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referred to other celculationst? which suggest that mem-
branes with effective thicknesses in this range cannot be
prepared from asymmetric films.
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Foandation

The variation of interfacial tension with hydrostatic pressure has been determined for a number of gas-
water systems at 25° using the capillary-rise method. Measurements are reported for water with He, Hy,
O3z, Ny, Ar, CO, COs, NoO, CHy, CoH,, C;Hg, CaHg, and n-C(Hjp. Adsorption isotherms are derived from
polynomial fits to the data through the Gibbs equation. Depending upon the gas, adsorption isotherms of
types [ and 111 are found? with low molecular weight gases exhibiting type I behavior and the more polari-
zable gases yielding type I1I isotherms. In general, the degree of adsorption increases monatonically with
polarizability of the gas. At low surface coverages however, it is found that adsorption eoefficients for CO,,
N;0, and C;H, are abnormally large. This is interpreted as indicating that in addition to van der Waals
forces, weak interactions, either electrostatic or chemical in nature, exist between molecules of these gases
and the aqueous surfgce. It is also found that in the zero-coversge limit, the free encrgy of adsorption for
the n-alkanes is a linear function of the number of methylene groups indicating correspondence with
Traube's rule. Values extrapolated to higher members of this series agree well with thosc determined ex-
perimentally using gas chromatographic methods.’

Introduction

In recent years there has been a resurgence in interest
concerning bulk and surface properties of water4 One sres
of rescarch that has received comparstively little attention
concerns the effsct of prassure on the surface tension of
water. This is somewhat surprising since such experiments
are capable of providing a great deal of information con-
cerning adscrption of low molecular weight species at aque-
ous surfaces. T'o these authors’ knowledge, ref 5-11 consti-
tute a complete hibliography on this subject.

This puper reports results obtained in measuring interfa-
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cial tension ss a function of pressure for a wide variety of
gas-water systems st 25°, The data for the hydrocarbon
gases represent an extension to lower carbon numbers of
earlier work by Cutting and Jones.!2 The isotherms derived
from these data also complement recent studies by Karger,
et al.,? in which net retention volumes of various hydrocar-
bons chroematographed on ~elumns having water as the sta.
tionary liguid phase are used to determine isotherms di-
rectly at low surface coverages.

The gystems involving water with carbon dioxide and ni-
trous oxide were of particular interest since it is known that
ov one hand these gases are more soluble than expected in
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bulk water'? while on the other hand water is abnormally
goluble in compressed COy and NyQ'4 leading to the ques-
tion of whetker a corresponding anomaly is to be found
with respect to adsotption at the interface of water with
these two gases.

Experimental Section

The changes in surface tension of water under dense gas
atmospheres were determined using the capillary-rise tech-
nique. The experiments were carried out in a thermostated
cylindrical brass bomb having an internal Jiameter of 1.75
in. and a length of 8 in. A single capillary (0.8-mm i.d.) was
suspended from a polished 0.125-in. diameter stainless
steel rod which passes through an “O” ring in the top clo-
sure. This rod was connected to a micrometer drive mount.
ed un the outside of the closure thus allowing the suspend-
ed capillary to be raised or lowered while the system is
under pressure. This permitted a series of capillary-rise de-
terminations to ue made vsing the sam= section of capillary
bare at all pressures, A thin-walled glass liner was used to
contain the liquid at the byttom of the bomb. The bomb
waz aquipped with a 0.5 in. 4% ©lisigles window provid-
ing a 075 X 3.5 in, viewing ares along sne side. Capillary
rise was measured to 0.03 mm with a cathetometer, and
preasures were measured with Bourdon gauges which were
perindically calibrated ageinst a dead.weight tester. The
system was designed with a safety [actor of 2 at the upper
limit in pressure of 1000 psi. The temperature of the bomb
was controlled to within £0,2°, and all measurements re-
ported here were made at 25° as determined by a thermo-
couple located in the central cavity of the homb.

Surface tensions were calculated using the relation'?

v = hrglh + r/3(p — po) o)}

where v is the surface tension, g the acceleration of gravity,
and A tbe capillary rise, with py and o; being the densities
of the bulk liquid and gas phases, respectively. The radius r
of the section of capillary used in = given serics of measure-
ments was determined from eq 1 using a value of h extrapo-
lated to zero pressure and a value of vo = 71.88 dyn/cm,'®
for the surface tension of water in equilibrium with it pure
vapor at 25°,

Gas densities were calculated from PVT data found in
ref 17-28 while that for water was assumed constant over
the pressures of this work. All gases used in these experi-
ments were CP grade or the equivalent having quoted puri-
ties of 99.0% or higher [or the hydrocarbon gases and 93.5%
et higher for the others, Laboratory-distilled water was
used without further purification.

Results and Discussion

A representative sample of Lhe cxperimental data is
shown in Figure 1 where the relative surface tension, v/vo,
of water is shown plotted against total pressure. The exper-
imental surface tension data for each HyO-gss system were
fit to a polynomial expansion in pressure and the results
are shown in Table I. The curves generated by the polyno-
mials in Table T are capable of reproducing the experimen-
tal results within an average deviation of £0.2 dyn/cm for
COs and N2O =nd £0.06 dyn/em for all other gases. The de-
creased precision of the COz and NyO data reflects the in-
creased experimental crror associated with systems for
which gas solu0ility in the liquid phase is significant. Poly-
nomial expansions of degree 2 or less provided a satigfacto-
ry fit to all data except those involving COg and NpO. The
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TABLE I: Interfacial Tension as Funetian of Preasure
for Pure Water with Various Gases at 25°

v = v 4 BP + CP' 4+ DP?

B, C. D,
Gas dyn/cm atm dyn/em atm?! dyn/em stm?

He 0.0000

H, —-0.0250

[ -0.0773 =+0.000104

N; ~0.0835 4-0.000194

Ar —0.0840 +0.000194

CcO -0.1041 40.000239

CH, —0.1547 4.0.000456

C:H, —0.6333 +0.00316

C:H, —0.4376 -0.00157

CH, —0.9681 —0.0589

N©O —0.6231 +0.00287 —0.000040
CO, -0.7789 +0.00543 —0,000042
n-CHy, —2.33% —0,591

* All coefficients are quoted to cne exten nignificant figure
in order to minimize effects of round-off crror in (enerating
values for y. .
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Figure 1. Retalive surface tengion as 2 function of gregsure for vark
ous gas-water systems at 25°,

+-P curves for the latter two gases exhibited a point of in-
flection at about 30 atm necessitating the cubic terms
found in Table I. Similar measurements involving water
with He, Hp, N, CH,, COq, and CyHg at room temperature,
approximately 25°, have been reported in graphical form’
by Slowinski, et al.” More precise measurcments were sub-
sequently carried out for the systems water-N and water—
Ar, at 30°, by Masterton, Bianchi, and Slowinski#® Hough
and coworkers!® have used the pendent-drop method to de-
termine the surface tension of water in the presence of
compressed CO3 at temperatures of 100°F and greater, The
data obtained here for water with He, Ha, N2, CHy, COq,

_and CzHg at 25° agree well with those shown in ref 7. A

comparison of the N, Ar, and CO2 dats with those taken at
higher temperature®!? indic:tes that the drop in surface
tension with pressure is somewhat larger at the lower tem-
perature of this work as would be expected where positive
adaorption of gus occurs at the aqueous interface. No mini-
mum is found in the gurface tension data for water with
CO3 st 25° over the range of pressures encountered here.

The Journal of Prysical Chamleuy, Vol. 78, No. 22, 197¢
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TABLE I: Surfxce Evees (1) for Various Gases o Water at 25° (molecules/cm?® X 1014

Pv
atm H, (2% N, Ar cQ
10 0.06 0.18 0.19 0.20 0.25
20 . 0.12 0.36 0.37 0.37 0.46
30 0.18 0.53 0.53 0.54 0.66
40 0.23 0.69 0.66 0.68 0.83
50 0.29 0.84 0.78 0.80 0.98
60 0.35 0.98 0.88 0.91 1.1
70 (.40 1.1 0.96 1.0 1.2
80 1.0 1.1 1.2
aGr = 0.5 kenl/mol  AG.: = —U.2 keal/mol AGA = —0.2 keal/mn) AG. ~ —0.2 keal/mol 4G, = —0.3 l:cul/rxm1
P,
atm CH. C;H, CO, N,O CiH,
10 0.36 1.6 1.8 1.5 1.2
20 0.69 2.8 3.4 8.1 3.0
20 0.98 4.0 5.0 6.0 5.6
40 1.2 5.2 7.1 7.8 10
50 1.4 8.3 10 12
60 1.6 7.8 15
70 1.7
ACx = ~0.0 keal/mol 4Gy = —1.4 keal/mol Ga = —1.5 keal/mol 4Gy = —1,4 keal/mol AGa = —1.2 keal/mo!
Bl il P, atm CHy

2 0.60 0.5 0.38

4 1.5 1.0 0.88

[ 2.7 1.5 1.6

8 4.4

4G = —1.7 keal/mol AG, = —2,2 keal/mo)

Such minima have been reported in data taken at higher
pressures and temperature.!?

Surface excesses for the various gases, IV, have been
calculated according to the common convention which
places the Gibbs plane such that the surface excess of water
equals zero using the equation

), = - (5)

Here Z represents the compressibility factor of the pure
gas at pressure P and temperature T while k desigmates
the Boltzmsnn constant. The surface excesses listed in
Table 11 were calculated using eq 2 with values of (3y/oP)y
derived from the appropriate palynomial expansion from
Table I. Values of Z were taken from ref 17-28,

Figure 2 shows the surface excess I';\) as a function of
gas concentration for a representative sample of gases.
While not shown, the isotherm for nitrous oxide parallels
that of the CO. while I'»{V) for CO, Ng, and O; nearly coin-
cide with the data for argon. Since the molecular areas of
the gases are typically of the order of 20 A2 per molecule, &
coverage of 5 X 10+ molecules/cm? approximates com-
plete monolayer coverage for these gases. Thus it is seen
that the adsorption behavior of the gases fall into two gen-
era] categories The gares having eritical temperatures well
below 25° all exhibit type I isotherms and appear to ap-
proach saturation coverages correaponding to 50% or less of
monolayer coverage. On the other hand, the higher molecu-
lar weight hydrocarbon gases having critical temperatures
above 25° exhibit type Il behavior with isotherms that are
concave upward and pass smoothly through the monolayer
region. The isotherms do not, however, become asymptotic
to their saturated vepor concentration in agreement with
carlier investigations concerning the adsorption of higher
molecular weight alkanes on water by Cutting and Jones.12

@r
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Ethylene appears to occupy a position intermediate to the
other gases in that its isatherm is coneave to the concentra-
tion axis and yat passes smoothly to values exceeding those
expected for monolayer coverage.

Both CO» and N3O are unique among the gases studied
hers in that their isotherms exhibit points of inflection
which oceur in the vicinity of I'20) = § X 10" ¢cm=, that is,
at conditions of approximately 100% monolayer coverage.
This suggests that the overall mechanism for adsorption at
low coverages differs from that responsible for multilayer
adsorption for these two gases. At the right of this point of
inflection in the multilayer adsorption region the surface
excesses at a given gas concentration arrange themselves in
an ascending order with increasing gas polarizability (a) as
might be expected if London dispersion forces were the
dominant mode of attraction while to the left at low cover-
ages the order relative to ethane (a = 4.5 A?) is reversed in
the case of COs (o = 2.7 A2), N2O (o = 3.0 A?), and cven
CzH« (a = 4.3 A2). The anomalous behavior of these gases is
revealed quite clearly in Figure 3 which shows the adsorp-
tion coefficient at zcro coverage

ar,"
(57)

plotted against gas polarizability for each gas. It is appar-
ent that in the zero-coverage limit the adsorption isotherms
of thesa three gases differ significantly from the rest.

The absence of information regarding enthalpies and en-
tropies of adsorption of these gases precludes any detailed
diseussion concerning likely causes for the anomalous ad.
sorption of COg and N20. Nevertheless, a qualitative pic-
ture emerges in which at monolayer coverages or less, CO-
and N20 are adsorbed at the aqueous interface to a greater
extent than would be expected if van der Waals forces were
the sole cause of attraction between water and these gaseu.

Ky = lim
cf—o
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Figure 3. Adsorplion cosMicient at 20r0 coverage vs. average polari-
zability ¢! gasSeoUs component.

In this sense the enhanced adsorption of these gases at Jow
coverages parallels earlier observations that mutual solubil-
ities of these gases with water are unusually large both in
the liquid pbase!® and the gas phase.¢ On the other hand,
wultilayer adsorption of these three guses appears to in-
volve a mechanism more in common with the other gases.
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There is considerable evidence suggesting that a high de-
gree of order exists at the surface of hydrogen-bonded lig-
uids.Z In the case of water it is thought that a preponder-
ance of the molecules near the surface are oriented with
their hydrogen atoms directed toward the gas phase,®™
‘This suggests that the anomalous adsorption of these gases
at Jow coverages may be the result of hydrogen bonding
with the highly oriznted water molecules acting as proton
donors to the carbonyl-like functions of CO. and N,0.
Such a mechanism alz~ explains the enhanced adsarption
of ethylene at low coverages since olefins are known to
serve as proton acceptora in hydrogen bonds. ™2 Karger and
coworkers have invoked a simsilar argument to explain the
enhanced adsorption of di-n-propy! ether on water at low
coverages.® Such a model is consistent with the obzserved
rearrangemaent in the order of T2} for CO; and NzO relo-
tive to the other gases shown in Figure 3 since heyond &
monolsyer eoverage only physical interactions of a van der
Waals type can be effective in determining the degree of
adsorption for these gases. It shovld b pointed out that
olliar factors such as dipole-quadrupole interactions or the
known acidity of CC may also play s significant role in de-
termining the adsorption behavior of these gases.™

The idea that at low coverage specific intaractions cxist
between water and certain gases in addition to dispersion
forces is supported in the case of COy by other data of
Slowingki, et al.,” which show that, in contrast to the data
of Figure 1, the surface tensions af n-hexane with CO; lie
intermediate to those of n-hexane with methane and oth-
ane at all pressures as would be expected if London disper-
sion forces alone were effective.

Standard free energies of adsorption at zero coverage,
AG A, have been calculated for the various gases using (
atm and the Kemball-Rideal® convention as standard
states. The results are listed in Table II. It is seen that be-
ginning with ethane, AG  increases by 2 constant incre-
ment of —0.5 kcal/mol per methylene group indicating &
cortespondence with Traube’s rule. The free energy incre-
ment caiculated here is in exact agreement with those ob-
tained by Posner, et al.3% In addition, extrapolation to the
next higher member this series, n-pentane, yields 4G4 =
—27 keal/mo), which when corrected v 12.5° using the
Gibbs-Helmholtz equation and a value of 8Has = —57
keal/mol? becomes AG o = —2.8 keal/mol, agreeing with the
value obtained by Kazger, et al,, using gas chromatograph-
ic techniques.® The excellent correlation between the free
energies obtained in 1i:is work and those derived from the
direct determination of surface excesses at low coverages
by Karger, et al,, is very encouraging and supports the va-
fidity of the extrapolations to zero surfaca coverage used
here.
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near the isoclectric point will produce surface pressures that are dependent on the dis-
easuring device and the compression barrier. As the pH of the substrate is varied, ei-
e isoclectric point, the effect diminighes. Similar results have been observed with 8
fails to appear for amall molecules (myristic acid, eicosyl sodium sulfate) even

casein. This phenome
s substitutec alkano] amines. A theory is provided which suggests that the

when the substrate con

major effect is due to a sur

Introduction

Proteins are often used in emulsion and foam formula
tions because of their stabilizing properties. A usefu! meth-
od to correlate the effects of proteins on the above systems
is to study the properties of protein monolayers on liquid
substrates. As can be expected, the surface behavior of
these macromolecules are quite different from ordinary low
molecular weight compounds.

This paper is concerned with an interesting series of ef-
fects observed with bovine secum albumin (BSA) when
spread on a clean liquid surface.

Experimental Section

The experimental apparatus for measuring surface pres-
surcs has previously been described by Christodoulou and
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drag viscosity.

Rosano.! The compression and expansion rates were varied
between 0,009 and 0.03 cm/sec. [sotherms were datermined
y compressing (and expanding) for short durations of time
then allowing the system to reach equilibrium,

surface pressures were detarmined from surface ten-
urements which were made by suspending a wet.
lasted platinum blade from a microforce trans.
system (Mode! 311 A, The Sanborn Co.,
The transducer output was recorded
_y rccorder (Model 370, Keithley In.

ducer-amp
Waltham, M

subatrate with an Agla
ome Co., Tuckahoe,

micrometer syringe (Burroughs
d in an edge par-

N.Y.). The substrate and film were r¢
affin coated siliea trough (65 X 14 X 2 cm)?



