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ABSTRACT 

In cons t ruc t ing  a genera l ized thermodynamics fo r  the f l u i d - v a p o r - s o l i d  
e q u i l i b r i u m  in poor ly  wetted systems the s p e c i f i c  f ree energy of adsorpt ion 
at  sa tu ra t i on  vapor pressure is  a basic and e lus ive  term. I f  the adsorbed 
phase is modeled as a two dimensional gas, systems fo r  which a complete 
spectrum of data is  ava i l ab l e  can serve as an empi r ica l  basis fo r  cons t ruc t -  
ing and t e s t i n g  adsorp t ion -con tac t  angle r e l a t i o n s h i p s .  From the extension 
of such r e l a t i o n s h i p  other of ten inassess ib le  terms can be es t imated.  Such a 
const ruc t  is repor ted here and extended to the es t imat ion  of the excess 
adsorpt ion entropy at sa tu ra t i on  vapor pressure in non-wet t ing systems 

INTRODUCTION 

Vapor phase i n t e r a c t i o n  w i th  s o l i d  surfaces can be cha rac te r i zed ,  not 

only in terms of adsorpt ion fea tu res ,  but in terms of the bulk (condensed 

vapor) f l u i d  i n t e r a c t i o n  wi th  the s o l i d .  This c h a r a c t e r i z a t i o n  is p a r t i c u l a r -  

l y  e f f e c t i v e  when the vapo r - so l i d  and l i q u i d - s o l i d  i n t e r a c t i o n  energies are 

smal l .  In such cases we re fe r  to the so l i d  as a low energy surface and re-  

cognize t h i s  circumstance by the non-spreadlng character  of the l i q u i d - s o l i d  

i n t e r a c t i o n .  A drop of f l u i d  placed on the surface in the presence of vapor 

at  sa tu ra t i on  pressure re ta ins  a semblence of i t s  f l u i d  form and ex i t s  as a 

spher ica l  segment, perhaps g r a v i t a t i o n a l l y  d i s t o r t e d  i f  i t  is  a la rge drop,  

on the sur face.  The f l u i d  geometry can be descr ibed in terms of the angle of 

con tac t (o )  w i th  the surface measured through the l i q u i d  phase. 

The thermodynamics of such systems is wel l  developed. I We def ine the 

adhesion energy (~) as the energy requi red to separate the bulk f l u i d  from 

the so l i d  leav ing an adsorbed f i l m  on the so l i d  which is c h a r a c t e r i s t i c  of 

the vapor so l i d  i n t e r a c t i o n  at sa tu ra t i on  pressure. This adhesion energy is 

equ iva len t  to the energy of immersion (~sl °) of the s o l i d  w i th  such as p re -  

formed f i l m  present .  We measure t h i s  energet ic  quan t i t y  d i r e c t l y  as a heat 

of immersion (hOi (sv) )  since PV terms are n e g l i g i b l e .  The negat ive sign is 

a c a l o r i m e t r i c  convent ion.  I f  the same so l i d  were immersed in the absence of 

any presorbed f i l m ,  the d i f f e rence  in immersion heats would represent the 

adsorbed f i l m  energy, 

d~°- ( I )  
[h i ( s ) - h ° i ( s v ) ]  = 64 = 7 ° - T dT 



180 

The no ta t ion  fo l lows convention which was es tab l i shed in other  contex ts .  The 

term n ° is the (excess) adsorpt ion f ree energy at sa tu ra t i on  pressure of the 

adsorbate vapor. The adhesion energy then is 
d ~  ° , 

= -h° i (Su)  = - h i ( s )  - 7 ° + T dT (2) 

The adsorpt ion f ree energy is access ib le ,  in p r i n c i p l e ,  from convent ional  ad- 

sorp t ion  techniques which provide an adsorbed quan t i t y  (P moles/m 2) vs P when 

measurements ( e f f e c t i v e l y )  extend to sa tu ra t i on  pressure (P°) of the vapor 
po 

~o = RT f Z dp. (3) 
Op 

The impl ied  q u a l i f i c a t i o n  " in p r i n c i p l e "  der ives from that  fea ture  of 

both immersion heat and adsorpt ion measurements which requi res tha t  the sam- 

p le  be of reasonably high surface area (approximately I m2/gm). This ,  in t u rn ,  

requ i res  that  the sample be p a r t i c u l a t e  and, un fo r t una te l y ,  leads to Kelvin 

condensation at po ints  of p a r t i c l e  contact  (or near contac t )  which confuses 

both measurement at r e l a t i v e  pressures (p /p°)  above about 0.6. Such bulk 

f l u i d  condensation is i r r e l e v e n t  t o ,  but many times la rge r  than, the adsorbed 

quan t i t y  of i n t e r e s t .  

I f  the only i n t e r e s t  resided in adhesion energ ies,  these are ava i l ab le  

through precise contact  angle studies 2'3 
d cos@ (4) 

= uLV c°s° - T~LV ----d-?- 

where ULV is the bulk f l u i d  (excess) surface energy (¥LV - T dYLv/dT ). Again, 

convention d i c ta tes  the use of surface tension (~LV) as an exper imenta l l y  

access ib le  quan t i t y  fo r  the thermodynamical ly p re fe r red  and numer ica l ly  equal 

f ree surface energy of the l i q u i d - v a p o r  i n t e r f a c e .  Such measurements p rov ide ,  

toge ther  wi th  the uncomplicated hi (s~ term, both the adhesion energy and the 

adsorpt ion energy. While these terms alone are useful in quest ions r e l a t i n g  

to  we t t i ng ,  they do not permit  reso lu t i on  of the o and d~°/dT terms separa- 

t e l y .  Both terms are of la rge importance in a r r i v i n g  at an understanding of 

the nature of the adsorbed f i l m  on low energy surfaces.  This f i l m  appears to 

have unusual p rope r t i es .  

The phys i ca l l y  adsorbed f i l m  on a l l  so l ids  is usua l ly  assumed to ap- 

proach m u l t i l a y e r  character  and, at adsorpt ion pressures approaching sa tu ra-  

t i on  vapor pressure,  approach the bulk l i q u i d  in charac ter .  This " m u l t i l a y e r "  

adsorpt ion model is the basis fo r  the BET method of surface area measurement 

which is normal ly and c o r r e c t l y  app l ied  to Type I I  isotherms. The model is 

a lso assumed to apply to  Type I I I  isotherms. Although here the monolayer is 

not complete dur ing ear ly  stages of adsorp t ion ,  the apparent adsorpt ion does 

approach the equ iva len t  of many layers at pressures approaching sa tu ra t i on  

vapor pressure. 
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In recent years there has been a general acceptance of the thes is  tha t  

such an adsorbed f i l m  cannot be present when the bulk f l u i d  e x h i b i t s  a f i n i t e  

contact  angle. 4 Esoter ic  arguments as ide ,  the p ropos i t i on  tha t  a f l u i d  

w i l l  not spread on i t s e l f  is pa ten t l y  unacceptable.  We now recognize tha t  

the adsorpt ion isotherm is not r e a l i s t i c a l l y  represent ing adsorpt ion at high 

r e l a t i v e  pressures but condensation in a l l  cases. This is of ten a t r i v i a l  

d i f f i c u l t y  on high energy (Type I I  isotherm) systems, but always an i nsu r -  

mountable problem on low energy (Type I I I  isotherm) systems. 

Resolut ion of t h i s  problem has been approached from a l l  obvious d i r e c -  

t i o n s .  Ca lcu la t ion  s of the condensed quan t i t y  fo r  i dea l i zed  p a r t i c l e  

geometr ies and packing arrangements shows tha t  condensed f l u i d  in a quan t i t y  

cons is ten t  w i th  adsorpt ion observat ions is a r e a l i t y  at pressures approaching 

P°. However such ca l cu la t i ons  cannot r e p l i c a t e  the random s lze and packing 

fea tu re  of an exper imental  system and cannot pmesume to prov lde condensation 

co r rec t i on  to w i t h i n  the f r a c t i o n  of monolayer coverage requ i red .  Avoidance 

of the condensation problem has proved d i f f i c u l t .  For ce r ta in  adsorbents,  

stacked p la tes  can provide a s u f f i c l e n t  surface area to mass r a t i o  fo r  con- 

vent iona l  g rav ime t r i c  adsorpt ion s tud ies whi le  min imiz ing (but not 

e l i m i n a t i n g )  po in ts  of con tac t .  The s ing le  6 such study which has been ac- 

complished seems to conf i rm tha t  adsorpt ion near po is not unbounded but de- 

f i n i t e l y  f i n i t e  w i th  7 ° values approaching zero fo r  the h igher contact  angle 

systems. I n d i r e c t  methods 7 '8 '9  of measuring adsorbed f i l m  densi ty  using f l a t  

p la tes  or t h e i r  equ iva len t  are un fo r tuna te l y  sens i t i ve  to the smal lest  p re-  

sence of high energy he te ro -gene i t i es  and produce u n r e a l i s t i c a l l y  high 7 ° 

values.  D i rec t  c a l c u l a t i o n  l ° ' l l ' I z ' 1 3  of 7 ° values using assumed molecule 

i n t e r a c t i o n  constants can provide only order of magnitude arguments. At p re-  

sent the empi r i ca l  eva lua t ion  of adsorpt ion energy parameters by f i t t i n g  an 

adsorpt ion model to the condensat ion- f ree region of the adsorpt ion isotherm 

appears to be the most f r u i t f u l  approach. Assuming tha t  the model is 

r e a l i s t i c ,  e x t r a p o l a t i o n  to po produces the desl red i n fo rma t i on .  

The present s ta te  of adsorpt ion theory suggests tha t  the most appro- 

p r i a t e  model fo r  adsorpt ion on both high and low energy surfaces is the H i l l -  
14 

de Boer two-dimensional  van der Waals gas accompanied by successive 

condensations to produce m u l t i l a y e r  adsorpt ion on high energy surfaces and 

submonolayer adsorpt ion on low energy surfaces.  The model has not proved to 

be p a r t i c u l a r l y  e f f e c t i v e  in a computat ional  sense fo r  the general high 

energy surface since i t  requi res an excep t i ona l l y  high degree of energet ic  

homogeneity. When such s t r i ngen t  c r i t e r i a  are met the p red ic ted  features of 

the model are observed. Is On low energy surfaces the range of energet ic  

v a r i a t i o n  is a lso reduced to produce e f f e c t i v e  homogeneity w i th  only i so la ted  

s i t es  of high i n t e r a c t i o n  energy to be t r e a t e d .  Isotherm features associated 
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with such s i tes  permit  reasonable co r rec t i on  to be constructed based on ear ly  

(unconfused) stages of adsorp t lon .  16'17'18 

As ind ica ted  by Eqn 2, the const ruc t ion  of an i n t e r n a l l y  cons ls ten t  

thermodynamic framework in which a l l  re la ted  observat ions on low energy sur-  

faces can be accomodated is i n h i b i t e d  by our i n a b l l i t y  to exper imen ta l l y  

resolve the adsorpt ion features of the problem, In p a r t i c u l a r  ~° and d~°/dT 

values. I t  i s ,  perhaps, because of t h i s  i n a b i l i t y  to set down a t o t a l l y  

acceptable framework tha t  the conceptual advantages of ca ta log ing  a l l  t h e r -  

modynamic features of i n t e rac t i ons  on low energy surfaces in to  a s ing le  

f l u i d - v a r l a b l e  subst ra te  format have not been exp lored.  Data are normal ly 

obtained in the opposi te  con tex t ,  i . e .  the format of var ious vapor and f l u i d  

i n t e r a c t i o n s  on a s ing le  subs t ra te .  The wealth of such data,  generated over 

decades of study,  has produced few thermodynamical ly va l i d  g e n e r a l i z a t l o n s .  

We hope to i l l u s t r a t e  the po ten t i a l  of the var iab le  subst ra te  format by pro-  

ducing est imates of the d~°/dT term re l y i ng  on model c a l c u l a t i o n s .  Sign and 

order of magnitude are at present unknown. 

DISCUSSION 

Equations i ,  3 and 4 make the requirements of a model t reatment  c l ea r .  

The basic requi rement ,  which can only be approached e m p l r i c a l l y ,  is a r e l a -  

t i onsh ip  between some adsorpt ion fea ture  and contact  angle.  Although n ° is a 

fea tu re  of subs tan t ia l  thermodynamic concern, the more fundamental quan t i t y  

is the adsorpt ion coverage at sa tu ra t i on  pressure which we def ine as ~o 

(monolayers).  This term, which leads to ~° through Eqn 3, can be approached 

d i r e c t l y  in terms of the t h e o r e t i c a l  isotherm and re la tes  d i r e c t l y  to the 

major fea ture  of adsorpt ion on low energy sur faces,  i . e .  tha t  a condensed 

monolayer is a p rac t i ca l  p recond i t ion  fo r  h igher layer  adsorp t ion ,  The 

absence, at r e l a t i v e  pressures s i g n i f i c a n t l y  below P/P° = I ,  of a condensed 

monolayer fo l lows as a p rac t i ca l  p recond i t ion  fo r  a f i n i t e  contact  angle 

system. 

The absence of condensation of the two-dimensional (2-d) gas which is 

presumed to ex i s t  throughout the isotherm can be regarded as e i t he r  I )  a re-  

l a t i v e l y  ideal  2-d gas r e s u l t i n g  from a force f i e l d  so weak tha t  the adsorbed 

phase densi ty  does not meet condensation requirements at pressures below po, 

or 2) the adsorbed phase is post c r l t i c a l  and condensation is not a fea tu re .  

At present we can only note tha t  i n s u f f i c i e n t  t h e o r e t i c a l  a t t en t i on  has been 

addressed to such systems to resolve the most probable feature  and tha t  any 

present choice must depend on observable features der ived from the isotherm 

form when condensat ion- f ree parameters are obtained and ex t rapo la ted  to 

sa tu ra t i on  pressure.  Such isotherm forms suggest that  the two-dimensional  
16 phase is post c r i t i c a l .  We the re fo re  choose to accept some feature  of the 
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cr i t i ca l  phase density as a l imi t ing adsorption feature at po which d i f fe r -  

entiates between spreading and non-spreading in the bulk f lu id interaction. 

An adsorbed phase density of 0.33 monolayers ~s widely accepted and theore- 

t l c a l l y  tenab le  fo r  the c r i t i c a l  phase dens i t y .  12 

Another key fea tu re  of any adsorp t ion  model is the heat of a d s o r p t i o n .  

At p resen t ,  fo r  low ] n t e r a c t i o n  energy systems only  some ha l f  dozen values 

de r i ved  from heat immers10n data in p rec i s i on  ca lo r ]me te rs  [ 9 ' 2 ° ' 2 1  can be 

regarded as adequate in a d d i t i o n  to  two values obta ined from d i r e c t  adsorp-  
22 t i o n  c a l o r l m e t r y .  These data can only  suggest an acceptab le  range. As 

Eqn I suggests,  a zero va lue fo r  A~ could r e f l e c t  on ly  t ha t  d . ° /dT  is non 

zero p o s l t i v e .  

With these remarks, we de f ine  the model framework as f o l l o w s :  

I .  f o r  a f l u i d  of s p e c l f i e d  ene rge t l c s ,  i . e . ,  sur face f ree  energy 7 ° , 

temperature d e r i v a t l v e  of sur face f ree energy d~°/dT and heat of v a p o r i z a t i o n  

(Qv),  the adsorp t ion  and we t t i ng  p rope r t i es  are def ined by the adsorbed quan- 

t i t y  ~° (monolayers adsorbed at P°) and by the e q u i l i b r i u m  contac t  angle 0 e 

and tha t  a general  i n t e r r e l a t i o n s h i p  holds fo r  the two q u a n t i t i e s  on a l l  

su r faces ,  

2. t ha t  the l i m i t i n g  coverage fo r  low contact  angle systems is g iven by 

the two-d lmens iona l  c r i t i c a l  phase d e n s i t y ,  i . e . ,  

l im R° = Q / 3  

0÷0 

and tha t  the l i m i t i n g  value fo r  high contac t  angle sytems is 

l im R° = O, 
0+180 ° 

also that surface coverge by the adsorbed phase is related to the convention- 

al adsorption isotherm, r = r(P)T, through b, the area (m 2) occupied by 1 

mole of adsorbate in close packed geometry and that b is independent of 

detailed substrata structure. 

3. that low energy surfaces may be regarded as energetically uniform 

and that, for the low l imi t ing coverage values characteristic of vapor 

interactions with such systems, the heat of adsorption is constant, 

4. that the adsorption process is described by the Hil l-de Boer 

Equation, 
I O O 2a2~ (5) 

P/P° = K i - 0 exp I - 0 l ~  

K = B exp(-Q/RT). 
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The iso therm form expressed by Eq. 5 can be i n t e g r a t e d  to  p r o v l d e ,  where 

b = b 2 

KT ~ (6) 
o : ~ I _ ~'o 

The r e l a t i o n s h i p  between ~o and e e must be c o n s i s t e n t  w i th  known va lues of n ° 

f o r  vapors adsorbed on s o l i d s  where the f l u l d - s o l i d  con tac t  angle is  f l n i t e  

and known. On i n t u i t i v e  grounds we assume an exponen t i a l  decrease in ~o w l th  

@ such tha t  

Oo = ~ ( l i m )  exp(Bo - ~) (7) 
I - 

where m is a n o r m a l i z a t i o n  f a c t o r  and Q( l im)  is  the assumed l i m i t i n g  coverage 

above which two-d imens iona l  condensat ion and h lgher  l a y e r  a d s o r p t i o n  occurs 

t o g e t h e r  w i th  spread ing of  the bulk f l u l d .  

As I n d i c a t e d  above and in the i n t r o d u c t i o n  there  is  very l i t t l e  data 

which inc lude  es t imates  of  7 °, net heats of adso rp t i on  and con tac t  angle 

terms.  We choose to  use the Whalen and Wade d a t a l g ' 2 ° ' 2 1 s i n c e  i t  is  complete,  

a l though i t  is  not e n t l r e l y  c o n s i s t e n t  wi th  the v a r l e t y  of  o the r  da ta .  We 

se lec t  e m p i r i c a l  B values fo r  Eqn 7 then on the basis t ha t  o < 3xlO_ 3 j o u l e s  
-2 -2 m fo r  ~ = 12 ° , i / b  = 3x i0 -6  mole m-2 (hexane) and 7 ° < 1.7xlO j o u l e s  m 

fo r  ~ = 26 ° , i / b  = 1.5xlO -6 mole m-2 (oc tane) .  

F ig .  i r e f l e c t s  7 ° va lues ob ta ined  fo r  severa l  choices of the emp l r i ca l  

parameter  B, w i th  the hexane data .  Data po in ts  19 rep resen t i ng  7 ° va lues fo r  

hexane and octane are superlmposed fo r  compar ison.  The B = -0.02 curve is  

c o n s i s t e n t  w i th  the hexane da ta .  For l a r g e r  molecules 7 ° w i l l  be decreased 

p r o p o r t i o n a t e l y  making the B = -0.02 curve an accep tab le  f l t  f o r  both data 

p o l n t s .  Other es t imates  of  7 ° ob ta ined  from van der Waals parameter curve 

f i t  are in reasonable  agreement when those data r e l a t l n g  to  markedly h e t e r o -  
16 

genous sur faces  are r e j e c t e d  . 

For the low converages cons ide red ,  the l a t e r a l  i n t e r a c t i o n  energy term 

In Eq. 5 may be neg lec ted  g i v i n g ,  at  s a t u r a t i o n  pressure 

i - ~° ~ (8) 
K - 7 exp - 

f o r  each ~o and t h e r e f o r e  f o r  each ~. P rov id ing  tha t  a reasonable  assumption 

can be made f o r  Qo, the heat of  adso rp t i on  assoc ia ted  w i th  a s u b s t r a t e  on 

which the f l u i d  j u s t  spreads,  (Eq. I )  w i l l  p rov ide  QQ. A number of  cases 

have been cons idered  f o r  QO = nQv, where Qv is  the heat of  v a p o r i z a t i o n  and n 

assumes values rang ing from 1.05 to  1.5 in accord w i th  adso rp t i on  

expe r i ence .  18,21 
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Figure 2-a demonstrates the Q~ relat ionship for several cases within the 

suggested framework, B = -0.02. Where, 

- ( h i ( s ) -  h i(sv))  = r°(QR - Qv) = a~ (9) 

a comparison with previously reported data points can be effected (Figure 

2-b). The data are presented for a par t icu lar  molecular area, again com- 

parable to that of hexane. The dashed l ine is for Qo = 1.35 using the octane 

constants. I t  can be concluded that 1.10 < n < 1.35 for hydrocarbon-like 

molecules on low energy sol ids. 
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heats of adsorption with 1/b=16.6x10 -6 mol m-2. Data points from Ref. 20, 21. 



Figure 3 i l lust rates the extension of this treatment to an adsorbate 

having a molecular cross section for adsorption and a heat of vaporization 

comparable to that of water i /b = 17x10-6mole m-2, Qv = 41.8 kjoule mole-l). 

The only available data (water on tef lon, R = 104 ° and water on spheron, 

R=85 °) are for high contact angle systems where experimental d i f f i cu l t i es  

attend the measurement of the low immersion heats, however, assuming that 

~(lim) has been rea l i s t i ca l l y  chosen, 1.10 < ~ < 1.15, consistent with the 

above l imi ts .  

The relationships are summarized in Figure 4 which demonstrate ~°o and 

Qo values for water-l ike systems. 
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3 parameters. 

Where: 

o o 

_d~O : r o ( Q o  - QV) - ~o 
, (10) 

TE?-- T 

typical values of d~°/dT are shown in Figs. 5 and 6. Such data have not been 

obtained by experiment and, in view of the order of magnitude indicated and 

the condensation related uncertainty in the adsorption isotherm, w i l l  not be 

accessible by experimental means. 
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Fig.  5. d~° /dT for  various net heat of adsorpt ion values vs contact  angle 
for  hydrocarbons. 
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Fig.  6. d~°/dT for  varous net heat of adsorpt ion values vs contact  angle I 
water ,  
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CONCLUSIONS 

Given the model l l m i t a t i o n s ,  extended discussion of the resu l t s  does not 

seem warranted but the general concluslons seem impor tan t .  Conf in ing a t t e n -  

t i on  to the most reasonable range of Qo curves in Figures 6 and 7, i t  appears 

tha t  d~°/dT is negat ive over the 0 ° < ~ < 90 ° contact  angle region and o the r -  

wise e f f e c t i v e l y  zero.  In magnitude the term could be as large as - l . 5 x l O  -5 

j ou l e  m-2 fo r  ~ + O. I f  so, then T (d~°/dT) at room temperature and in the 

range of maximum contact  angle I n t e r e s t  0 < ~ < 30 ° could be of order 

-4 .5x i0  -3 j ou le  m -2 to order - lO -3 jou le  m -2, Such values are of the same order 

as n ° i f  the est imates obtained from immersion heats IB are accepted. Over the 

range of adsorpt ion heats suggested by the Figure 3 data,  d~°/dT fo r  water 

should be p o s l t i v e  and of order 5x lO-5 jou le m-2 in the range of contact  angle 

20 ° < G < 90 ° . Values of 7 ° are genera l l y  expected to be about one order of 

magnitude h igher fo r  water so tha t  the magnitude of T(d~°/dT) i s ,  again,  p ro-  

bably of the same order as ~° over the range of g reates t  contact  angle con- 

cern.  
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