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The viscosity and elasticity of interfaces between two fluid phases are a 
new challenge to surface chemists. Bulk properties, such as viscosity, stress 
relaxation, and elasticity, have their counterparts in surfaces. The bulk 
properties have received prior study; increasing attention is being given 
to the flow and elastic properties of interfaces. This chapter tells what 
surface viscosity and elasticity are and reviews methods of measuring them. 
Some typical data are presented and the significance of surface viscosity 
and elasticity is discussed. 

I. Interfacial Viscosity 

1. D E F I N I T I O N OF INTERFACIAL VISCOSITY 

A liquid-liquid or liquid-vapor interface has viscosity if the interface it-
self contributes to the resistance to shear in the plane of the interface. Pure 
liquids against their own vapor or against air do not show such viscosity 
effects. However, many "surfactant" (surface active agent) films adsorbed 
at interfaces are viscous. Often this surface-induced viscosity is extremely 
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FIG. 1. Surfactant additives adsorb at an interface 

high. Brady and Brown showed that the viscosity of lauryl alcohol was a 
million times larger than the bulk viscosity when this alcohol was spread 
as a monolayer on a water substrate.

1 

The high viscosity of adsorbed films is plausible in view of other known 
properties of interfaces. For example, surfactants concentrate at interfaces, 
as shown theoretically by Gibbs and as verified by numerous studies.

2 

These films are also oriented, as evidenced by electron diffraction and sur-
face potential measurements.

3 ,4
 Viscosity changes in films are expected 

and found when phase changes occur in surface films. Such phase changes 
have been studied and the two-dimensional equations of state of the films 
have been determined.

5 

Surfactants concentrate and orient at an interface, as illustrated in Fig. 1. 
These chemicals tend to be oriented with the polar portion preferentially 
in the more polar phase. Monomolecular layers are adsorbed onto solids 
from low concentrations of surfactants, but multilayers form at high con-
centrations in some cases.

6 

Surfactants are also oriented at liquid-liquid interfaces. These surface 
films resist compression by a "film pressure" characteristic of the substrate, 
surfactant concentration, and temperature. As the film pressure is increased, 

1
 A. P. Brady and A. G. Brown, Mechanical Properties of the Surface Films of an 

Aqueous Solution of Detergents, "Monomolecular Layers," (H. Sobotka, ed.) Amer-
ican Association for the Advancement of Science, Washington, D. C , 1954. 

2
 E. G. Cockbain, Trans. Faraday Soc. 50, 874 (1954). 

3
 J. T. Davies, Trans. Faraday Soc. 49 , 683 (1953). 

4
 B. D. Powell and A. E. Alexander, Colloid Sei. 7, 493 (1952). 
6
 W. D. Harkins, "The Physical Chemistry of Surface Films," p. 106. Reinhold, 

New York, 1952. 
6
 F. P. Bowden and A. C. Moore, Trans. Faraday Soc. 47, 900 (1951). 
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the surfactant becomes more closely packed and oriented more nearly nor-
mal to the surface. Such close-packed films are barriers to diffusion of water 
vapor through the interface; hence, they are useful in lowering evaporation 
rates from water surfaces. Some films resist deformation in the plane on the 
interface. 

2 . T E R M I N O L O G Y A N D U N I T S 

Surface viscosity is the ratio between shear stress and shear rate for inter-
facial regions when the stress and shear are in the plane of the interface. 
The effect of surface viscosity is over and above any viscosity effects which 
can be attributed to the two bulk phases in contact. Thus, the viscous drag 
of bulk fluids is a correction on the shear resistance of a surface film. 

Surface viscosity has the units of g. sec
- 1
 compared to bulk viscosity units 

gm. c m .
- 1
 sec.

- 1
. Surface viscosity units are called surface poises. 

Some investigators have preferred to report data as apparent surface 
viscosity because of ( 1 ) the uncertainty in the correction to be applied in 
order to obtain surface poises and ( 2 ) the non-Newtonian nature of many 
surface films.

7
 The latter method of treating data reports the viscous drag 

of the surface film relative to the viscous drag of the two contacting bulk 
phases. For example, assume the interface of phases A and Β is 100 times 
as resistant to shear with a film as without a film. The apparent surface 
viscosity of the film σ is 

σ = IOOUA + ηΒ) ( 1 ) 

where ηΑ and ηΒ are the bulk viscosities of phases A and B, respectively. 
Thus, apparent surface viscosity has the units of bulk viscosity, i.e., poises. 

Both of the above methods of reporting data have advantages and utility, 
but the two methods do not and should not give the same result. Surface 
poise data is corrected for the drag due to the flow of fluid adjacent to the 
film. Apparent surface viscosity data include the viscous drag of fluid ad-
hering to the film. Both methods are useful to detect and study viscous 
surface films. 

3. SURFACE VISCOMETRY T E C H N I Q U E S 

The three types of apparatus used to measure surface viscosity are canal,
8 

pendulum torsion,
9
 and rotational torsion

10
 surface viscometers. Each is 

described below together with its advantages and limitations. 
7
 D. W. Criddle and A. L. Meader, J. Appl. Phys. 26, 838 (1955). 

8
 W. D. Harkins and J. G. Kirkwood, J. Chem. Phys. 6, 53 (1938). 
9
 R. E. Wilson and E. D . Ries, "Colloid Symposium Monograph," pp. 145-173. 

University of Wisconsin Press, Madison, Wisconsin, 1953. 
1 0
 M. Joly, Kolloid-Z. 162, 35 (1952). 
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a. Canal Surface Viscometers 

Canal-type surface viscometers are used to measure the rate of flow of a 
surface film through a "canal" on a surface at a known shear stress. For 
long, narrow canals, the surface viscosity η8 is given by8 

_ Paz αη0 ( ί >. 
η* - ÜLÄ - V ( 2 ) 

where Ρ is the difference in film pressures at the ends of the canal, L is the 
canal length, a is the canal width, A is the area flowing per unit time, and 
770 is the viscosity of the substrate. The last term is to correct for the vis-
cous drag of the substrate adhering to the film. This correction term is 
minimized by using canals of small width. The above equation gives vis-
cosity in units of surface poises, or gm. sec."1. 

An experimental apparatus for canal-type viscosity measurements is 
illustrated in Fig. 2. A film in "A" at a constant film pressure Pi flows 
through the canal to "J3" at the lower film pressure P 2 . The film pressures 
are maintained constant by mechanically adjusting the movable barriers. 
An alternate method of maintaining constant film pressure is to use "piston 

I ' ι 

SURFACTANT AT FILM PRESSURES, ^ 

SURFACTANT AT FILM PRESSURE 5 P 2 ^ 1 [ 1 FIG. 2. Canal-type surface viscometer. 
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oils."11 Measurements are made of Ρχ, P 2 , and the rate of change of area 
"A" as the film flows through the canal. 

The canal method has the advantage of giving data in units of surface 
poises. This method is useful for insoluble films, and it is applicable to solu-
ble surfactants if the modified techniques of Ewers and Sack are used.12 

Liquid-vapor interfaces are easily studied with the canal method, but it is 
not easily used at liquid-liquid interfaces. This method is limited to surface 
concentrations which give rise to appreciable film pressures, and, therefore, 
it cannot be used to study the viscosity of surfactants at low concentrations. 
Although the data are obtained in units of surface poises, the observed 
viscosities are the average values of the viscosity over the range of film 
pressures from P2 to Pi . Only for Newtonian films do these measurements 
have significance in absolute units, and in these cases the surface viscosity 
must be measured as several shear stresses in order to evaluate the relation-
ship of viscosity to film pressure. Most surface films are non-Newtonian; 
in these cases a canal-type viscometer uses a complicated range of film pres-
sures and shear rates. The canal method has been little used according to 
the literature, and, unfortunately, most systems have been studied at only 
one shear rate. In spite of its limitations, it is useful and sensitive in de-
tecting viscosity effects at interfaces. 

b. Torsion Pendulum Surface Viscometers 

The second technique of measuring surface viscosity is to observe the 
damping of a torsion pendulum due to the viscous drag of a surface film. 
One torsion pendulum viscometer and several variations of the viscometer 
shearing element7 are shown in Figs. 3 and 4. The shearing element is sus-
pended by a torsion wire and positioned at the plane of the interface (Fig. 
4). Measurements are made of the period of the pendulum and of the damp-
ing as the pendulum oscillates. The apparent surface viscosity σ is13 

where η is apparent surface viscosity in centipoises, r?0 is the sum of the bulk 
viscosities in centipoises of the two phases forming the interface, Δ is the 
difference in the logarithm of the amplitude of successive swings for the 
interface with adsorbed surfactant, Δ 0 is the difference in the logarithm of 
the amplitude of successive swings for the interface without surfactant, 
Ρ is the period of the pendulum for the film-covered interface, and Po is 
the period of the pendulum for the interface without surfactant. 

11
 Blodgett, Κ. B., J. Am. Chem. Soc. 56, 495 (1934). 

12
 W. E. Ewers and R. A. Sack, Australian J. Chem. 7, 40 (1954). 

1 3
 D . W. Criddle, Lubrication Eng. 13, 131 (1957). 

(3) 
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FIG. 3. Torsion pendulum surface viscometer 

RING VISCOMETER 

- 1 
DISK VISCOMETER 

KNIFE-EDGED DISK VISCOMETER 

FIG. 4. Surface viscometer designs. Ring, disk, and knife-edged disk viscometers 
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A relationship used for surface viscosity in surface poises to express data 
obtained on a torsion pendulum viscometer is10 

_ CWIR£ — Ri Γ Δ Δο "Ι / . \ 
η ' " 2ττ~ Ä!2Ä22 L7.4 + Δ 2 ~ 7.4 + Δο] 1 } 

where Cw is the torsion modulus of the wire, / is the polar moment of inertia 
of the oscillating pendulum, R} is the radius of the surface viscometer, R2 

is the radius of the container. Alternate but similar relationships to equa-
tion (4) were used by Myers and Harkins14 and by Langmuir and Schaefer.15 

The torsion pendulum surface viscometer has some advantages and some 
disadvantages over the canal type. With a single determination of amplitude 
versus number of swings, one can explore a wide range of shear rates. A 
further advantage of the torsion pendulum viscometer is the fact that with 
the same equipment one can detect elasticity of the film and study the vis-
coelastic range of deformation. Liquid-liquid as well as liquid-vapor inter-
faces are readily studied by this technique. Film viscosities over a wide 
range of shear rates can be studied by selecting a pendulum with a suitable 
polar moment of inertia and torsion constant. 

A disadvantage of the torsion pendulum viscometer is that is uses a 
range of shear rates (amplitudes) in each determination. Hence, data from 
non-Newtonian films must be considered as an average viscosity over a 
range of shear rates. However, this type viscometer enables one rapidly 
to detect and measure the surface viscosity of Newtonian films and to ex-
plore the work stability and shear rate dependence of non-Newtonian films. 

r. Rotational Torsion Surface Viscometers 

The third type of viscometer used is a rotational torsion surface vis-
cometer. In principle, this is a concentric cylinder viscometer adapted to 
surfaces. A surface film is sheared between rotating concentric rings on a 
surface. The shear rate can be held constant by rotating one ring at any 
desired rate and observing the torque on the other ring. The surface vis-
cosity η8 is given by1 0 

_ SKt R\ — Ri 

where t is the time of revolution of the ring, Κ is the torsional moment cor-
responding to 1° strain, AS is the difference in degrees strain for the same 
velocity gradient in the presence and in the absence of a surface film. A 
simple derivation of this type equation was given by Ellis et al.1* 

14 R. J. Myers and W. D . Harkins, J. Chem. Phys. 6, 601 (1937). 
1 51 . Langmuir and F. J. Schaefer, J. Am. Chem. Soc. 59, 2400 (1937). 
1 6 S. C. Ellis, A. F. Lanham, and K. G. Parkhurst, J. Sei. Instr. 32, 70 (1955). 
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Data from a rotational torsion viscometer were treated by Brown and 
co-workers using a Reiner-type equation adapted to surfaces17 

where Τ is the torque produced by the film when the angular velocity is Ω 
and fs is the surface yield value. 

The rotational torsion viscometer also has its advantages and disadvan-
tages. It is the least sensitive method, but at the same time it is convenient 
to study extremely viscous films. It has the advantage of a constant shear 
rate, and, hence, it is useful for studying non-Newtonian films. If the clear-
ance between the concentric shearing elements is small, this approaches a 
canal-type measurement wherein the shear takes place at constant film 
pressure. This method can be used conveniently to explore work instability 
and non-Newtonian films. If the clearance between the concentric elements 
is large, viscosity is measured over a range of shear rates. This type equip-
ment can be used in principle to obtain static surface elasticity by the equa-
tion of Langmuir.15 In practice, the elastic limit of surface films is so small 
that this method has not been used. 

Each of the above three experimental methods for studying surface vis-
cosity is preferred under some circumstances. The one selected for any 
given problem will depend on the nature of the system and the type of in-
formation desired. 

4. R E V I E W OF D A T A 

a. Viscosity Data for Water-Air Interfaces 

The principal variables affecting the surface viscosity of a film are: the 
surfactant, interfacial bulk phases, surfactant concentration or film pres-
sure, and temperature. These variables have been studied mainly at water-
air interfaces with a wide variety of water-insoluble surfactants. Long 
chain paraffinic acids on water were studied by Harkins5 using a torsion 
pendulum viscometer. The surface viscosity of the systems are shown in 
Fig. 5. The data of this figure illustrate that film pressure and molecular 
size both affect surface viscosity. These acids were studied on a substrate 
pH of 2.0 and the following four generalizations were made: (a) The loga-
rithm of the surface viscosity was proportional to the film pressures below 
19 dynes cm. - 1 for all acids with 16 to 20 carbon atoms, (b) The viscosity 
of fluid films increased rapidly with the length of the hydrocarbon chain, 
(c) The films were Newtonian at low film pressures and non-Newtonian at 

17
 A. G. Brown, W. C. Thuman, and J. W. McBain, Colloid Sei. 8, 491 (1953). 
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FIG. 5. Viscosity of long chain acids at a water-air interface. The pH is 2.0. 

high film pressures, (d) The viscosity of the films decreased with the length 
of the hydrocarbon chain. 

The above four generalizations also apply to long chain alcohols. These 
alcohols are an order of magnitude more viscous at an air-water interface 
than the corresponding acids. 

Some other surfactants have been studied for surface viscosity at water-
air interfaces. Tricaproin, tricapryllin, and oxyethyl stéarate are gaslike 
films (fluid and highly compressible) whose viscosity decreases with pres-
sure. Oleic and myristic acids, tricaprin, trilaurin, triolein, and triricinolein 
are liquidlike (fluid and with low compressibility). The surface viscosity of 
these liquidlike films also decreases as the film pressure increases. In con-
trast, stearic and palmitic acids on 10~

3
N HCl substrate increase in vis-

cosity as the film pressure increases.
10 

Aqueous detergents have been studied for water-air interfacial effects.
1 7 , 18 

18
 B. C. Blakey and A. S. C. Lawrence, Discussions Faraday Soc. No. 18, 268 (1955). 
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SHEAR RATE 
(AMPLITUDE OF OSCILLATION, DEGREES) 

FIG. 6. Effect of shear rate on apparent interfacial viscosity. Four per cent sor-
bitan sesquioleate at oil-water interface. Oil viscosity is 54 centipoises at 24°C. 

Stable foams were formed from detergent solutions showing appreciable 
surface viscosity; unstable foams came from solutions showing low surface 
viscosity. 

The effect of temperature on surface viscosity was shown by Harkins.5 

In general, an increase in temperature results in a decrease in surface vis-
cosity. However, when phase changes occur in the film as the temperature 
rises, anomolous results may be observed, as in the case of octadecanol.8 

b. Viscosity Data for Water-Hydrocarbon Interfaces 

A few surfactants are viscous at oil-water interfaces. Alexander and 
Schulman showed that several emulsifying agents were rigid at oil-water 
interfaces.19 Cumber and Alexander found viscosity effects for several pro-
teins at an oil-water interface.20 

Several lubricating oil additives are known to be viscous from data ob-
tained on a torsion pendulum viscometer. 7 , 13 These films developed at the 
interface in a few minutes. All of the aged, highly viscous films were non-
Newtonian and work unstable. Figure 6 illustrates, for sorbitan sesquiole-
ate, the dependence of apparent interfacial viscosity on shear rate and age 
of the oil-water interface. These films were non-Newtonian and work un-

1 9
 A. E. Alexander and J. H. Schulman, Trans. Faradaij Soc. 36, 960 (1940). 

2 0
 C. W. N. Cumber and A. E. Alexander, Trans. Faraday Soc. 46, 243 (1950). 
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FIG. 7. Development of interfacial elasticity. Sorbitan sesquioleate at oil-water 
interfaces. Data obtained using oscillation amplitudes of less than one degree. 

stable after they were aged a few minutes. The concentration of surfactant 
and the oil viscosity are also important variables, as shown in Fig. 7. 

c. Viscosity Data for Air-Hydrocarbon Interfaces 

The only known case of viscosity at a hydrocarbon-air interface was re-
ported by Criddle and Meader.7 Using a torsion pendulum surface viscome-
ter, they found that sulfurized calcium alkylphenate rapidly formed a vis-
cous non-Newtonian film at an oil-air interface. Several hydrocarbon-air 
interfaces were tested without evidence of interfacial viscosity. 

II. Interfacial Elasticity 

1. D E F I N I T I O N 

Films are elastic if they resist deformation in the plane of the interface 
and if the surface tends to recover its natural shape when the deforming 
forces are removed. Analogous to bulk materials, surface films have elas-
ticity which can be measured by both static and dynamic methods. Further-
more, the elastic constant of the surface film depends upon the nature of 
the deforming stress. If the area of the surface film is held constant and 
static measurements are made of resistance to deformation in the plane of 
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the interface, one obtains surface elasticity Eam as defined by Langmuir 
and Schaefer.

15 

where 0 / and 6W are the angular displacement in radians of the film and wire, 
respectively. However, surface films have such a small elastic limit that this 
relationship has not proven useful. 

2. M E T H O D S OF M E A S U R E M E N T 

Fourt used a dynamic method to obtain relative surface elasticities. He 
found that elastic films decreased the period of a lever-type torsion pendu-
lum surface viscometer.

21
 Data from such elasticity measurements, in which 

the area per molecule of film changes during the measurements, are con-
veniently expressed in terms of surface shear modulus

22 

where I is the moment of inertia, and Τ and T0 are the periods of the 
pendulum at the interface in the presence and in the absence of a surface 
film. The relationships between four different surface elastic moduli were 
worked out by Tschoegl.

23 

Quasi-static methods of measuring the elasticity of films were used by 
Tachibana and Inokuchi.

24
 Oka showed that such data could be interpreted 

in terms of a mechanical model.
25 

Some investigators have preferred to report their surface elasticity data 
simply as a decrease in the period of a torsion pendulum viscometer.

7
'

13 

3. R E V I E W OF D A T A 

Interfacial elasticity data are available for only a few systems. Several 
different proteins spread as films at water-air interfaces are highly elastic 
in dynamic measurements.

2 1 , 24
 Oil blends of sulfurized calcium alkylphenate 

form elastic films at oil-air interfaces as detected by the change in period 
of a torsion pendulum surface viscometer.

7
 The commercial emulsifiers, 

sorbitan sesquioleate and sorbitan monooleate, are elastic at oil-water in-
terfaces. The rate of development of interfacial elasticity at oil-water inter-
faces for sorbitan sesquioleate is shown in Fig. 7. Blends of this chemical 

2 1
 L. Fourt, J. Phys. Chem. 43 , 887 (1939). 

2 2
 A. A. Trapeznikov, Doklady Akad. Ν auk. S.S.S.R. 63, 57 (1958). 

2 3
 N. W. Tschoegl, Colloid Sei. 13, 500 (1958). 

2 4
 T. Tachibana and K. Inokuchi, Colloid Sei. 8, 341 (1953). 

2 5
 S. Oka and Y. Sato, Bull. Kobayashi Inst. Phys. Research 5, No. 2 (1955). 

(7) 

(8) 
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FIG. 8 
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FIG. 8. Stress relaxation curve. Interface of water and SAE 10 mineral oil con 

taining 3% sorbitan monooleate. Interface aged 24 hours. 

in low and medium viscosity oils (8.1 and 54 centipoises at 24°C.) differ in 
the rate of development and in the magnitude of their oil-water interfacial 
elasticity. 

Although no thorough study has been made of the distribution of relaxa-
tion times in surface films, there is some information on the subject. Some 
proteins have relaxation times ranging from a fraction of a second to a few 
minutes. Films of emulsifying agents have elastic relaxation times known 
to range from minutes to hours. The stress relaxation curve for an aged 
film of sorbitan sesquioleate at an oil-water interface shows complex visco-
elastic behavior (Fig. 8). A better knowledge of the distribution of relaxa-
tion times would help one understand such systems. 

III. Significance of Interfacial Viscosity and Elasticity 

Interfacial viscosity and elasticity are important in several fields. Studies 
of proteins at interfaces are motivated by the idea that molecular processes 
through living membranes are understood better by knowing the rheological 
properties of protein films.

24
 The bulk viscosity of some emulsions is ex-

plained in terms of the high oil-water interfacial viscosity, and Sherman 
showed that viscous oil-water films were formed by several emulsifying 
agents.

26
 The role of interfacial elasticity in emulsion stability is unknown. 

The viscosity of adsorbed films is of interest in the lubrication field. These 
2 6
 P. Sherman, J. Colloid Sei. 10, 63 (1955). 
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films between gears and in bearings protect moving parts from contacting 
each other. Films which reduce wear and friction may be effective because 
of their high surface viscosity.13 

Surface viscosity is believed to be one of the factors contributing to foam-
ing in both aqueous and hydrocarbon solutions. Foam stability has been 
correlated with the water-air interfacial viscosity of aqueous detergents1 7 , 18 

and with the oil-air interfacial viscosity of a hydrocarbon detergent. In the 
latter case, a defoamer, dimethyl silicone, was found to eliminate both the 
surface viscosity and the foaming tendency of the oil.7 

Surface viscosity is useful in theoretical studies of intermolecular attrac-
tion.27 For example, surface viscosity measurements combined with film 
pressure-area data give information on the shape and flexibility of macro-
molecules at interfaces. 

The viscous flow of surface films has been treated theoretically and found 
to be consistent with modern concepts of intermolecular forces. Moore and 
Eyring28 and Joly29 have discussed surface viscosity in terms of absolute 
reaction rate theory. Temperature coefficients of surface viscosity enabled 
Eyring to calculate that the activation energies for viscous flow of fatty 
acids was about 11 kcal mole - 1 compared to about 6 kcal mole"1 for bulk 
flow. It is likely that a fatty acid surface film has a larger unit of flow than 
the corresponding acid in bulk. Joly pointed out that Newtonian flow of 
surface films is expected as long as 

where S is the shear rate and A is the molecular area. Thus, one expects 
all high viscosity films to be non-Newtonian. This appears to be true. 

Surface rheology is a fertile field for study. Some good experimental tech-
niques are now available, and the next few years will probably see the sig-
nificance of surface rheological properties appreciated more widely. 

σ = Apparent surface viscosity in Eam = Surface elastic modulus for 

VsSA « kT (9) 

Nomenclature 

poises 
N 8 = Surface viscosity in surface 

poises Ex = Surface elasticity index. 

shear 

27 J. T. Davies, J. Colloid Sei. 11, Suppl. 1, 9 (1954). 
28 W. J. Moore and H. Eyring, J. Chem. Phys. 6, 391 (1938). 
29 M. Joly, Proc. Intern. Congr. Rheol., 2nd Congr., Oxford, 1953 pp. 365-370 (1954). 


