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Abstract - The fundamental equation f o r  the pressure of 
adsorbed fluids,  containing the potential energy of the ad- 
sorbed molecule as an paremeter, has been derived on the 
basis of the thermodynamics of f l u ids  in the f i e ld  of adsor- 
ption forces. A s  an Bx(LIIIp1e of its applicability, the s ta te  
ftmotion of krypton adsorbed on the zeolite CaA has been 
evaluated. This fmction substantially deviates from that of 
the bulk krypton as a resul t  of the smaller number of inter- 
acting atoms in the small volumes of adsorbate. On the basis 
of the s ta te  equations of adsorbed fluids,  the equations of 
adsorption isotherms f o r  energetically homogeneous adsorben- 
ts  m e  derived. From this equations follows, that the shape 
of the isotherms in the coordinates amount adsorbed VS. l o -  
garithm of the equilibrious gas pressure, is determined by 
the s ta te  equation whereas i ts  position on the absoissae 
axis depends on the potential energy of the adsorbed molecu- 
l e  in the adsorption space. 

INTRODUCTION 

The phenomenon of physical adsorption is caused by the enhanoement of the 
density and concentration of f luids  on the surfaces of solids or in micro- 
pores of s o l i d s ,  as a direct  consequence of the existegce of the attractive 
adsorption forces. This density is determgned by the p ,va,T s ta te  relation 
of a given adsorbed f l u i d .  The pressure p of t h i s  f l u i d  depends on the 
pressure pg of the equilibrious gas existing out  side the influence of ad- 
sorption forces and on the valtre of the potential of these forces, further 
denoted as #. The relation between the above pressures and the potential 9 
can be evaluated by means of the general thermodynamical condition fo r  e q S  
l i b r ium of f luids  i n  the f i e ld  of external forces w i t h  respect t o  the tran- 
sport of matter f i r s t l y  formulated by J.W.Gibbs. From the above ideas i t  is 
evident, that the theory of physical adsorption may be closely connected 
w i t h  the theory of s ta te  properties of f lu ids  and eventually a l s o  w i t h  the 
extra complications i n  these properties caused by the presence of the sur- 
face of sol id .  

In  the described treatment i t  is important t o  choose properly the concept 
of the sffwture of the adsorbed fluid.  When the adsorbed f lu id  forms only 
a monolayer on the s o l i d  surface, the ooncept of the two-dimensional (u)) 
f l u i d  8hould be chosen. The properties of this f l u i d  can be described by u) 
state functions such as the surfaoe pressure n and the m o l a r  siwface u of 
the adsorbed f luid,  etc. But when adjacently adsorbed moleoules can take 
arbitrary position8 in three dimensions with respect t o  each other, the 
three-dimensignal (3D) conoept of adsor%d f l u i d  is t o  be applied and the 
3D pressure p and the 31, m o l a r  volume v of the adsorbate should be i n t ro -  
dwed. The l a t t e r  case conoerns e.g. the adsorption of vapours in micropo- 
roue s o l i d s ,  whioh w i l l  be mainly discassed in the present paper. There is 
an interesting correspondence between both oonoepts. As has been shown by 
E.A.Flood (ref, 1 ) ,  they can be easily traPsformed i n t o  one another by a 
s m a l l  ohwage in the l q u a g e .  

Because in oar  treatment, the thermodynamics in the f i e ld  of external for- 
00s is applied, the question of i t s  applicability t o  adsorption phenomena 
should be elucidatod. 'Ihe basic assumption is, that the adsorbate behaves 
as a s a l e  component substanoe, remainin6 distinct and occupying. separate 
and definite volumes (ref. 2 ) .  Tban the important limitation of the scope 
of the Second Law of thermodynamics in s m a l l  regions of colloidal systems 
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can be overcomed by the interpretation of the s ta te  functions, such as pres- 
sure, temperature, volume, chemical potential etc., as time averaged quanti- 
ties. Thus 8.g. the physical mean-  of the pressure pa i s  the averaged 
force per uni t  area, which the molecules of the adsorbate on one side of 
the infinitesimal surface element exert on the other side. This aversging 
is  clearly appropriate because of the macroscopic nature of the thennodyna- 
mic pressure, in contrast t o  the molecular dimensione of the surfaoe regi- 
ons. As a consequence, the Gibbsian condition f o r  the equilibrium of the 
f luid,  f o r  every point of the adsorption space, where the potential energy 
of the adsorbed molecule is  $, may be written i n  the form 

pa(pa,Ta) + $ = p6(pg,T) , Ta=Ttcons t . , 
where the s ta te  functions wa,pa,+ (pa is  the chemioal potential of adsor- 
bed f l  d and Ta i s  the temperature) represents the time averaged quanti- 
t ies.  p'is the chemioal potential of the eqtlilibriow gas outs ide the in- 
fluenoe of adsorption forces in  the gpace, ghere the potential $ i s  zero. 
The relation between the pressures p and p of the adsorbed and equilibri- 
ous gas, respectively, important f o r  the theory of physical adsorption, 
follows f rom the Gibbsian condition of equilibrium, as is  oler ly  seen from 
i ts  f o m  ( 1 )  , simi ar ly  as the relation between the surface pressure n and 
the gas pressure pa: can be eval3ted f r o m  the Oibbsian adsorption equation. 
The explicit  form of this pa($,p ) function is derived and i t s  application 
i n  the analysis of the s ta te  properties of adsorbed f luids  is  demonstrated 
in  the f o l l o w i q  chapters. 

THE EQUATION FOR THE PRESSURE OF ADSORBED FLUIDS 

As hts  been discussed above, the equation f o r  the evaluation of the pressu- 
re p from the adsorption isoQem c y  be derived on the basis of equation 
( 1 ) .  The chemical potentials p and p , which appears i n  this equation, de- 
pends on the corresponding pressures of the adsorbed and equilibrious gas. 
This dependenoe f o r  the chemical potential of the liquid-like adsorbed 
f l u i d  oan be written i n  the f o r m  

Da 

Trconst. , 
P O  

1 where p1 and p 
the b d  l i q u i 8  i n  the standard s ta te  a t  the temperature T and p 
change i n  the chemical potential of the b p  l i q u i d ,  when i t  is  transferred 
i n  the adsorption apace a t  the pressure po. The chemical potential of equi- 
librious vapour at given temperature T i s  

are the chemical potential and pressure, respecthvely, of 
is  the 

Pg 

where pg i s  the o$emica& pgtential of the vapour i n  the standard state,when 
i t s  pressure i s  p , x=p /p i s  the relative pressure of equilibrious vapour 
and B i s  the s e c o h  virial '  coefficient of the Berliner form af the v i r i a l  
gas s ta te  equation. 

Now we t ry  t o  evaluate the m o l a r  volume va of adsorbed f l u i d  by means of 
the adsorbed amouut a(x). When only the liquid-like or the gas-like f l u i d  
f i l l  the volume V of the adsorption space, i n  which the potential p e r g y  
$ of the adsorbedomolecule has a constant value, the molar  volume v 
this mobile f l u i d  can be evaluated by the relation 

of 

va = vo/a(x) , (4) 
where a(x) represents the so called f u l l  amount adsorbed a t  relative pres- 
sure x and i s  related t o  the experimentally measeurable adsorbed amouut 
"ex (x) by the relation 

Here i t  i s  important t o  emphasize, that the relation (4) i s  not generally 
valid. When the volBe V i s  par t ia l ly  f i l l e d  by the adsorbed liquid-li lre 
f lu id  a t  negative p prgssure ami a t  the same time par t ia l ly  by the gas- 
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like f lu id  of positive pag pressure, this relation is  not valid. I n  this oa- 
se eqn. (4) 8annot be used f o r  the evaluation of the value of the ohemioal 
potential p 

Uhen we choose f o r  convenience as standard that s ta te  of bulk vapour and 
l i q u i d ,  uhere are i n  thermodmioal  9 Ifteohanioal equilibrium, when sepa- 
rated with f l a t  interfaoe (p =p 
as an ideal gas, by subst i tu?i& equatfon8 (2)-(4) info the equilibrium 
condition ( 1 )  and by rearragging the obtained expression, the fundamental 
equation f o r  the pressure p f o l l o w s  

according the equation ( 2 ) .  

and p =p ), then if  the 3D vapour behaves 

133X 

pa = - RT /a(x)dlnx + p: , T=const. , 

where p1 i s  the pressure of the bulk l ' q u i d  i n  the standard s ta te ,  equal t o  
the norr&alxsaturated vapour pressure pa at given temperature T and 
z=exp[ (@+p )/RT) represents the r e l a t i i e  pressure of equilibrious vapour, a3 which the adsorbed f l u i d  pressure p is  equal t o  the standard pressure 

The equation ( 6 )  seems t o  be the 3D analog of the Gibbsian adsorption equa- 
tion integrated aooording t o  Bangham (ref. 3) 

P O 0  

, Ttoonst. , ( 7 )  I I =  RT - i" a(x)dlnx 
S 

I==- 00 

where S i s  the specific surface of the adsorbent. It is  frequently used f o r  
the evaluation of the surface pressure n . Moreover equation ( 6 )  contains 
the potential energy fd of the adsorbed moleoule as parameter. This is con- 
nected with the real i ty ,  that equation ( 1 )  represents the oondition of eqi- 
librium containing chemical potentials i n  the integrated form. Uhen the 
differential  forms of the equilibrium cgndi ion are used i n  the evaluations 

energy fd i s  included i n  the integration constant, which dissapears e.g. i n  
the Bangham's treatment, i n  which i t  i s  assumed that the surface pressure 
i s  zero when the equilibrious gas pressure approach t o  zero. 

Ifhen i n  an ana ogous derivation as presented here one chooses the a rb ipary  
l o w  pressure p$ of the gas as standard, one obtains f o r  the pressure p the 
expression 

of adsorbed f lu id  pressures (such as dp =dp d , of. ref.  2 )  , the potential 

which for p t  .* 0 yields the 3D analog  of the integrated Gibbsian adsorption 
equation 

, T=const. , ( 9 )  pa = RT - 7- a(x)dlnx 

lnx=- a, vO 

where z=exp[(fd+pH)/RT] and px represent the change i n  the chemical potenti- 
al of &he gas, when i t  is  transferred in  the adsorption space a t  the pres- 
sure p+. 

The fundamental equation ( 6 )  for  the pressure of the adsorbed f l u i d  is  con- 
s is tent  w i t h  the known relations valid in special sittiations. When the dew 
s i t y  of the adsorbed l iquid does no_tEQepend appreoiably on the pressure p , 
the mean value of the m o l a r  volume v of the adsorbed l iqu id  can be infro- 
duced in the r s a t i o n  (4). This relation when subs t i tu ted  in the r e a r r w e d  
form E(x)=V /+ 
of the adsopbed l i q u i d  (cf. ref.  4) 

i n  ( 6 )  yields the approximate expression f o r  the pressure 

pal = [(RT)/Gal]ln(x/%) + pt  , Tsconst. . 
The potential. energy @ in mesopores as well as px are zero. 
the equation (10) is reduced t o  the well&aown expreion f o:peirom the 
theory of capillary condensation, i.e. p = [(RT)/G 11nx + pt. 

z=l and 
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When w e  k n o w  the state equation of the adsorbed fluid, the pressure pa can 
be evaluated without the knowledge of adsorption isotherm. The integral in 
the expression (2) for pa can be evaluated by means of this stap frmotion 
and by starting from eqns.(l)-(3) the explicit expression for p ($,x), con- 
taining rrtates paraiaeters only ,  can be derived (ref. 5). 
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F e .  2. Adsorption dilatometry 
and adsorption isotherms of - “op krypton at 180 K on the zeolite 
CaA a) the dependence of the re- 
lative adsorbent wanulae le-t 
Al/l, b) of the amount adsorbed 
a(x), both on RTlnx, redrawn from 
the paper of Bering at all 
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,i (ref. 6 ) .  
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LIMITS OF APPLICABILITY OF THE EQUATIONS FOR THE PRESSURE pa 

It is important to realize that the equations ( 6 )  , (8) and ( 9 )  oannct b~ 
sucoesrrfully applied for evaluations of the pressures of adsorbed fluids 
from adsorption iSOthemrs corresponding to adsorption processes in which 
the “phase transitions” with the metastable liqed-like fluid appear. This 
can be clearly demonstrated for the pressure p evaluated from the oapil- 
lary oondensation isothorm of vapour on a solid having cylindrical pores, 
all of radiurr r, open at one end, diagrarmJatically shown in Fig. 1. 

Fig. 1. Part a) represents the capillary condensa- 
tion at  the pressure x=x and part b) represents 
the copression of condensed liquid ccrrespoflping 
to the increase of the negative pressure p , 
when the pressure x increases from x= to x-1. 
According to eguation (6) for x > x , %e evaltaa- 
ted pressure p yields a oorrect nggative value 
a proximatey g i v a  by the equation 
p’= [(RT)fi 1- , in agreement with the theory 
of capillary condensation. The reason is, that in 
the pressure range xf > x > 1, no phase transition 
occurs, i.e. pores are still volume filled by the 

l w f  lnx ,kJ/mole liquid-like fluid. 

On the other bond tp application of equation ( 9 )  yields erroneously the 
positive pressure p for the equilibrious relative pressure xrl. It is 
because in the gas pressure region from x-0 to x=l, the  condensation of 
the gas-like to the liquid-like adsorbed fluid appears, in which the capil- 
lqies are filled by the condensed liquid existing in the metastable state 
(p <O), It is evident that similar limitation of the applicability of the 
integrafed Gibbsian adsorption equation (7) has to be taken into account, 
if the 2D metastable fluid can exist in the adsorption rocess. By not re- 
specting the limits of applicability of the equation (47, or its 2D analog 
(u=S/a(x)) the “effective character” of the evaluated equations of states 
of adsorbed fluids, described in the literature, can emerge. It should be 
also emphasized that all the equations ( 6 ) - ( 9 )  give correct values of the 
adsorbed fluid pressures only in cases, when the isotherms a(x) correspond 
to an energetically homogeneous adsorbents. This is offen not taken into 
account by m a n y  autors. 
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As f o  lows  from F i e .  2a., a t  the RTlnr valugf ranging f rom -15 t o  -7.2 kJ 
mole-', the inequality A1/1<0 holds. Thus p < O  and hence the adsorbed 
liquid-like krypton i s  i n  the metastable state. For this geason two diffe- 
rent forms (6)  and ( 9 )  of the equation f o r  the pressure p have t o  be ap- 
plied. When the adsorption volume V 

q6). The value V0=0.325 cm /g of the miorocavities volume (ref. 7)  and the 
value 5 given by the relation RTlra5a-7.2 kJ/mole corresponding t o  A l / l = O  
have been used i n  this evaluation together w i t h  the assumption that the po- 
tent ia l  energy $ of krypton atoms in the volume Vo i s  cooatant. Otnriously 
this assumption is fu l f i l l ed  only approximately. When at the low gas 
pressures x, the density of adsorbed krypton decreases so much, that i t  is 
reversibly oonverted i n t o  the gas-like s ta te ,  equation (6)  ttarns out  not t o  
be valid any lower.  Then the evaluation neglects this reali ty,  the obtai-  
ned s ta te  function has an effective oharacter only. This is olearly seen 
from Fig. 3, where the rea l  and the effeotive parts of the state  funation, 
evaluated by means of eqn. (4) and ( 6 ) ,  are depioted by the f ull and the 
dot ted ourve 1 ,  respectively, (the pressure of the gas-like f l u i d  cannot be 
negative). On pe other hand, i n  the range of small adsorbed amounts a(x) ,  
the pressure p can be determined by eqn. ( 9 )  only. A t  higher adsorbed 
amomts, the evaluated s ta te  function again acquires the effective charac- 
ter  i n  spite of the presence of the "phase t ra r r s i t ions"  with the presenoe 
of the metastable liquid-like f lu id .  This i s  i l lustrated i n  Fig. 3 by the 
f u l l  and dgttgd parts of the curve g. The shape of the evaluated real state  
funotion p (v ) reminds the van per Haals s ta te  funotion. The hypothstical 
part with the positive slope (6p /6v )T, joining both real branohes of the 
s ta te  funotion, ha8 been estimated by means of the Maxwell rule (curve 3). 

i s  cpple te ly  volume f i l l e d  by the 11- 
uid-like f l u i d ,  the rigo3ous valu8 of p can be evaluated only by the eqn. 

- 

- 
1 

0 

I 1 I I I 

i 
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Fig. 3. 

the zeolite CaA, evaluated by means 
of the eqns.(4),(6) and ( 9 )  f rom the 
experimental data shown on Fig. 2 .  
The evaluated function strongly de- 
viates f rom that for the bulk. The 
bulk standard s ta te  i s  denoted by e. 

The state  pa(va) function 
of krypton adsorbed at 180 K on 

Fig. 4. the relation between pres- 
sure p and proper volume v of 
f lu id  b e l o w  the or i t ica l  tempera- 
ture. The reversible woondensa- 
tion" v - L , v'-  and v"- 4" 
is shown diagrammatically. 

l e x t  we turn o u r  attention t o  the meohanism of the transitions of gas-like 
t o  liquid-like adsorbed fluids. Beoause the micropores of zeolite EaA axe 
volume f i l l e d  by the metastable liquid-like krypton at negative p , this 
type of f i l l i n g  belongs t o  the second type of these mechanism (MVFM 2 ) ,  
the classification of which has been proposed recently (ref. 4). Here, the 
stress of the adsorbed liquid i s  oaused by the bridgging of the opposite 
waals of the aeolite oavities by the krypton liquid-like clusters and 
have nothing connuon w i t h  the classical theory of capillari ty,  because the 
surface of tension cannot be realized in the micropores. But when we over- 
look the presence of the f i e ld  of adsorption forces, thia process is for- 
mally esalogous w i t h  reversible oapillary condensation i n  one-side open 
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capillaries, disoussed above, The "aondensation" of such type can be i l l u -  
strated diapvuuaatically on Fig. 4 as the transition from the s ta te  V' t o  
Qe gtate L 
p (v ,T) function is  the s a m r  This transition differs from the g09al bulk 
f luid 
lustrated as the transition V - L. The reversible transition of ?heodesari- 
bed type (e.g. V" - L'")caues the effective oharacter of the state funoti- 
ons, evaluated from the adsorption isotherms, when the adsorption space i s  
f i l l e d  according the MVFM 2. 

on the p,v,T d i  am ( f o r  simplioity i t  i s  assumed that the 

oondensation under the equal vapour and liquid pressure (p =p ), il- 

THE CHANGES OF THE STATE EQUATION OF THE MATERIAL IN THE 
SMALL VOLUME OR LAYER OF THE ADSORBATE 

As evident from Fig. 3, the state equation of adsorbed krypton contains 
another parameters, than that of the bulk fluid. The above oonclusion is  
a l s o  supported by another result. The evaluation of the potential energy 
$ of the adsorbat8 mag be performed by means 
function $=FiTln(p '/p ) ,  where the pressure p', corresponding t o  given p 
is evaluated from the low pressure region of the adsorption isotherm by 
means of equation ( 9 ) .  The value $ for  krypton on the zeolite CaA evaluated 
in  this way i s  -10.6 kJ/mole. O n  the other hand o p  has RTlnz=j8+px=-7.2 
kJ/mole. A s  f o l l o w s  from these data, the value p ~ 3 . 4  kJ/mole of the per- 
turbed chemical potential sypports the idea, that the state equation of 
krypton largely deviates from that of the bulk fluid. A s  shown by A.W. 
Adamson (ref. 8 ) ,  the perturbed ohemice potenti% of the liquid-like f luid 
oan be oharaoteriaed by the r e l a t ionp  =RTln(p,/p ), where po i s  the hypo- 
thetioal pressure over the adsorbed f luidd rpmoteOfrom the f ie ld  of f oroes, 
but got otherwise changed (i ts  pressure p =p ). From the determined value 
of p i t  follows that the hypothetical presshe po i s  approximately ten ti- 
mes higher than the standard pressure of the bulk kr ton. This result 
agrees well with the theoretical conolusions (r8f. 9 r  The saturated pres- 
sure ~0 of the vapour, which is i n  equilipium with the liquid-like clus- 
ter of krygton atoms under the pressure p , is higher than the saturated 
pressure p 
acting kryf)ton atoms. 

The smaller nuaber of interaoting atoms or molecules i n  the s m a l l  volume of 
the adsorbate is the reason 8.g. of the smaller value of the constant a of 
the van der Waals equation, as evident from the expressions that follow for  
the bulk and adsorbed van der Waals f lu id  (eqns. ( 11 ) and ( 12) ,  respectively). 

Q 
the rearranged Boltmann 

of the bulk l i q u i d  in spite of the s m a l l e r  number of inter- 

D 

Here N is  the Avogadro number, CA the Kirkwood-MUler constant, diameter of 
the atom or the moleolele and D i s  the diaaieter of the mioropare oavity. 
Tbe equation (12) is approximately valid, when the L a w  of intermoleoular 
forces is the same in both oases (cf. ref.10,ll). The cr i t ica l  temperature 
of fluids adsorbed in micropores is  clearly substantially lower than the 
cr i t ioal  temperature of the bulk fluid,  quite aaslogously t o  the oase of 
2D fluids. 

ADSORPTION ISOTHERMS OF VAPOURS ON HOMOGENEOUS 
ADSORBENTS 

When 'the relation (4) is  quite oorreot and the equation of state of the ad- 
sorbed f luid is known, the equation of the adsorption isotherm oanabe eva- 
luatea on the basis of equations ( 1  )-(4). Here the molar  volume v of ad- 
sorbed f luid has t o  be the real state fcmotion and not a mean value oore- 
spondjmg t o  different f luid states in  the separate parts of the adsorption 
volume V . Further important assumption is, that the potential energy $ 
of the m8lecule i s  constant in any point of the adsorption space. For these 
oonditions the derivation of equations of adsorption iaotherms for  the main 
state equations is derived. When we again ohoose the state of the bulk li- 
quid and normal saturated vapour a t  given temperature T as standard and 
when W e  assume that the equilibrious gas behaves ideally, than the oond i t i -  
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on (1) of the equilibrium can be expressed as  f o l l o w s  

became $=# and pl=pg holds. The integral on 1.h.s. of this equagion can 
be evalua?edoby m e a 8 s  'of the equations of state.  The obtained x(v ,#) fun- 
ction oan be transformed i n  the equation of adsorption isotherm by means 
of the relation (4). 

[i) The virial adsorption isotherm 

Now consider that the Leyden form of the v i r i a l  s ta te  equation 

c & 1 + A  + - + ... 
va + i F j 2  (va)3 

describes well the pa,va,T s ta te  relations of the adsorbed fluid. The eva- 
luation of the integral of equation (13) by pLems of ( 14) may be performed 
per partes 

Pa 
a a  

P V  

. .  

Va 

vadpa = - Jd(pava) - 
P O  povo 0 

, 
V 11 

where v1 i s  the 
From eqb.  (13)-( 15) the f o l l o w i n g  equation of adsorption isotherm f o l l o w s  

m o l a r  volume of the bulk liquid i n  the standard state. 

x = exp[($+).,r)/RT] Oexp[IC + % 0 + +202 + ,-303 4c + ...I , (16) 
V 0 2 (vo 1 3 b 0 )  

where 
2.A 4 c  K = '(1 + + -- + ...) and where 0 = (av:)/vo . 
Po 2 b 0 )  3(VtI3 

(ii) The van der Waals adsorption isotherm 

The adsorption isotherm f o r  the v.d.uaals equation of s ta te  of the adsobed 
f l u i d  

(17) 
a (pa + -)(va - b) = RT 

(va)2 

i s  derived quite analogous1 as the v i r i a l  isotherm on the basis of the 
equations (13)r(15) and (177 

V'. 2a 0' o'  2 a  x = erp[(g+px)/RT]($ - l)exp[+ + - oxp[-,- 0'1 9 (18) 
v -b RTV0 1-0' 1-0 

0 

where O ' = ( a b ) / V  . A similar but i n  f o r m  somewhat different equation of the 
isotherm has be& derived by R.M.Barrer and A.B.Robins (ref. 9). 

(iii) Adsorption isotherm of fluid described by the Amagat state equation 

1% is Well known, that the State properties of many 2D f luids  can be de- 
scribed with the Schoefield-Rideal equation (ref. lo), which is the 2D 
analog of the Amagat state equation 

pa(va-vb) :: iRT (19) 

where P and i are constants. v i s  the covolume and i refleots the inter- 
action $tween adsorbed moleoulgs. From ( 13) and (19) one simply obtains 
the equation of the isotherm 

where a i s  the adsorbed amount. 
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THE GENERAL PROPERTIES OF THE ADSORPTION ISOTHERMS 

The adsorption isotherms of fluids in homogeneous field of adsorption for- 
08s. when eXDreS8ed as frmotions of the amount adsorbed and of RTlnx. oan 
be kparated-into two parts, one of whioh is the potential energy fl &d 
other, f (a) depends on the state properties of' the adsorbed fluid o n l y ,  
the general equation oan be written 

RTIPX = P, + px + f(a) , 
where for the virial state equation (14) one has 

f (a) = RTln(x/z) = RTlnO + RT 
i= 1 i= 1 

and where Al=A, A2=B, A -C ... eto. For the v.d.Waals equation it follows 

1-0 b 

3- 

(23) 

(24) 

0' 0' 2a f(a) =: k + RTln(=,) + RT(--#) - - 0' , 
where 1 

2a 
vl-b 

0 

For the Amagat state equation (19) desoribing the gas-1-0 fluid 

IRTa 1 iRTavb 1 -) + - - PoVb . f(a) = RTln(x/z) = i R T l n ( 7  o'avb pt V o -avb 

This is illustrated on the isotherms of krypton adsorbed at temperature 
T1180 K on the zeolites CaA and NaX, shown in Fig. 5. 

Fig. 5.  The isotherm of krypton 
at T=l80 K, evaluated by the eqn. 
(2O)=for different va ues of 11 = 

- om /mole a d  ix0.5. Experim&tal 
isotherms on the zeolite CaA (0 )  

- and NaX (0) are overtaken from 
the paper of B.P.Bering at all 
(re&. 6). 

$ 3 ~  and V 10.325 cm 3 /g, v -58.0 

-20 -15 -10 RTlnx,kJ/rnole 

When we w e  the modflied Amagate equation (pa-p )(va-v )=ST for the state 
funotion30f liquid-like krypton (curve 1 in Fig? 3) hahag p =-33.6 MPa, 
v -58 cm /mole and ix0.5, the evapated and experimental isoberms on CaA 
a& in good agreement, when 9 =fl+p =-7.12 kJ/mole. For gas-like krypton, the 
agate f unction of whioh (curve 2 in Fig. 3) oan be desoribed by em. (19), 
p SO and 7s-10.95 kJ/mole, as evident from the Fig. 5. 
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