow 832, 884 £3° £83 FEL 24
£47 o8& €5% 57 ~ig ~gE g%

Soap sol, a 2879 Zg S 8° g3 2
[Water ..ococvvviiiiininiiinnn 734 632 286 346 344 344 84)
10 9% Castor Oil............... 351 309 286 23 30 30 398
1 9% 4y eereenenniraae 358 320 286 34 56 57 249
019 gy erereeenenns 435 462 286 176 232 232 124
10 9, Olein (commercial)... 266 263 286 —23 16 16 237
1 9% » ... 257 268 286 —1'8 33 35 214
019% ' ... 254 381 286 95 172 213 113
10 9, Cocoanut Oil (pressed) 26:5 26:7 286 —19 27 27 306
1 9 ' . v 233 277 286 —09 52 52 249
01 9% » » » 29-4 507 286 221 276 276 114

The author’s results indicate that surface concentration is much
more widely prevalent than is generally supposed, and that it affects
solutions of every description. It seems not improbable that this
phenomenon affects certain physical measurements such as viscosity
and lubrication tests.

The study of interfacial tension may throw light upon many
chemical and biological problems. Whenever investigation proves
that the interfacial tension of two immiscible liquids is not constant
at a given temperature, or that the liquids do not obey the interfacial
tension law, surface concentration, or electrical or chemical action,
is indicated.

In Part III it will be shown that interesting electro-chemical
relationships can be explained by means of the interfacial tension
law.

Two minor instances of its use in directing attention to chemical
changes were noted during the investigation, and are perhaps
worth recording.

Carbon disulphide in contact with water and air does not obey
the interfacial tension law. The surface tension of water saturated
with carbon disulphide is 72-2, and that of carbon disulphide satur-
ated with water is 32-1; the interfacial tension should therefore be
the difference, 40-1. The observed figure was 49-3.

The discrepancy was found to be due to the chemical interaction
of air, water, and carbon disulphide. When the two liquids are
shaken together in a separator for a few seconds, an almost invisible
film of a substance insoluble in either liquid separates at the inter-
face. This is made more apparent by draining off the carbon
disulphide, when the film is compressed into the restricted area
just above the tap and is thus more easily seen. When the two
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liquids are allowed to remain in contact for several hours in a wide,
stoppered bottle, decomposition proceeds, and a yellowish-brown
precipitate forms at the interface. Purification of the carbon
disulphide in various ways failed to yield a product which did not
show these changes, and samples obtained from three firms behaved
alike. The nature of the oxidation product was not investigated.

Turpentine in contact with air undergoes oxidation so rapidly
that the accurate measurement of its interfacial tension in contact
with water is made very difficult. The slightest contact with air
during distillation makes a great difference in the product. Samples
of the same specimen of turpentine were distilled as described in
column 1 below. The interfacial tension of the distillate in contact
with water is noted in column 2.

Digtilled in a vacuum with an air-inlet tube passing to the
bottom of the flask ...ocoivniieiiiiiiiiiiiiiiiiiens 10-3

Distilled at the ordinary pressure from a half-filled flask . 258
Steam distilled from a half-filled flask ......cccociiininnennn. 27-8
Distilled and cooled in & VACUUIN +eveveriiiiiiininiieiarinisiiriniiicanaes 34-2

All these distillates had the same surface tension in contact
with air, namely, 27-2. They changed slowly in character when
stored in partly filled, stoppered bottles. Thus the sample with an
interfacial tension 25-8 gave the value 20-9 after a few hours, and
after it had been stored for sixteen days in a half-filled bottle the
interfacial tension had fallen to 12-9. The specimen which originally
showed 34-2, after having been kept for 111 days in a nearly full
bottle, gave the value 20-1, and another portion of the same specimen,
after 111 days’ storage in a bottle, the neck of which was plugged
with cotton wool, had an interfacial tension of 1:06 only. The
changed products, after having been shaken with a dilute solution
of sodium hydroxide to remove acid matter which had been formed,
and redistilled in a vacuum, regained their original properties;
it was thus shown that the oxidation only affected a moderate
proportion of the whole liquid.

The change of interfacial tension with temperature will be the
subject of a further communication.

JEYES’ LABORATORY,
Praistow, E. [Received, February 10th, 1921.]
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