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T H E I R  A N A L Y S I S  
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On the bas is  of the conditions of m i n i mum Gibbs ene rgy ,  re la t ions  a r e  obtained for  c a p i l l a r y -  
porous  and colloidal  c ap i l l a ry -po rous  bodies desc r ib ing  sorp t ion  equi l ibr ium. An analys is  of 
these  re la t ionships  is given. 

The intensi ty of d ry ing  and mois ten ing  p r o c e s s e s  depends on the deviation in mo i s tu re  content of a m a -  
t e r i a l  f r o m  its equi l ib r ium value;  this a l so  de t e rmines  the impor tance  of studying the m e c h a n i s m  of sorpt ion  
equi l ibr ium of hygroscop ic  m a t e r i a l s .  

To find the conditions of equi l ibr ium,  the t he rmodynamic  approach  was used in the p r e sen t  work.  
T h e r e f o r e ,  though the sorp t ion  of w a t e r  vapor  will be chiefly d i scussed ,  the obtained r e su l t s  can be extended 
without loss  of genera l i ty  to o ther  sorbed  subs tances .  The examined sorbents  will be cap i l l a ry -po rous  and 
colloidal  cap i l l a ry -po rous  bodies.  

The equation desc r ib ing  adsorpt ion  equi l ibr ium with a view to capi l lary  and wedging p r e s s u r e s  is con-  
tained in [1]. Other  f a c t o r s  affect ing the s ta te  of  equi l ibr ium will be d i scussed  below. 

In the region of med ium and high a i r  humidity ~0, which is of p rac t i ca l  impor tance ,  the mois tu re  so rbed  
by the m a t e r i a l  may  be viewed as a continuous liquid phase.  This  makes  it poss ib le  to find the equi l ibr ium 
conditions with the aid of the wel l -known pr inciple  of the min imum i s o b a r i c - i s o t h e r m a l  potential  (Gibbs 
energy)  ~. 

The complex m e c h a n i s m  of m o i s t u r e  absorpt ion  in the genera l  case  includes p r o c e s s e s  of adsorp t ion ,  
absorp t ion ,  capi l la ry  condensation,  and it is accompanied  by a change in the d imensions  of the bodies (swell-  
ing).  The s tate  of a sorbed  liquid di f fers  f r o m  the s tate  of a bulk liquid on account of the effects  a c c o m p a n y -  
ing these  p r o c e s s e s .  T h e r e f o r e  the Gibbs energy  of the s y s t e m  can be de te rmined  as the sum of the i so -  
b a r i c - i s o t h e r m a l  potent ia ls  of the vapor  N2(f 2 + p2v~), of the bulk liquid Nl(fl + pv~), and of additional compo-  
nents de te rmined  by the r e spec t ive  ef fec ts .  

P a r t  of them mani fes t  t h e m s e l v e s  because  of the finite th ickness  of the liquid l aye r  adsorbed  on the s u r -  
face  of a soled (including the su r face  of the po re s ) .  The in te rphase  l i q u i d - v a p o r  and l i q u i d - s o l i d  i n t e r -  
f aces  contr ibute  in the f o r m  of f r ee  ene rg i e s  of the in t e r faces  a12s12 and ~l~sl~, r e spec t ive ly .  Here  the 
spec i f ic  su r face  energ ies  a12 and cr13 a r e  r e f e r r e d  to a liquid l aye r  of infinite th ickness ,  and the finite th ickness  
of the l aye r  is taken into account  by the t e r m  f0s13 r ep re sen t ing  the res idue  of f r ee  energy  of the l aye r  due to 
the in terac t ion  of the molecu les  of the liquid with each  o ther  and with the molecu les  of the solid.  When the 
th ickness  of the l aye r  i n c r e a s e s ,  f0 tends toward zero .  

The  absorp t ion  p r o c e s s e s  cha rac t e r i ze  such bodies whose s t ruc tu r a l  e l emen t s  a re  s i tuated sufficiently 
f r ee ly  so  that  the molecu les  of the sorbed  subs tance  can diffuse within the ma te r i a l  or  into its sur face  l ay e r s .  
Such p r o c e s s e s  a r e  mos t  c h a r a c t e r i s t i c  of a number  of po lymer  m a t e r i a l s  and a re  accompanied  by a change 
in volume,  the swell ing of p o l y m e r s .  

The p r o c e s s  of l imi ted swell ing of po l ymer s  may  also  be viewed as a p r o c e s s  of dissolut ion,  of mix ing  
a h igh -molecu l a r  substance  with a l ow-molecu l a r  one, o r  as a p r o c e s s  of osmot ic  absorpt ion  of a l o w - m o l e -  
cular  subs tance  in which the p o l y m e r  plays  the pa r t  of a s e m i p e r m e a b l e  baffle and osmot i c  cell  [2]. On the 
quest ion of which subs tance  p lays  the p a r t  of solvent ,  the re  ex is t  con t rad ic to ry  views: the low m o l e c u l a r  
substance  [3] as well  as the p o l y m e r  [2] a re  cons idered  the solvent .  Viewing the f o r m e r  opinion as c o r r e c t ,  
we concre t ize  it; we will view absorp t ion  as a p r o c e s s  of mixing n act ive s i tes  of the sol id with N 1 molecu les  
of the sorbent .  In such a p r o c e s s ,  the f r ee  Gibbs energy  can be found as [4] 
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n n 2 
A@ : nkT In eN, + n~ (p, T) + - ~ ,  [5 (p, T). 

Penetrat ion of the low-molecu la r  substance between the elements  of the s t ructure  of macromolecu les  
of the po lymer  causes  i ts  swelling and gives r i se  to mechanical  s t r e s s e s  in it. 

Assuming  that swelling is accompanied by three-d imensional  expansion of the solid, we can represent  
the work  of deformation,  and consequently also the increase  in free energy,  as an increase  in excess  p r e s -  
sure  due to the swelling multiplied by the increase  in volume of the solid. This excess p r e s su re  in fact  r ep -  
resen t s  the swelling p r e s s u r e ,  and on the assumption that the liquid and solid phases are  incompressible ,  
the increase  in volume of the solid coincides with Vt because A@ = PswVl. 

If we sum the above components of Gibbs energy,  we obtain the express ion 

(I) = N, ([, + pv,) + N2 ([2 + pv~ ) + a,zs,2 + o,ss,s +/oS,s + nkT In n n 2 eN, + n ,  (p. T) + ~ t  [5 (p' T) + oswV,. (1) 

After  simple t ransformat ions  we obtain f rom the condition of minimum ~@/0vt = 0 the p ressu re  Pl in the liquid 
phase : 

Osiz + sl~ Ofo 
p, = p + o,, ov--[ -oV[, + P,* (2) 

Here it is taken that Pl = -gfl/aVi and VI = vlNi. 

The derivative Dsl2f0V I in expression (2) is equal to the curvature of the surface of the liquid [5] so that 
the second term in (2) represents the capillary Laplace pressure Pc whose sign is determined by the sign of 
the curvature K: 

Pc---- o,2 ~ - a,2K = ~,~ --r~ + 
(3) 

The third t e rm in (2) is the wedging p re s su re  [6] 

0f0 
pw = --s,30V-'-T (4) 

For a plane layer with thickness h, expression (4) assumes the form Pw = 9f0/Dh, which was used by B. V. 
Deryagin for determining the wedging pressure [7]. Thus,thepressttre in the liquid phase is determined by 
the ba romet r i c  p r e s su re  p, capi l lary p r e s s u r e  Pc, wedging p r e s s u r e  Pw, and swelling p r e s s u r e  Psw: 

P' = P + Pc-- Pw + PsW (5) 

The partial pressure of water vapor in the air can be easily calculated on the basis of Dalton's law if we view 

humid air as an ideal gas: 

p2V2 = p2V~2 . (6) 

We obtain the main condition of sorption equilibrium from the condition of minimum Gibbs energy D@/DNt = 
0 which after  simple t ransformat ions  assumes  the form 

[2 + p2v2 ---- r, -]- v, p + a,2 0s'2 + s,3 + Ps 2N~ [5 (p' T). (7) OV, ~ N, 

Here Eq. (6) was taken into account and also the fact that dN 2 = -dNi and V1 = VlNl. The left-hand part of (7) 
represents the chemical potential of the vapor ~t 2 taken with P2, and the expression in the braces represents 
the chemical potential of the liquid/~I which is under pressure Pl, determined by the relationships (2) and (5). 
Thus, the condition of equilibrium (7) is transformed to the form 

(P2) = ~i (P,) nk r  n 2 
N, 2N~ [5 (p, T). (8) 
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Fig. 1. Adsorpt ion  i so the rms  of ni t rogen vapor s  on dif ferent  
adsorben t s :  1) a = 2, a lumosi l ica  gel with la rge  pores  [12]; 2) 
a = 5, montmor i l lon i te  [13]; 3) a = 5, iron ca ta lys t  [10]. 

Fig. 2. I s o t h e r m s  of sorpt ion of wa t e r  vapor  by texti le f ibe r s  
[11]: 1) s i lk;  2) cotton; 3) nylon. 

Viewing vapor  as an ideal g a s ,  w e  can  r e p r e s e n t  ~2(P2) in the f o r m  

Iq(P.z) ---- It" + k T  In ~ = ~" + kT in q0. (9) 
P, 

If we expand the chemica l  potent ial  of the liquid /zl(p 1) into a s e r i e s  in the vicini ty of the point p = Ps and take 
into account  that  v = 3 ~ / 8 p ,  w e  obtain 

~q (Pi) = t x' + vt (p - -  p,) + vt (Pc-- Pw + Psw )" (10) 

If we solve Eqs.  (8)-(10) joint ly,  we obtain the condition of sorpt ion  equi l ibr ium 

RTno m Non~m ~ 
R T  In (p = (p Ps)/P, q- (Pc-- Pw -k Ps~r )/p~ W 2W z ~ (p' T). (11) 

Equations (7), (8), and (11) do not change if we view absorp t ion  not as a p r o c e s s  of mixing but as osmot ic  
absorp t ion .  In this  ca se  the l a s t  two t e r m s  mul t ip l ied  by  Pl de te rmine  the osmot ic  p r e s s u r e .  In accordance  
with Eqs.  (7) and (8), the osmot ic  p r e s s u r e  is de te rmined  by the di f ference of the chemica l  potent ia ls ,  which 
a g r e e s  with the tenets  of [2]. 

If the dependence of the wedging and capi l la ry  p r e s s u r e s ,  and a lso  of the swell ing p r e s s u r e  on the m o i s -  
ture  content of the body is known, the condition of equi l ibr ium (11) yie lds  the equation of the sorpt ion  i so -  
the rm.  

In cap i l l a ry -po rous  solids of homogeneous chemical  composi t ion,  where  sorpt ion  is effected by the 
ent i re  su r face  of the body, dissolut ion of the act ive s i tes  apparent ly  does not take p lace ,  and we may put n o 
= 0 in (11). Swelling is a lso  sma l l ,  the swell ing p r e s s u r e  may be neglected,  and Eq. (11) is the re fo re  s i m p l i -  
fied: 

R T  In fp = (p - -  Ps)/P, -[- (~K - -  pwVPi �9 (12) 

F o r  values  of ~0 that a re  not ve ry  close to unity, (1-~o) >> (p -ps ) / (RTpl ) ;  for  humid a i r  at room t e m p e r a t u r e  
this co r responds  to (1 - ~0) >> 10 -3, the f i r s t  t e r m  on the r ight -hand side of (12) may  be neglected,  and it is 
t r a n s f o r m e d  to the known [1] condition of equi l ibr ium 

R T  In (p = ((rg - -  pw)/O,. (13) 
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TABLE 1. Values of Specific Surface Calculated 
by Adsorpt ion of Vapors  of Ni t rogen N 2 

System 

N~--alum~ilica gel 
Nz--montm orillonite 
Nz--iron catalyst 

"Ssp, m2/g 
by (17) by BET 

312 240 
24 28 
38 

It  follows f rom (13) that specifying r e l a t i ve  humidity of v a p o r s  de t e rmines  unambiguously only the sum 
of the wedging and capi l la ry  p r e s s u r e s  but not  the sepa ra t e  t e r m s  of this sum. And since in genera l  the de -  
pendences of Pc and Pw on the m o i s t u r e  content a r e  different ,  achange  of the individual components ,  with the i r  
sum remain ing  constant ,  a lso  leads to a change in mo i s tu re  content. Thus,  the co r r e l a t i on  between re la t ive  
humidity of the vapo r s  and the mo i s tu re  content of the m a t e r i a l  will  not be s ingle-va lued  any more .  This  
t he rmodynamic  explanation of capi l la ry  h y s t e r e s i s  complemen t s  the motions explained in [8]. 

If the cu rva tu re  of the su r face  of the solid and the thickness  of the liquid l aye r  on it a re  sma l l ,  so that 
the liquid f i lm may be cons idered  plane,  then the wedging p r e s s u r e  due to the van der  Waals  in teract ion is ca l -  
culated by the thickness  of the f i lm [9] 

�9 pw= A/h 3, (14) 

and its co r re l a t ion  with the m o i s t u r e  content  is e x p r e s s e d  by the formula  

P w= g (Sspp,)3/Wa. (15) 

When the curva ture  of the su r face  of the solid is sma l l ,  the following regu la r i t i e s  may be expected to 
mani fes t  t h e m s e l v e s :  if the l aye r  of adsorbed  liquid is suff iciently thin, then during the p r o c e s s  of adsorpt ion 
the curva ture  of the su r face  of the l aye r  copies the curva ture  of the sur face  of the solid so that  in some i n t e r -  
val  of change in ~ the capi l la ry  p r e s s u r e  will  not change. In this case ,  in accordance  with (13) and (15), the 
equation of the adsorpt ion  i so the rm has  the f o r m  

piRT In ep = e K  - -  A (SspPO3/W3 (16) 

a n d i n  coordinates  1/W 3 = f ( - l o g ~ )  it has  to be r ep re sen t ed  by a s t r a i g h t  line. As an example ,  Fig .  1 shows 
th ree  adsorpt ion i s o t h e r m s  of ni t rogen vapor s ;  each of the i so the rms  has  a s t r a igh t  sect ion.  F r o m  the tangent 
of the angle of slope of the s t r a igh t  l ine  in these coord ina tes ,  the speci f ic  sur face  of the solid can be d e t e r -  
mined.  A compar i son  of the values  of Ssp, calculated that way fo r  A = 10 -21 J and found by the BET method,  
is given in Table  1. The sa t i s f ac to ry  a g r e e m e n t  of the values of Ssp for  the f i r s t  two s y s t e m s  conf i rms  the 
c o r r e c t n e s s  of using (16) for  desc r ib ing  the adsorpt ion i so the rms  under  the above conditions. F o r  the n i t ro -  
gen- - i ron  s y s t e m  ca ta lys t ,  the constant  of the BET equation [10], e x p r e s s e d  by an exponential  curve ,  a s -  
sumes  a negative value;  this has  no phys ica l  meaning  and does not make it poss ib le  to f ind Ssp. 

When the cu rva tu re  of the sur face  of the solid is l a rge ,  which is mos t  c h a r a c t e r i s t i c  of bodies with 
smal l  p o r e s ,  than the probabi l i ty  of the appearance  of a r ec t i l i nea r  sect ion in the adsorpt ion i so the rm is 
much s m a l l e r  because  in this case ,  the wedging and capi l la ry  p r e s s u r e s  change s imul taneously .  

We will  examine adsorpt ion  equi l ibr ium for  ~ = 1 and when the s y s t e m  does not contain any nonadsorbed 
gases .  Then in (12) p = Ps,  and the condition of equi l ibr ium a s s u m e s  the f o r m  

(~K -- Pw= 0. (I 7) 

Equation (17) may be fulfilled at different states of the system. If the state ~0 = 1 is attained as a result of the 
adsorption of liquid by the body that was originally in the dry state, then the amount of sorbed liquid is the 
minimally possible amount under these conditions, and it may be expected that Pw ~e 0. In that case, the pores 
of a capillary-porous body will not be completely filled. 

The state of the system is different if in the vapors above the liquid there is a body previously wetted in 
this liquid. The moisture content of such a body will be the maximally possible amount because all, pores will be 
filled (dehydration of the body under the effect of the force of gravity is not considered here), and the thickness 
of the layer of liquid is sufficiently great so that Pw = 0, and the surface of the liquid is practically plane 

(K 0). 
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Fig. 3. I so therms  of sorpt ion of nitrogen by textile f ibers [11]: 
1) v iscose ;  2) wool; 3) nylon. 

Fig. 4. I so therms  of sorption of vapors  on different adsorbents  
[14]: 1) a = 1, b = 2, clay; 2) a = 2, b = 1, silicate br ick;  3) a = 
1, b = 2 ,  culm. 

If a specimen with maximum mois ture  content is subjected to part ial  desorption and then again to ad-  
sorption up to the value ~ = 1, then the final mois ture  of the specimen is a l ready lower because of hys te res i s .  
This p rocess  can be ca r r i ed  out in such a way that in the final state the l aye r  of liquid is sufficiently thick 
so that Pw = 0. However,  because of the lower mois ture  content,  the surface of the liquid then is not plane. 
This surface has to be saddle-shaped (of the type of bonding, sealing liquid [8]), and the mean values of the 
principal  radii  of curvature  of this sur face ,  having different s igns,  must  have the same modulus So that the 
curvature  K = 0. 

The f i r s t  t e rm in the r ight-hand par t  of Eq. (14) takes into account the effect of additional p r e s s u r e  on the 
equil ibrium exer ted on the liquid f rom the side of the inert  nonadsorbing gases.  This p r e s s u r e  becomes con- 
s iderable when ~0 is close to unity: in o rde r  of magnitude (1-~) -~ (P-ps)/(RTpl) .  The additional p r e s s u r e  of the 
inert  gas has the effect that the vapor above the surface  of an infinitely thick layer  is supersaturated.  For  
water  vapor mixed with air  above the plane surface  of a bulk liquid at room tempera ture ,  the degree of super -  
saturat ion corresponds  to ~ = 1.001. In accordance  with that,  i t  should be expected that the presence  of inert  
gases affects adsorption when ~ is close to unity (at room tempera ture  at ~ > 0.999). When ~ < 0.99, the p r e s -  
ence of a i r  need not affect the adsorption of water  vapor;  this is confirmed by experimental  data [10]. 

The presence  of mois ture  absorption by po lymer  mater ia l s  include in the general  case both adsorption 
of vapor  by the surface  and absorption of vapor  by the internal layers  of the mater ia l .  Evaluating calculations 
showed that the contribution of adsorption on the surface of textile f ibers  to the overal l  mois ture  content is 
negligibly small  when ~ is 0.8-0.9. The effect of absorption on equil ibrium is taken into account chiefly by the 
t e rm RTn0m/W in Eq. (11). The i so therms  of sorpt ion of nitrogen and water  vapors  by textile f ibers  are shown 
in Figs.  2 and 3 in coordinates 1/W = f(-log~0). 

For  all these i so therms it is cha rac te r i s t i c  that they contain a rect i l inear  section. The sorption iso-  
therms  of fo rmic  acid on nylon and keratin,  a component of f ibers  of animal origin,  plotted f rom data of [11], 
have the same shape. The validity of the same regular i t ies  in sorption of vapors  of different liquids (both 
polar  and nonpolar) by the given mater ia l  confirms the assumption made at the beginning of the ar t ic le ,  that 
the absorption p roces s  taking place under the given conditions can be thermodynamical ly  descr ibed as a mixing 
p rocess .  

In accordance  with Eq. (11), within the limits of the rect i l inear  section of the dependence 1/W = f ( - l o g ~ ) ,  
the t e rm charac te r iz ing  the swelling p r e s s u r e  has to remain  constant (we neglect the te rm with the vir ial  coeffi-  
cient). This constancy is obviously due to elast ic  deformation of the polymer .  Assuming  that the swelling 
p r e s s u r e  is constant over  the c ross  section of the f iber ,  we can est imate  its o rder  of magnitude on the rec t i -  
l inear  section of the dependence 1/W = f ( - l o g ~ )  by determining the size of the segment up to the intercept  of 
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TABLE 2. Number s  of Act ive Sites Calculated by the Absorpt ion 
of Ni t rogen and Water  Vapors  

Sorbent 

Visco, e 
W ooi 
Silk 

n,, 10-'kmole/kg Sorbent 
nitrogen water 

2,56 508 
2,00 650 
1,39 576 

i Cotton 
A cetate 
Nylon 

no, to-~ kmole/kg 
n~rogen water 

1,26 277 
0,49 207 
.0,49 188 

the s t ra igh t  line with the axis of ordinates .  Unfortunately,  it is imposs ib le  to compare  the obtained values  
(~107 Pa) with the exper imen ta l  values  of the swell ing p r e s s u r e  because  exper imen ta l ly ,  the swelling p r e s -  
sure  was m e a s u r e d  with only constant  volume.  

F r o m  the tangent of the angle of slope of the s t r a igh t  line in coordinates  1/W = f ( - l o g q )  it is not diffi-  
cult to find, in accordance  with (11), the number  of act ive s i tes  n o . The values of n o for  the i so the rms  shown 
in Figs.  2 and 3 a r e  p resen ted  in Table  2. 

Wate r  molecu les  a re  po la r ,  t he r e fo re  it mus t  be expected  that  they,  in the f i r s t  p lace ,  will be sorbed  
by pola r  groups of po lymer s .  According  to [11], the number  of po la r  groups for  s i lk  is 220" 10 -5 , and fo r  
wool approx imate ly  330 .10  -5 kca l / kg ,  which in o r d e r  of magnitude ag ree s  with the values  n o for  wa te r  given 
in Table  2. 

The lower  values  of n o for  the sorpt ion  of ni t rogen vapor s  a r e  apparent ly  due to the fact  that ni trogen 
molecu les  a r e  nonpolar.  T h e r e f o r e ,  not all  groups that  s e rved  as act ive s i tes  in the sorpt ion of wa t e r  vapor  
will  a l so  be act ive s i tes  fo r  ni t rogen molecu les .  Bes ides  that ,  the pe rmeab i l i t y  of the m a t e r i a l  may be d i f -  
f e ren t  fo r  d i f ferent  so rbed  subs t ances ,  and the p r o c e s s  of ni t rogen absorpt ion  may  be confined to the sur face  
l a y e r s ,  the mos t  porous  l a y e r s  of the f iber  m a t e r i a l .  

Equation (11) has  a t e r m  containing the v i r i a l  coefficient/3. This  t e r m  can be impor tan t  only for  l a rge  
values  of n0/W, i .e . ,  in the region of low m o i s tu r e  contents.  Analys i s  of the exper imen ta l  data showed that 
fo r  m a t e r i a l s  with such low hygroscopic i ty  as nylon and ace ta te ,  taking into account this t e r m  together  with 
RTn0m/W makes  it poss ib le  to broaden the range of appl icabi l i ty  of Eq. (11) toward low values  of q. 

In the p reced ing  pa r t  of the work ,  m o s t  at tention was given to sorpt ion of vapor s  by texti le f ibers .  How- 
e v e r ,  i s o t h e r m s  s i m i l a r  to those shown in Fig.  2 can a lso  be found for  other  colloidal cap i l l a ry -porous  bodies 
of vegetable  and animal  origin such as l ea the r ,  soap,  gelat in ,  tobacco,  p o t a t o e s ,  f lour ,  wheat ,  r i c e ,  etc.  
Bes ides ,  i so the rms  of the s a m e  type a r e  a lso  found fo r  a number  of bodies that a r e  not p o l y m e r s .  The s o r p -  
tion i s o t h e r m s  of some of them a re  shown in Fig. 4. S imi la r  dependences a re  found for  l imes tone ,  ce l lu la r  
concre te ,  sandstone,  b l a s t - fu rnace  s lag ,  bentoni te ,  hydra ted  coal ,  etc.  Apparent ly ,  these  bodies  a lso  contain 
toge the r  with f a i r l y  l a rge  p o r e s ,  p o r e s  of m o l e c u l a r  d imens ions  so that  the introduction of molecu les  of 
the so rbed  subs tance  into such po re s  may  be viewed as a p r o c e s s  of mixing,  and it can be desc r ibed  by the 
co r respond ing  t e r m  of Eq. (11). It  should then be expected that the chief r egu la r i t i e s  examined with r e s p e c t  
to texti le f ibe r s  a r e  a lso  c o r r e c t  for  such cap i l l a ry -po rous  bodies.  

N O T A T I O N  

A 
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ts the H a m a c k e r  constant;  
m the f r ee  energy  of a molecule  in the bulk phase;  
,s the excess  f r ee  ene rgy  of a molecule  in a thin f i lm on the su r face  of a solid body; 
Is the th ickness  f i lm;  
is the Bol tzmann constant;  
,s  the su r face  curva tu re ;  
is the mo lecu l a r  m a s s ;  
~s the number  of act ive  s i tes  in a solid; 
,s the s ame  in k i lomoles  pe r  k i log ram of solid; 
is the number  of molecu les  in the given phase ;  
is the Avogadro  number ;  
is the p r e s s u r e ;  
a r e  the pr inc ipa l  radi i  of curva tu re  of the su r face ;  
is  the gas  constant;  
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is  the sur face  area;  
is the absolute temperature; 
is the molecular volume; 
i s  the phase  vo lume;  
is the mass of adsorbed substance in a solid of unit mass ,  moisture content; 
are  the virial coefficients; 
is the chemical potential; 
i s  the density; 
is the surface tension; 
is the relative vapor tension, relative air humidity; 
is the Gibbs energy. 

denote the liquid, vapor, and solid phases, respectively; 
is the state of saturation; 
are the liquid and vapor, respectively, in a state of saturation; 
is the wedging pressure;  
is the capillary pressure;  
is the swelling pressure. 
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