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Surface tension measurements on solutions of octanoic acid 
in water at 2Q-OC are recorded. Data are also given on the va
riation of surface tension of octanoic acid solutions with pH at 
20oc at ionic strength 0.01. The effect of temperature on the 
surface tension of solutions in 0.1 N NaOH and HCl was also 
studied. The temperature effects were used to calculate the heats 
of adsorption of the unionised and ionised fatty acid, and these 
heat calculations are used to test theories of the ionic double 
layer. The effect of temperature on the equation of state of the 
monolayers is compared with the theory of Daviest, 2. 

INTRODUCTION 

A large number of experiments have been reported on the surface ten
sions of aqueous solutions of fatty acids11• Only a few measurements are 
reported on octanoic acid solutions. Frumkin3 has measured surface tensions 
of octanoic acid at 25°C in 0.07 N HCI. Forch12, Korzheniovskii13 and Tama
mushi14 have given data on solutions in water w~thout added salts. None of 
these papers is recent. 

Octanoic acid is . well suited for studies on the changes of adsorption and 
monolayer characteristics resulting from ionisation in the monolayer. Longer 
chain fatty acids are too insoluble in acid solutions for conveniently accurate 
work, whereas the salts of the lower fatty acids give a small surface tension 
decrease except in high concentration ranges in which theoretical treatment 
of the data is more difficult. The object of the experiments recorded here was 
to test theories of the ' ionic double layer, firstly by comparing the heats of 
formation of the double layer with , those predicted by the Gouy theory as 
extended by Derjaguin4 and Verwey and Overbeek5, and secondly to test the 
equation of state for ionised monolayers derived by Davies1• 2 on the basis of 
the same theories. 

EXPERIMENTAL 

The octanoic acid used was an Eastman Kodak specimen. This material is 
claimed to be not less than 980/o pure, the residual impurities being mostly homo
logues of octanoic acid. Analysis of the sample by vapour phase chromatography 
of the methyl ester confirmed the high purity and revealed no homologues or other 

* On leave of absence from Laboratory of Physical Chemistry, University 
of Zagreb. 
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impurities. Distilled water was taken from a laboratory still and passed over 
an ion exchange column. This water was then distilled in a well-steamed pyrex 
still. Good quality distilled water was shown to be necessary for work on fatty 
acids by Sanders and Spinks. 1 because of the extreme sensitivity of fatty acid 
monolayers to calcium ions. Analytical grade sodium chloride contains significant 
amounts of calcium and other alkaline earths, and was therefore purified by preci
pitation from saturated solution with HCl gas. This method has been shown to 
remove alkaline earthsS. Analytical grade caustic soda and hydrochloric acid were 
used. 

Surface tension measurements were made by the drop volume method, using 
the corrections of Harkins and Brown9. The drops were formed on the ground glass 
tip of an Agla micrometer syringe. The barrel of the syringe was mounted in a 
jacket through which water was circulated from the thermostat. The whole 
assembly, including the micrometer, was enclosed in a metal cylinder immersed in 
the thermostat. This equipment will be described by Parreira10. At high pH the 
saturated atmosphere inside the cylinder was freed of C02 by passage of N2 through 
caustic soda washers followed by passage through a vapour saturator. The repro
ducibility and accuracy of the method was best for octanoic acid solutions in the 
presence of added electrolyte, in which case the reproducibility was better than 
± 0 .. 1 dyne/cm. For solutions in water without added strong electrolyte the surface 
tension showed considerable ageing; and poor reproducibility resulted. No detailed 
study was made of this ageing effect in water solutions, and the values recorded 
on Fig. 1 are those of drops one minute after formation. The ageing effects were not 
found when strong electrolyte was added, and the surface tensions given for these 
solutions are equilibrium values. · 

The concentration scales in the figures refer to normalities at 20°c. 

RESULTS 

In Fig. 1 are shown the surface tension ("'() results for octanoic acid in 
water, 0.01 N HCl and 0.01 N NaCl at 20°C. The values in water are non
equilibrium as stated above. Changing from NaCl to HCl reduces the surface 
tension as expected, due to the repression of ionisation of the fatty acid. Fig. 2 
shows the effect of pH on a 2 X 10-3 M solution of octanoic acid in solutions of 
0.01 ionic strength. The surface tension decrease is largest in acid solution 
due to the preferred adsorption of the non-ionised form of the acid. This result 
may be compared with the findings of Peters15· 16 and Danielli17 who showed 
that the oil/water interfacial temiions of oil solutions of long chain acids were 
higher at low pH. In this case the ionised form of acid is better adsorbed at 
the interface. This is in agreement with the air/water results. The effect of 
pH on the surface tensions of octanoic 'acid solutions is also seen in Fig. 3. 
In this figure the effect of temperature on the surface tensions of the acid 
in 0.1 N HCl and 0.1 N NaOH is shown over a range of concentrations. When 
the data of Fig. 3 are plotted on a linear concentration scale it is seen that 
in 0.1 N HCl the surface tension-concentration relation is sigmoid. This is 
shown in Fig. 4 in which surface pressure (7t) is plotted against concentration 
(7t = lowering of j). This unusual sigmoid curve in HCl solutions was obtained 
and discussed by Frumkin3, whose results at 25°C in 0.07 N HCl are also shown 
in Fig. 4. In NaOH solutions the plot of 7t against concentration is not sigmoid, 
but shows a crossing of the graphs for 20QC and 40°C., as seen in Fig. 5. 
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Figure 1. Surface · tensions of oc'blnoic acid solutions at ·20°c CD in water, ® Ill 0.01 N NaCl, 
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Figure 2. The effect of pH on the Slllrface :tensions of octanoic acid at 2o•c. Concentration of 

the octanoic acid 0.002 M. In all systems t he concentration of NaOH + NaCl was kept constant 

a.nd equal to D.01 N. 
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Figure 3. Surface .tensions of octanoic acid solutions in HCI (0.10 Nl <;ind _ NaOH (0.10 N) at 
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1:igure 5. Surface pressures of octanoic acid solutions in 0.1 N NaOH at 20• and 4o•c. 

DISCUSSION 

The surface tension results may be used to calculate the surface density 
of the adsorbed films. For octanoic acid solutions in 0.1 N HCl the Gibbs ad
sorption equation may be used directly in the simple form 

d "' = RT I'' d ln c 

where R is the gas constant, T the absolute temperature, I'' is the surface 
concentration in moles/cm.2, and c is the bulk concentration of octanoic acid. 
The concentration may· be used for activity in the dilute solutions used in this 
work. The invariance of I'' with surface thickness is discussed by Guggen
heim 18. Equation (1) is applicable for non-ionised adsorbents in dilute solution. 
It has been shown19• 20 that equation (1) may also be used for ionised detergents 
in the presence of excess neutral electrolyte. In the experiments given here for 
NaOH solutions the octanoic acid was dissolved in NaOH sufficient to give 
0.1 N sodium ion concentration when the solution was made up to the required 
volume. In this way the sodium ion concentration is made constant but the pH 
changed with concentration of octanoic acid. The change in pH at 20°C was: 
from 12.81 in the absence of octanoic acid to 12. 72 for 4 X 10-2 N octanoic acid 
and to 12.20 at 8X10-2 N octanoic acid. Up to 4X10-2 N octanoic acid, therefore~ 
changes in pH may certainly be neglected. In view of the negligible effect of 
pH on r above pH - 7 (Fig. 2) changes in pH up to 8 X 10-2 N octanoic acid may 
also be neglected. With sodium ion concentration constant and pH nearly 
enough constant, the arguments given by one of us (B. A. P.)19 lead to the 
conclusion that the surface density of the ionised octanoic acid may be cal
culated from the surface tension data with the 1 RT form of the Gibbs 
adsorption isotherm as given in equation (1) . The molecular densities of the 
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ionised and non-ionised octanoic acid calculated in this way are given in Fig. 6 
.as conventional force-area curves. The areas per molecule were calculated 
from the graphically estimated slopes of both the linear and logarithmic plots 
-0f Figs. 3, 4, and 5 to provide a check on the calculations. The agreement in 
-the two graphical methods is very good. Fig. 6 shows that over most of the 
.area range the monolayers of octanoic acid 'expand' when the temperature 

\ 
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'Figure 6. Force-area curves tor octanoic acid solutions in 0.1 N HCI and 0.1 N NaOH at 201 
and 40'C as calculated from equation (1) . 

and pH are increased. This is a normal result. At areas below 50 A2/long chain, 
the 'lt-A curves of the ionised fatty acid may cross the curve for the non
ionised acid. 

The force-area curves of Fig. 6 allow a direct test of the equation of state 
ior ionised films proposed by Davies1• 2• This equation of state is based on the 
theory of Derjaguin4 and Verwey & Overbeek5• The increase in surface pres
sure (A 7t) resulting from the ionisation of a monolayer is equated with the 
'Helmholtz free energy of formation per unit area (-A F) of the electrical 
.double layer. For systems involving only uni-univalent electrolytes we have 

ATr = -AF = --- cosh --·- -1 BnkT[ etli ] 
x 2 k T 

(2) 

where n is the number of ions of either sign/cc. of the bulk solution, k is the 
'Boltzmann constant, x is the Debye-Hlickel characteristic reciprocal distance, 
.e is the proton charge and ~ the Gouy double layer potential which is given by 

2kT a v~ 
~ = ± - e- sin h-i 2 en k .T . (3) 

where a is the surface charge density and e is the dielectric constant of the 
:solution. 
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For a fully ionised monolayer (such as octanoic acid at pH> 12) a is given 
directly by the surface density of the long chain ions if no ion-pairing occurs. 
The absence of ion-pairing is assumed in Davies' equation of state. The 
dielectric constant (e) in equation (3) is usually taken as that for water. The 
tests hitherto given for the Davies equation of state1• 2 depend essentially on 
making a reasonable assumption of the equation of state for an uncharged 
film, and adding to this a term for the free energy of the double layer. With 
the data on octanoic acid, however, the -rr-A curves for the ionised and non
ionised film enable A orr to be obtained directly for comparison with A 1" · 

obtained from equations (2) and (3). This is a more satisfactory procedure 
for testing the theory. The comparison of theory and experiment is shown on 
Fig. 7. At molecular areas greater than 80 A2/molecule the experimental and 

Octonoic Acid 
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100 ISO 
Arca/ molecule. it. 

250 

Fig ure 7. Comp3rison of the equation of state from the theor y (Davies) and experiments for 
the octanoic acid at 20• and 40•C. 

theoretical values of A -rr show the same trend, with poor agreement at 20°C 
and better agreement at 40°C. At areas below 80 A2/molecule the entire trend 
of the experimental curves is radically different from the theoretically ex
pected values. At areas below 70 A2, Davies1 proposed that the cohesion surface 
pressure in charged films at the air/water interface is ind~pendent of area, 
and is different for cationic and anionic monolayers. The rapid divergence of 
A orr from the theoretical below 80 A2/molecule could at first sight, therefore, 
be due to a difference in cohesion in ionised and non-ionised species. To see 
whether this assumption could give a better agreement for A -rr between 
experiment and theory the octanoic acid data at high and low pH have been 
compared directly with the extended equations of state for the air-water 
interface given by Davies. Firstly, for an uncharged film at the air/water 
interface Davies proposes (following Guastalla21) for higher areas only at 20°C 

( 
400N 

. -:r + A'I• ) (A - A 0 ) = k T (4} 
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where N is the number of CH2 groups in the chain, and A 0 is a co-area taken 
to be 20 A2• In point of fact equation (4) fits the force-area curve for octanoic 
acid on 0.1 N HCl very well over the whole ar·ea range (see Fig. 8). The 
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Figure 8. Force-area curves for octanoic acid solutions in 0.1 N HCl and 0.1.N NaOH at 20• as compared with theoretical equations. I curve from equation for Ullcharged films (Guastalla and Davies), II and III curves from equation for charged films at higher and lower areas, 
respectively (Davies). Circles denote exr1~rimental data . 

equation of state. given by Davies for ionised films above 70 A2/molecule is 
based en equation (4) with the addition of a term for .l 7t for the double layer, 
that is 

7t + ---il'lt (A-A) = kT ( 
400 N ) 
A'I• 0 

(5) 

The divergence between theoretical and experimental values of A 'lt shown 
in Fig. 7 at 20°C above 70 A2'/molecule is therefore unrelated to differences in 
cohesion pressure in the ipnised and non-ionised film. Below 70 A2, Davies 
proposes an equation of state for ionised films not based on equation (4), but 
on a cohesion pressure which is independent of area and dependent on the sign 
of the film. This equation may be written 

('lt + 1~ N - 6. 7t) (A - A 0 ) = kT (6) 
where 'lt is given by equations (2) and (3) and ~ is constant equal to 0.67 for 
anionic monolayers. This equation does not fit the force-area curve of octanoic 
acid on 0.1 N Na9H, as shown on Fig. 8. It may be concluded that equations (2) 
and (3) do not quantitatively predict the free energy of the electrical double 
layer produced as a result of the ionisation of octanoic acid monolayers. Quali
tative agreement is found for high area monolayers, the agreement being best 
at 40°C. The disagreement with theory, which is most pronounced at low 
temperature, may be due to specific ion binding, neglect of solvation and other 
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factors ignored in the derivation of equations (2) and (3). A further consi
deration concerns the equating by Davies of the free energy of formation of 
the double layer with the change in surface pressure due to ionisation, as in 
equation (2). In . general, changes in surface pressures do not equal changes 
in Helmholtz free energy22• 27• Within the framework of the Verwey-Overbeek 
theory5, A 'it may be equated to - A F as proved by Payens24• It does not 
follow that A 7t and - A F for the double layer may be equated in general. 

A further test of the theory of Derjaguin4 and Verwey & Overbeeks as 
applied to octanoic acid monolayers may also be made from the experimental 
data given here. The heats of adsorption of the ionised and non-ionised fatty 
acid may be calculated from a thermodynamic treatment given earlier25 • 26 • For 
the concentrations of octanoic acid and added electrolytes used in the present 
experiments the equilibrium 'integral heats of adsorption (A H) for both ionised 
and non-ionised fatty acid are given by 

(~) dT n 

AH 

RT2 
(7) 

using the notation of reference25• H B and H 8 are the partial molar heat con
tents of the adsorbing species in bulk and surface respectively. For the initial 
portions of the 7t-c plots, 7t = a c, where a is the Traube constant. In this 
region 

dlna 

dT 
(8) 

where A H0 is a standard integral heat o~ adsorption equal to A H when 
'it-+ 0. Using equations (7) and (8) the integral heats of adsorption of octanoic 
acid from 0.1 N HCl and 0.1 N NaOH have been calculated directly from 
the experimental results and are shown on Fig. 9 as a function of 7t for 

~-------8~----_,.,,6 ______ 2~4.----~32,,.,,._ _____ 4~0.----~ 

11. dyncs cm! 

Figure 9. Integral heats of adsorption of octanoic acid in 0.1 N HCI and 0.1 N NaOH. 
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the interval 20°C - 40°C. By use of the force-area curves of Fig. 6, 
these heats may be rearranged as a function of area/molecule, using the 
mean area for any ;:; between 20°C and 40°C. This rearangement of the 
integral heats of adsorption is shown on Fig. 10. These heats of adsorption on 
an area scale may now be used to test the validity of the Verwey-Overbeek 
theory for the Helmholtz free energy of the ionic double layer in the fol
lowing way . 

1 Octanolc Aci.1 
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-!.... 
s ... 

ft z 
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Aoo 

in HCI 

In Na0 OiN 
00 

0 
~01--~~-'lo..+~~~--1~-7'~~-+-~~~-+~~-1 

.£ 

Arca/molecule ~ 
Figure 10. Integral heats of adsorption of octanoic acid in 0.1 N HCl and 0.1 N NaOH plotted 

as a function of area/molecule. 

Underlying the derivation of equations (2) and (3) is the assumption that in 
region of the interface the concentration of ions of either sign may be related 
simply to the electrical potential by a Boltzmann-type equation of the form 

(9) 

where n± refers to ionic concentration of + or - ions of valency z in a region 
near the surface at potential ~' relative to the bulk of the solution; n 0 ± refers 
to the bulk concentration of the ions. Equation (9) ignores .effects such as the 
change of solvation of ions near a dielectric interface. 

Bell and Levine27 have included a term in their treatment of free energy 
of the double layer for the free energy of the ions resulting' from solvent 
interactions, but do not appear to consider the case of this interaction varying 
near the interface. Assuming a Boltzmann distribution with solvent inter
actions constant, equation (9) reappears from Bell and Levine's treatment. 
In the event of ion-solvent interactions being constant up to the interface, 
the energies of ionic interactions (e. g. ionisation of a fatty acid) should be 
constant through the double layer region. That this is not the case has been 
noted for a long chain phosphonic acid at the oil/water interface by Payens24 

and for stearic acid at the air/water interface by Betts and Pethica26• In both 
these cases, the intrinsic ionisation constants for these acids were apparently 
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different in the interface as compared with the ionisation constants in the: 
bulk, although it must be pointed out that the arguments both of Payens and 
Betts and Pethica involve a circularity if equation (9) is invalid. The heats: 
of adsorption of octanoic acid given in Figs. 9 and 10, like the 7t measure
ments of Figure 7 are obtained on the basis of classical thermodynamics and 
may be used for testing the V,erwey and Overbeek theory without involving-
any circularity. If the heats of dilution of the octanoic acid and sodium_ 
octanoate in the bulk solutions are taken as zero (which is justifiable at the 
low concentrations used), the differences between the equilibrium integral 
heats of adsorption for ionised and non-ionised octanoic acid shown on Fig. l Or 

will by Hess' Law be equal to the difference between the heats of ionisation 
of the octanoic acid in the surface and bulk phases respectively. These 
differences in heats of ionisation, denoted by AAHi> are shown on Fig. 11. To. 

Octonoic Acid 

• from upt. (c.c. ~~ ' A -- ..... ··· ···· ·· ···· ·······-

~from t "1Cory. 

2._---~l~.JV~--~2~JV~--~~~IV~--~4~1A.J~--

Arco/molrculc i' 

I<' igure 11 . Heats of the formation of the double layer for octanoic acid as calculated from. 
the Verwey-Overbeek theory and as revealed f r om experiments. 

compare these AAH; with those expected from the Verwey-Overbeek theory, 
we may note that from the assumptions ' of the theory the MH; should be· 
equal to the electrostatic part of the heat of formation of the double layer. 
This quantity may be calculated from the electrostatic part of the Helmholtz 
free energy of formation of the double layer AF e• where 

AF = AFchem +Me 
(J 

=-a'110 + J 'lid o (10)-
() 

AF chem is the »chemical« part of the free energy of double layer formation_ 

As shown by Verwey and Overbeek5 AFe may be expressed 

(11} 
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Thus fiF0 is equal to - 6.F at low ~0 , and equal to -x 6. F, at higher ~o 
where x>· l. 

On Figure (11) is shown 6. H~ , the electrostatic part of the heat of for

:mation .of the double layer per mole of octanoic acid. 6. H !:1 is obtained from 
11H0 (the electrostatic part of the heat of formation of the double layer per 
unit area) which is calculated from the change of 6.F0 with temperature as 
given by equations (2) , (3) and (10). Thus 

d -- u - = 6.E0 ( 
, AFe I 1) 

T T ·v 
(12) 

_where 6.Ee is the electrostatic part. of the energy of formation of the double 
layer per unit area, and 

(13) 

a ssuming that the pressure and volume are constant during the formation 
<>f the doub~e layer. 6.H0 is calculated for a number of surface charge densities, 

and then converted to 6.H ~1 as shown on Fig. 11 as a function of the 

.area/molecule at the surface of 0.1 N uni-univalent electrolyte. The 6.H ~ is 
<>f the same sign as the 6.6.Hi but agrees in magnitude only at low areas/ 
molecule. At high areas, where the surface should be more ideal, the 6.6.Hi 
.are several times larger than 6.H!:1. 

It thus appears that the Verwey-Overbeek theory does not apply to the 
.double layer of octanoic acid between 20°C and 40°C. The variation of heats 
.of hydration of ions near dielectric interfaces may be a: major reason for this 
lack of agreement - particularly as the 6.6.Hi does not go to zero at high 
.areas/molecule. 
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REFERENCES 

1. J. T. Davies, J. CoHoid Sci. 11 (!'956) 377. 
2. J. T . D a vies, Proc. Roy. Soc. (London) A 2-08 (1951) 224. 
3. A. Frumkin, Z. phys. Chem. 116 (1925) 466. 
4. B. D er j a g u in and L. La n d au, A cta Physicochim. U. S. S. R. 14 (1941) 633, 
5. E . J . W. Ver we y ·and J. Th. G. 0 verb e e k, Theory of the Stability of 

Lyophobic Colloids, Elsevier, New York' and Amsterdam 1948. 
6. J. A. Spink and J . V. Sanders, Trans. Faraday Soc. 51 (1955) 1154. 
'7. J. V. Sanders and J. A. Spink, Nature 175 (1955) 644. 
8. J . J. Betts and B. A. Peth i c a, Trans. Faraday Soc. 52 (1956·) 1581. 

. 9. W. D. Harkins and F . E. Brown, J. Am. Chem. Soc. 41 (1919) 499. 
10. H . C. Parr e i r a, Thesis, Cambridge 1958. 
11. W. D. Harkins, The Physical Chemistry of Surface Films. Reinhold Publi-

shing Corporation, New York 1952. 
12. C. Forch, Wied. Ann. 68 (1899) 801. 
13. G. A. Kor z hen i o v ski 1, Zhur. Fiz. Khimii 5 (1934) 1310. 
14. B. Tam a m us hi, KoZZoid-Z. 71 (1935) 150. 
15. R. A. P e ters, Proc. Roy. Soc. (London) A 133 (1931) 147. 



ADSORPTION. AT AIR/SOLUTION INTERFACE 443 

16. R. A. Peters, Trans. Faraday Soc. 26 (1930) 797, 
17. J. F. Dani e 11 i, Proc. Roy. Soc. (London) B 122 (1937) 155. 
18. E. A. Gu g gen he i m, Thermodynamics. North Holland Publishing Co., 

Amsterdam 1950. 
19. B. A. Peth i c a, Trans. Faraday Soc. 50 (1954) 413. 
20. M. Van den Temp e 1, Ree. trav. chim. 72 (1953) 419. 
21. J. Gu as ta 11 a, J. chim. phys. 43 (1946) 184. 
22. W. Gibbs, Collected Works. Vol. I, p. 315, Longmans Green, New York 1931. 
23. R. Shutt I e worth, Proc. Phys. Soc. (London) A 63 (1950) 444. 
24. A. J. Payen s, Thesis, Utrecht 1955. 
25. P. J. Anderson and B. /\,.. Peth i c a , Trans. Faraday Soc. 52 (1956) 1080. 
26. J. J. Betts, and B. A. Peth i c a, Proc. IInd Intern. Conference of Surface 

Activity, London 1957 (in press) . 
27. G. M. Be 11 and S. Levine, Trans. Faraday Soc. 53 (1957) 143. 

IZVOD 

Adsorpcija natrijeva' oktanoata i oktan-karbonske kiseline 
na medupovriiini zrak/otopina. 

E. Matijev ic i B. A. Pethica 

Prikazani su rezultati mjerenja povrsinske napetosti otopina oktan-karbonske 
kiseline ·u vodi kod 20oc. Dani su i podaci za promjenu povrsinske napetosti otopina 

· oktan-karbonske kiseline s promjenom pH kod 2Q-OC i ionske jakosti 0.01. Studiran 
je utjecaj temperature na povrsinsku napetost otopina u 0.1 N NaOH i HCl. Vrijed
nosti za napetosti povrsine, dobivene za razlicite koncentracije i kod razlicitih 
temperatura, upotrebljene su za izracunavanje toplina adsorpcij e neionizirane i 
ionizirane masne kiseline. Ova izracunavanja iskoristena su za verifikaciju teorij a 
dvostrukog ion~kog sloja. Utj ecaj temperature na jednadzbu stanja monosloja uspo
reden je s Daviesovom teorijom. 
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