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Effect of Pressure on the Surface Tension of Water. Adsorption of Low Molecular Weight ! 

Gases on Water at 25'' 

R. M-l and A. D. Klnp, Jr. 

The variation of interfacial tension with hydrostatic pressure has been determined for a number of gas- 
water systems s t  '25' using the capillmyrise method. Memurements are reported for water with Hc, Hz, 
Oa, N?, Ar, CO, COP, NpO, CH4, Cz&, QHs, C.dia, and n-C4Hlo. Adsorption isotherms are derived from 
polynomial tits to the  data through the Gibbs equation. Depending upon the cab, adsorption isotherms of 
types I and TI1 are found2 with low molecular weight gases exhibiting type I behavior and the more polari- 
rable gases yielding type TI1 isotherms. In gencral, the degree of adsorption increases monatonically with 
polarimbility of the gas. At low ~urface  coverages however, i t  is found that  adsorption mcfficients for CO?. 
NzO, end CzH, are abnormally large. This is intfrprctod as indicating that  in addition ta van der Waals 
forces, weak interactions, either electrostatic or chemical in nature, exist between molecules of these gaseR 
and the aqueous surface. I t  ia aLo found h t  in the zero-coverage limit, the free energy of adsorption for 
the n-aikanes is a linear function of the number of methylene groups indicnting correspondence with 
Traube's rule. Values extrapolated to high- members of this series agree we1 with those determined ex- 
perimentally using gas chromatojiraphic mtthds.3 

Introduction 

In rcccnt years there hns been a resurgence in 'interest 
concerning bulk and surface properties of water.4 One area 
o i  rcscnrch that  has received comparatively little atwntion 
concerns the effcct of pressure on the  surface tension of 
unter. This is somewhat surprising since such experiments 
are capable of providing a great deal of information con- 
cerning adscrption of low molecular wight spccics o t  aque- 
ous surfaces. T o  these nuthorn' knowledge, ref 5-11 consti- 
tute a complete bibliography on thin subject. 
This paper reporb resulta obtained in measuring interfa- 

cial tension as a function of.presqure for a wide variety of 
gae-water ~yatema a t  2S0. The data for the hydrocarbon 
gases represent an exteneion to lower w b o n  numbers of 
earlier work by Cutting and Jones.L2 The isotherm8 derived 
from these data also complement recent studies by Knrger, 
et a[.,= in which net retention volumcs of various hydrocar- 
bone chromatographed on -0lumn8 having water ns the sto. 
tionary liquid phase are u ~ e d  to determine ibothctms di -  
rectly at  low ~ u r f a r e  coverap .  

The systems involving wntcr with carbon dioxide and ni- 
trous oxide were of particuler interest .since it is known that  
on one hnnd t h e e  Kasea are more soluble than expected in 
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bulk waterx3 warttile on the ocher hPnd water is abnormally 
soluble in compressed C& and N&14 leading to the quts- 
tion of whether a ~r tesponding anomaly is to be found 
with respect to adsorption a t  the interfacc of water with 
thcfe two p e s  

Experimental Section 

The cbnges  in surface tension of water under dense gm 
atmospheres were determined wing the capillary-rie tech- 
nique. The experiments were corried out in A t h e r r n o e ~ d  
cylindn'ml b t ~  bomb having an in:emal Z i a m e ~ r  of i.7G 
in. and a length of 8 in. A single cepillary (0.3mm i.d.) was 
suspended from a polished 0.125-in. diameter rtoinless 
steel rod which pas- through an "0" ring in the top clo- 
sure. This rod waa connected lo a micromcter drive mount- 
ed on the outside of the closure thus allowing the suspend- 

, Ed capillary fl) be rniscd or lowcrcd while the syetern is -- under pressure. This permitted a seriea ofapil larprise de- 
terminalinns to jr. rncde using :he sam: section of capillary 
bnre s t  ell presjures. A thin-walled glass liner was used to 
contain thc liquid at the bcttom of Lhc bomb. The bomb 

:quipped wiih a 0.6 in. ':.':'. E':r;iglu T.-;z~~?Y provid- 
inr n n,75 X 3.5 k *l!cwirig a r b  along st!? aide. capi l lav  
rise wns measured to 0.03 mm with a cathetometer, end 
pressures were measured with Bourdon gauge6 which were 
per id ia l ly  calibrated against a dead-weight tester. Thc 
system was designed with a safety factor of 2 a t  the upper 
limit in pressure of 1000 psi. The tcmpernture of the bomb 
was controlled to within M.2O, nnd all measurements re- 
ported here were mede a t  2 5 O  as determined by a thcrmo- 
muplc located in the central cavity of the h m b .  

Surface tensions werc calculated using the rclafioo'" 

whcre y is the surface tension, g tho acceleration of gravity, 
and h tbe utpilhy rise, with pl and D, being the denaitiea 
of the bulk liquid and gas phases, respectively. The radius r 
of thc section of capillary used in a given series of measure- 
ments was determined from eq I using a value of h cxtrapo. 
latcd to zero pressure and a value of yo a 71.98 dynlcrn.16 
for thc surface tension of water in ~ u i l i b r i u m  with its pure 
vapor nt  25@. 
Gas densities were .calculated from PVT data found in 

rcf 17-28 while that for water was mumed  constant over 
thc pressures of this work. All gases used in these experi- 
mcnts were CP grade or the equivalent having quoted puri- 
tics of 9.W or higher Tor the hydrocarbon gases and 99.5% 
cr higher for the ocherr;. Laboratory-distilled water wtw 
used without further purification. 

Rcsults and Discussion 
A representative sample or Ihe cxpcrimcntnl d a h  is 

shown in Figure 1 where the relptive surface tension, r l yh  
of wnLer is shorn plotted ngainst total pressure. The axper- 
imenhl surface tension data for each H20-gaq sy~tern were 
fit to a polynomial expansion in pressure and the resulra 
are shown in Table I. The curves generaled by th t  polyno- 
mials in Table I are capable of teproducing thc cxperimen- 
tal rcsults within an average deviation of M.2 dynlcm for 
CO? and N2O end f0.06 dynlcm for all other cases. The de- 
creased precision of the C02 and N& dntn reflect3 the in- 
creased experimental crror associated with aptems for 
which cas solchiiity in the liquid phase is riignificant. Poly- 
nomial expansions of degree 2 or lesb provided a satisfacto- 
ry fit to 311 data except those i t~volvin~ Cot and NZO. The 

TABLE I: Interfacial TenGan rfi Function of Preneure 
forpure Water with Vatiaud Gases at 25- 

All cwEcienta am quored to cnc cxtm nipEcant 6 ~ r e  
in order Ln minimize effects of round-oR crror in ;:eneratins 
val uea for y. 

npcm 1. R&t;ve W a c e  lbn30n 8s s I W n  of presswe for wrL 
ars gns-water sysbms at 25". 

y-P curves for the latter two gaes  txhibitd a point of in- 
fleetion a t  about 30 atm necessitating the cubic terms 
found in Table I. Similar muasuremcnts involving water 
with He, Hp. Ne, CH,, Cog, and a t  room wmperature, 
npproxirnately 2S0, have been reported in graphical form 
by S!owinski, el aL7 More precise mcasurcmcnts were sub- 
sequently nutied out for the systems water-& and water- 
Ar, st R O O ,  by Mastcrton, Bianchi, and Sloatin3ki." Hough 
and coworlcern10 have ued the pendcnt-drop method to de- 
termine tho surface tension or water in the prwence of 
compressed COa a t  temperatures of 100DF and greater. The 
data nbtained here for water with He. H1, NI, CHI, COz, 
and CzHs a t  2S0 ngree well with those shown in ref 7. A 
mmparison of the N2, Ar, and C02 data with thoee taken a t  
higher ~ m m r a t u r e ~ ~ ~  indiu.tes that the drop in surface 
tension with prmure  is somewhat larger a t  the lower urn- 
pernture of thie work as would be expected where positive 
ad.wrption of g u  o c c w  a t  the aaueous interface. No mini- 
mum is found in the mrface tension dnta for water with 
C02 a t  2.5' over the range of pressures encountered here. 
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TABLE SudaceExess @,")) for Various G-oxt W a k r  at 25" (moleculc8/crn' X lo-") 

P- 

.. . ---  
80 1 .0 1.1 1.2 

3G.& - 0.5 kcn!/mol J.CA = -i i .2kd/mol dC* = -0.2 kcnl/md AG* - -0.2 kcal/rnol bG* = -0.3 kcal/mo, 

P, 
a m  CH CIHI COI NlO C,HI 

- - -- 
60 1.6 7.8 15 
70 1.7 

a& - -0 .6  kcal/mol AGA - -1.4 kcal/mol ~ G I ,  = - 1 .G kcal/rnol AG.+ - - 1.4 ktal/rnol PCr = - 1.2 kcal/mol 

P, k!.d .- - .-- t,ZI, P, atm C ~ ~ I B  
2 0.60 0.5 0 -36 
4 1.5 1 .O 0.88 
6 2.7 1 .5  1.6 
8 d .4 

4 0 ~  = - 1.7 kd /mol  AGA - -2.2 k~lll/m01 

Such minima have been reported in data token at  higher 
premure and ~rnpcraturc.~o 

Surface e x c e s s  for the various gases, P2(l), have been 
c~lculnted according to the common convention which 
placcs the Gibbs plane such that the surface excess of water 
equals zero itsing the equation 

Herc .Z represents the compressibility factor of the pure 
gas nt pressure P and temperature T while k d e s b a w s  
the Boltzmann constant. The surface  ex^ listed in 
Table I1 were calculated using eq 2 with values of (by/aP)r 
derived from the appropriate p lynomid expansion from 
Table I. Values of Z werc taken from ref 17-28. 

F i p r e  2 shws the surfam excess rz(l) as a function of 
gss concentration for a representative sample of gases. 
While not shown, the isotherm for nitrous o J d c  parullch 
that of the CO- while ri(') for CO, Nz, and Op nearly coin- 
cide with the data for argon. Since the molecubr arean of 
thc gases are typically of the order of 30 A1 per molecule, a 
coverage of 5 X lo+'' rnoleorles/cm2 approximtltsd am- 
plete monolayer coverwe for these gab=. Thua it b seen 
that the adsorption behavior of the gases fall into two gen- 
eral categories The R P R ~ ~  having aitical tcmpcrntures well 
below 2.5" all exhibit type I isotherms and appear to ap- 
proach saturation coverages corrmponding to 50% or less of 
m o n o l ~ r  coverace. On rhe other hand, the higher molecu- 
lar weight hydrocarbon gases having critical temperature3 
above 2S0 cxhibit type III behavior with isotherms that are 
cotimve upward and pa.w m w t h l y  through the rnonolaya 
region. The isotherms do not, howcvcr, bacome asymptotic 
to thcir saturated vapor concentration in agreement with 
cnrlier investigation0 concerning tho adsorption OF higher- 
molecular weight alkanes on water by cut tin^ and Jones.* 

Ethylene appertA b occupy a p i t i o h  intermediate to the 
orhcr g m  in that it3 isalhetm is concavc to the concentra- 
tion axis and yat passes smoothly to values erceeding those 
expected for monolayer coverage. 

Both COP and N& arc unique among the gases studied 
h a e  in that their i ~ t h e r r n s  exhibit points of inflection 
which occur in the vicinity of r2(l) = 5 X 10'' cm-?, that ie, 
a t  conditions of approximately 100% monolayer coverage. 
This suggests that the overall mechanism for adsorption a t  
low coverages differs from that responsible for multilayer 
adsorption for these two gases. At the right of this point of 
infection in the multil~yer adsorption region the surface - 
cxce.=sen a t  a given gas concenttation arrange tbemselvcs in 
an ancending order with increasing gas polarizability (a) as 
might be expected if Landon dispersion forces wcrc the 
dominant mode of attraction while to the left at  low cover- 
ages the order relative to ethane (a = 4.5 Al) is reversod in 
the m e  of COe (a = 2.7 A?), N d  (0 = 3.0 A2), and cven 
C2H4 (a = 4.8 A'). Thc anomalous behavior of thcse gases is 
revealed quite clearly in Figure 3 which ahows thc odsorp- 
tion coefficient a t  zcro coverage 

plotted erainst gaa pokizability for each gas. I t  is sppar- 
ent that in the zemcoverage limit the adsorption iaothem.s 
of thme three geses differ significantly from the rest. 

The abaence 01 information regarding enthalpierc and en- 
tropies of adsorption of thcse gases precludes any detailed 
discussion concerning liktaly causes for the anomalous ad- 
sorption of Cop and N20. Nevertheless, a qualitative pic- 
ture emerges in which at monolayer coverages or less, COz 
and Nz0 an adsorbed e t  the aqueous interfrrca to a greater 
extent than would be expected if van der Waals forces were 
the sole muse of attraction between water and these gmer. 
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f@m 2 Surface excasa as a f u W  of g6s concentralion for var- 
bus gas-watu system a1 25". ESthreted eno. In rp: f 3%. 

w e  3. Adsbrplirn Q%WIIt dl 2m caverage vs. average polas 
mbii  01 @sews cwoponenc. 

In this scnsc the enhmced adsorption of these gases a t  low 
coverages parallelu earlier observations that mutual solubil- 
ities of these gases with water are unusually large both in 
tbc liquid pbwelj  and t he  g~ On the other hand, 
rnultilayer ndsotption of these three g m  appears t o  in- 
vdve a mechanism morc in common 4 t h  the o ther~asm.  

There is  considerable evidence suggesting that 8 high dc- 
gree of order exists at the surfaca or hydrogen-banded liq- 
uids- In the case of water it is thought that a prcponder. 
ance of the m~lecules near the surface are oriented with 
their hydrogen atom directed toword f i e  rn phase."' 
This suggests that the anomalous ndsolption of these iqws 
at low c o v e r e p  may be tbt rcrtult of hydrogen bonding 
with the highly oriented water  molecule^ acting as. proLon 
dono~i  to tho carbonyl-like functions of CO: and N1O. 
Such a mechanism dm explains the enhanced ~dsorptlon 
or ethylene a t  low coverages since olefins are known to 
serve as proton eccepbr~ in hydrogen bondsP2 Kargcr and 
coworkers have invoked a similar argumcnt to cxplain the 
enhanced adeorption of di-n-propyl ether on water a t  low 
coverages  Such a modcl is consistent with the observcd 
rearrangement in thc order of r2(" for CO* and NzO relo- 
ti* to the othcr Rases shown in Figure 3 since beyond a 
rnonolsyer coverage only phlyicol interactions of n van der 
Wnals typc con be efrcctive in determinihg the degree of 
adsorption for thcnc gasm. It sho~lc! bc pointed nut thnt 
olf,er lactars such as dioole-quodrupdc  interaction^ or Lhe 
knoun acidity of CO2 may aho play e significant role in de- 
bmining the sdsorption behevior or these geses .~  

Thc idea that ot  low coverRge speciiic interaclicns cxist 
between wekr nnd certain kascs in addition lo difipetnion 
f o r m  ia supported in the case of COr by other data of 
Slowinski, ct which show that, in contr~at lu the dala 
of Figure 1, the surface tensions of n-hexane with CO3 lie 
intermediate k, thoee of n-hexane with methane and cth- 
nne a t  all presures a~ would be expectcd if London disper- 
sion forces alone were eKective. 

Standard free energies of adsorption a t  zero coverage. 
AG*, have been calculated lor the various gases using t 
atm and the Kernball-Rideals convention as standard 
states. The rerrulta are listed in Table 11. It is seen that be- 
ginning with ethane, AGA inmases by a constant incre- 
ment of -0.5 kcal/mol per methy1cne group indicating 8 
correspondence 4th Traube's rulc. The free energy incre- 
ment caiculatad here is in exact agreement with those oh- 
tained by Posncr, et 01.96 in addition, extrapolation to the 
next higher member this series, n-pentane, yields AG.4 = 
-27 W m o l ,  which when cbrrecbd to 12.5" using the 
GibbeHelmholtz equation and n value of AH* = -5.7 
kcsl/moP becomes AGA = -28 ktal/mol, agreeing with the 
value obtained by Karger, et al., ming gas chromntograph- 
ic techniques.3 The excellent correlation between the free 
energies obtained in 11:is work ond thwe derived from the 
direct detcrminntion of surface e x c ~ w s  at low coverages 
by Karger, et ol., is  very encouraging and supports thc va- 
Iidity of the extrapolations to zero surface cowrage used 
here. 
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Introduction 

these rnacromolccules Are quite different from or 
molecular weight compounds. 

This paper is concerned with on inter~lting a 
(Model 370, Keithlcy In. 

spread on n clenn liquid surface. 

Experimcntnl Section 

The experimental apparatw for measuring surface pres- 
surcs has previously been described by Christodoulou and 
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