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ABSTRACT

Four equations containing aterm in surface pressure, namely the Gibbs
adsorption integral, the Young equation, the equilibrium constant equa-
tion and the Fowler-Guggenheim equation are examined with respect to
the validity of the values obtained for a solid-liquid-vapor system. It is
also shown that many values of surface pressure in the published litera-
ture cannot be considered as such. It is shown that for vapor pressures
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below monolayer coverage, the plot of surface pressure against vapor
pressure should be a straight line and the energy of adsorption can be

obtained from the slope of theline.
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INTRODUCTION

Thetwo dimensional pressure also known asthe
gpreading pressureisaphysica quantity reated to vari-
ousimportant physical and chemica quantitiessuchas
surface energiesof solidsand liquids, adsorption en-
ergy, equilibrium constant of surfacereactionsand sur-
faceand molecular areas.

Thesurface pressuretermisfoundin4 surfacether-
modynamic expressions. the Gibbsadsorptionintegrd,
the' Young equation, the equilibrium constant equation
and the Fowler-Guggenheim equation. Inthefollowing
wereport these expressions and examinethe verity of
theval ues obtained from them for the solid-liquid-va-
por system (SLV).

The Gibbsadsor ption equation (Integral)

Gibbg" showed that surfaceenergy ¢ satisfy the
relation

do=-ndT - I} du,— I', du,— I’;du,—...etc @)
The 1~ sare adsorption densities of components(mol/
cm?), theu'’s are their chemical potentials and n isthe
entropy.

For asolid-liquid-vapor equilibrium at congtant tem-
peratureand du = RT dIn P, Eg. (1) becomes
—-de= RT [~dInP, )
where Pisthe vapor pressure.

Sincethe LHS of (1) after integrationisadiffer-
encein between two surface energies, whichisphysi-
caly equal to a surface pressure @ 2%, Eq. (2) be-
comes

® =RT [ dinp @3

As appears from the above equations the Gibbs
adsorption equation doesnot giveany relation within-
dividua surfaceenergy but givesthedifference between
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two surface energies®*9, Furthermorefor the SLV sys-
tem the values obtained from (3) represent asurface
pressures up to monol ayer coverage. The pressure at
monolayer coverage(P, ) isusualy determined before-
hand from an adsorption equation such as the BET
equation’®” Furthermorethevaluesof ® a P _isequal
to the difference between the energy of the bare sur-
faceand theenergy of the solid surfacecoveredwitha
monolayer of water molecules, (v, ). Whenthelim-
itsof theintegral are between zero pressure and satu-
ration pressure (P/P, = 1), thevalueof theintegral is
equal to thedifference between theenergy of thebare
surface of the solid and that of the solid surface cov-
ered withwater, (y.-v4 )®®. Thisdifferenceisthere-
sult of the change of a3 phase to a2 phase system,
sncethesolid surfacefindly isnotin contact with va
por; only theliquid over thesolid isin contact withits
vapor. In other words the system changes from that
described by theYoung equation to the system of im-
mersion8,

It isimportant to mention that many values of ®
reported intheliterature, and obtai ned from the Gibbs
integral when the upper limit of pressureisaboveP
and dsothe ® vauesobtained fromimmerson experi-
ments are not surface pressures though they represent
changesin energy. These valuesusually exceed 200
dyne/cm for water adsorption on quartzi®9. Thisvalue
can be compared with dataof other authorsusingP |
astheupper limit of the Gibbsintegral whicharemuch
lower, asthefollowing datafor quartz shows: 53,
46, 10712, 651*3, 86.114, For anatase 1101*°, for
talc 84119, 81.1%7, All valuesarein dyne/cm.

We end this section by mentioning that the Gibbs
equationissuccessful ineva uating thesurface pressure
and molecular areasin binary solutions. In such fluid
systemsthe surface pressure goesto zero after mono-
layer coverage hence the determination of molecular
surfaceareasfromthedatafor ® =0.

For example values of and of surface areas per
molecule as calculated from datagivenin® are 40.6
and 42.8 dyne/cm for ethyl a cohol and caproic acid
respectively and 23.6 and 28 A2 per molecule of alco-
hol and acid respectively.

Theyoungequation
TheYoung equation reads
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Ys—7Vs =7.C0s0+@ B8, G
wherey,, y4 andy, arethe energy of the bare solid
surface, theenergy of thesolid/liquidinterfaceand the
energy of theliquid vapor interfacerespectively, O isthe
contact angle.

Each mentioned interface separatestwo i sotropic
surfaces. Thisisotropic conditionisessentid inthetheo-
retical treatment of heterogeneous massesin contact
andin equilibrium®. Hence ® isthe surface pressure
of theinterface between two i sotropic surfaces: that of
vapor and the other of a solid surface covered with
adsorbed vapor molecules. Now the vapor side of the
interfaceisan isotropic surfaceat all vapor pressures,
but the solid side of theinterface can only beisotropic
at monolayer coverage. Below thiscondition someparts
arebare and aboveit some parts of the surface contain
islands of multilayer adsorbed molecules. Hence® in
theYoung equationisthevalue of the surface pressure
at monolayer coverage®®.,

Theintroduction of ® intheoriginal equation of
Youngisdueto Bangham!“ who saw theinter relation
between the Gibbs adsorptionintegral and the 3 phase
system of the'Young equation inwhichthesolid surface
isinequilibriumwith avapor and water phases hence
the presence of adsorbed molecules. The bare solid
surface is thus changed into a surface containing
adsorbed moleculeswith asurface energy (v, ) lower
than that of the bare surface (y,). The difference be-
tweenthetwo energiesisequd to ® asthe Gibbsequa-
tionindicates.

YsYs =P ©)
Asmentioned abovethevaueof ® inEq. (4) isthat at
monolayer coveragewhilein Eq. (5) dependson the
value of vy, corresponding to other vapor pressures
and tolower coverages. Further morethe difference
between (y,v4 ) of EQ. (4) and (v.yg,) Of Eq. (5) is
equa toy, cos0. Thus

Ysv —Ys. =7 COS O (6)
Whichistheform of the'Young equation asaresult of
Bangham work!.

Knowledge of thevalue of ® isessential for the
caculation of the surface energy of solidsthrough the
use of Eq. (4). Solidsfor which @ cannot be deter-
mined, the'Young equation cannot be used for surface
energy determinations®. Furthermoreit isof theoreti-
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cal and practica importancethat the Gibbsintegra in
the range of pressure (P_ to P/P, = 1) can beused to
obtain the value of the contact angl€”.

Theequilibrium constant equation

Theequilibrium constant k of thereaction
Water molecules(gas phase)

= water molecules (surface phase), ™
was shown to be given® as
k=®/P. ®

Asshowninthe Gibbssectionin solid— vapor systems
thevalidrange of @ isbetween P=0to Pm, the pres-
sureat monolayer coverage. Hencetheva uesobtained
upto Pmarevalidfor thedetermination of k. Accord-
ingto Eq. (8) theplot of ® against P should beastraight
linefrom which k can be cal culated from the sl ope of
theline That agtraight lineisobtai ned from experimen-
tal dataof variouspublicationsand authorsisshownin
Figure 1 for the equilibrium between water vapor and
anatase, water vapor and quartzl*>1, Also linear plots
were already reported?, for toluene adsorption on
water surfacesat |ow surface pressureval ues.

Asanexamplefor thecdculation of k useismade
of datain™ where ® isequal to 51.32 dyne/cm at P/P,
=0.25. Thisdatagivek =0.0085 cm. Thisvauegive
of thereaction of adsorption of water vapor on quartz
equal to 2.85 kcal/mol of water. Since the energy of
vaporization of water is9.9 kcal/mol theenergy of wa
ter adsorptionon quartzisequa to 12.7 kcal/mol.

Similar caculaionsusing databy other authorsgive
12.2061) 14.819, 14.61*3, 12(%% and 14.1 kcal/mol*
for the adsorption of water on quartz.

Reported datal® of the energy of adsorption of
water vgpor onquartz asca culated usngthe BET equa
tionare: 2.1, 2.3, 2.5, and 2.8 kcal/mol, which corre-
spondto 12, 12.2, 12.4 and 12.7 kcal/moal of liquid
water. Therefore, the calculationsusing Eq. (8) based
on using surface pressurefor obtai ning adsorptionen-
ergiesgivevauessmilarinmagnitudeto thoseobtained
fromtheBET equation.

Thefowler- guggenheim equation of surfacepres-
sure

Fowler and Guggenheim derived for anided local-
ized monolayer’ theeguation
® = (NSA)KT In[1/(1-0)], ©)

= Pyl Paper

where Nsisthetotal number of surfacesites, Aisthe
total areaof themonolayer, K isthe Boltzman constant
and 0 isthat given by theLangmuir equation:
0=kp/(1+kp)=x/x_, (10)
wherexistheadsorbed amount and x isthat at mono-
layer coverage.

0 0.05
PIP,

0.1 0.15

Figure1: The surface pressure a) of adsorbed water on
titanium oxideplotted against vapor pressure; b) of adsor bed
water on quartz plotted against vapour pressure

Asappearsfrom the equation, the value of ® de-
pendsonthevauesof NJA i.e. theinverseof thearea
per molecule and on theta. Both are calculated by the
Langmuir equation. It istherefore expected that the
vaueswill not bethesameasthose determined by other
formul as mentioned above that make use of other ad-
sorption equations. For example ® valuescalculated
for 6 =0.99 andfor the areas per adsorbed molecule
of water of 16, 14, 12.5 and 10 A2, the @ values ac-
cordingto Eq. (9) are 119, 136, 152.5, and 190 dyne/
cm respectively, whicharemuch higher thanvauesca-
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culated by the other equations mentioned above. For
examplefor thesamerangeof areasper moleculemen-
tioned, Eq. (8) givesa ® range of 86.1 - 46.6 com-
paredto 119 - 190 dyne/cm. Theseresultsare not un-
expected becausethe Langmuir equation gives mono-
layer valuesat higher pressuresthan for examplethe
BET equation'®. A factor of 2to onefor the pressure
at monolayer coveragewasobtained in our laboratory.
Such differencesaffect theva uesof Ns/A and hence of
®inEg. (9).

Va ues of monolayer coveragescan reach aratio of
1.57 for N adsorption¥, depending on the equations
used and on the adsorbate employed and its orienta-
tion on the surface (which affectslateral and vertica
interactions), and hencethe coverages obtained ..

Therearealarge number of theoretica treatments
fromwhich thevalues of monolayer coverage and mo-
lecular areas can be obtained® and it issuggested to
employ agroup of isothermsto check the coverage
va ues obtai ned®2,
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