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Principles of the theory of adsorption of large molecules 
in pores with nonuniform walls 
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Principles of the theory of adsorption of large molecules blocking more than one 
adsorption center on a surface in slit-like pores are proposed. The theory takes into account 
lateral adsorbate--adsorba~e interactions and nonuniformity of the pore walls. The equations 
of adsorption isotherms awe derived using the cluster approach. The lateral interactions are 
taken into account in the quasi-chemical approximation, preserving effects of direct correla- 
tions, and in the mean field approximation witbout effects of correlations. The following 
problems are discussed: I) distinguishing of partial contributions of nonuniform adsorption 
centers on the pore walls; 2) exact solution for dimer adsorption in a two-layer pore with 
uniform walls; 3~ basic types of adsorption isotherms, for which the differences are due to 
various orientations of the adsorbate in micropores with uniform walls; 4) estimates of the 
pressure responsible for volume filling of micropores: and 5) the effect of nonuniformity of 
the pore walls on the pressure values. 
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One of  the important problems of modern adsorption 
theory is associated with the fact that blocking of several 
neighboring adsorption centers by adsorbed molecules 
strongly affects and makes more difficult calculations of 
the number  of realizable molecular configurations. There- 
fore, the adsorption theory, for this type of molecules is 
much less developed than for those occupying one cen- 
ter. The current state-of-the-art  in the theory of adsorp- 
tion of large molecules on open uniform and nonuni-  
form surfaces has been considered previously) Cur- 
rently, this theory, which takes into account the joint 
effect of lateral interactions (necessary for the descrip- 
tion of experimental data over a wide range of fillings 
and temperatures) and nonuniformity  of the surface, is 
only at its beg inn ing)  In this theory various possible 
orientations of adsorbate in the surface plane are consid- 
ered, since under certain condi t ions  an ordered arrange- 
ment of the molecules with the same orientation of long 
molecular axes becomes more favorable as the filling 
with adsorbate increases, i.e., a two-dimensional analog 
of three-dimensional  phase t r a n s i t i o n s  of the type 
nematic (and/or smectic)--disordered phase is realized. 3,4 
Another important feature of the adsorption of large 
molecules is the possibility of changing the horizontal 
orientation of long molecular axes so that it becomes 
vertical (along the normal to the surface) as the surface 
coverage increases. 2,5 

Most adsorption proce~es occur in porous systems. 6"7 
Depending on the pore width, the joint effect ofboth pore 

walls can differently affect the type of adsorbate distribu- 
tion. This factor is of pa r t i cu la r  importance for 
micropores. In this case the condit ions for capillary con- 
densation can be dependent on  the degree of non-  
uniformity of the walls. 8,9 In this work the theory of 
adsorption of large molecules in pores is considered for 
the first time. The cluster approach 1~ was used to derive 
the equations describing the adsorption equilibrium. Pre- 
viously, this approach was used in the adsorption theory 
to take into account lateral interactions between one- 
center molecules on open surfaces and in porous systems 
with nonuniform walls, 8,9 as well as for the adsorption of 
large molecules on open nonuniform surfaces) We shall 
restrict our consideration to the case where the adsorbate 
has the shape of a rectangular parallelepiped bxd• with 
the sides b, d, and n. Particular cases of equations for 
rigid rods of length n and plates of size bxd are easily 
obtained from equations for a three-dimensional model of 
molecules with a hard core. If the pore size becomes so 
large that the effect of the pore walls on the states of the 
adsorbate atthe pore center can be neglected, w e virtually 
have multilayer adsorption on the open surface of the 
adsorbent. Such a situation has never been considered in 
the theory of adsorption of large molecules. 

Model 

We shall describe adsorption using a lattice model in 
which the volume of a slit-like pore is represented as a 
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lattice s t ruc ture  with the  number  of  nearest neighbors  
equal to z.. T h e  lat t ice cons tan t  is equal  to the l inear  
d imens ion  o f  the  adsorp t ion  center  (site), whose surface 
area is d e t e r m i n e d  by the value of the potential  energy o f  
a d s o r b a t e - - a d s o r b e n t  in teract ion at a local min imum.  Let 
the adsorba te  o c c u p y  M sites (M is an integer) in the pore  
volume. Each o r i e n t a t i o n  of  adsorbed molecules is cha r -  
acter ized by its energet ics ,  which makes  it possible to 
cons ider  it as an  individual  sort of panic les  in the case of  
statistical desc r ip t ion  o f  adsorpt ion.  Therefore,  consider-  
ation ofdif t ;ercnt  m o l e c u l a r  or ienta t ions  even for a single- 
c o m p o n e n t  sys tem is reduced to the problem of  adsorbing 
a mixture  o f  mo lecu l e s  of  different sizes with a fixed 
or ien ta t ion  for e a c h  o f  them.  We shall begin with f inding 
( 1 ) the n u m b e r  o f " s o n s "  of  panic les  with different o r ien-  
tat ions for a s i n g l e - c o m p o n e n t  system (extension to mul -  
t i c o m p o n e n t  mix tu res  is obvious) and (2) a procedure for 
es tabl ishing a o n e - t o - o n e  relat ion between the molecular  
posi t ion and  the n u m b e r  of  lattice sites occupied by the 
molecule (s ince it b locks  more than one site). 

Let us d e n o t e  t he  n u m b e r  or" possible or ien ta t ions  o f  
the axes o f  an  adso rbed  molecule  as L. This number ,  
charac te r i s t i c  o f  a g iven  molecule ,  is de t e rmined  by the  
nature  o f  b o n d s  f o r m e d  between the  molecule  and the 
adsorp t ion  c e n t e r s  o f  the  adsorbent .  For  simplicity, we 
shall a s sume  tha t  it is a cons tan t  for all surface cen te r s  
(o therwise ,  the  n u m b e r  of  possible molecula r  o r i en t a -  
t ions b e c o m e s  d e p e n d e n t  on the type of  adsorp t ion  
centers) .  Let us call  a "molecule  with or ienta t ion  f '  
"particle F; I .<_ i <_ s, where  s is the n u m b e r  of  d i scern-  
ible m o l e c u l a r  o r i e n t a t i o n s  in the case where the long 
molecu la r  axis c o i n c i d e s  with one of  the possible o r i en -  
ta t ions  o f  the  axes.  If  an external  field (in the bulk 
phase)  or an  a d s o r b e n t  field fin the near-surface  area)  is 
appl ied to  a m o l e c u l e ,  t hen  two s i tuat ions ,  where the  
d i rec t ion  o f  the  long  m o l e c u l J r  axis co inc ides  with or  is 
opposi te  to  the  d i r e c t i o n  of  the o r i en t a t i on  axis, should  
be d is t inguished for  asymmetr ic  molecules;  therefore, s = 
2L. For  s y m m e t r i c  molecu les ,  bo th  these cases cor re -  
spond to the  s a m e  s ta tes  and  s = L. 

Let tts c o n s i d e r  a lat t ice s t ructure  with z. = 6 and  
L -- 3 ( t h o u g h ,  in the  general  case, molecula r  o r i en t a -  
t ions can  be d e s c r i b e d  in more  detail  and  then L > J 2 ) .  
A s c h e m e  o f  a s l i t - l ike  pore filled with a rigid l inear  
t r imer  is s h o w n  in Fig. t: s is equal  to 3 and 6 for a 
s y m m e t r i c  a n d  a s y m m e t r i c  t r imer ,  respectively. For  a 
rec tangular  pa ra l l e l ep iped  of  d imens ions  bxdxn ,  the  
n u m b e r  o f  "sorts"  s = 6, s ince for each  of  the th ree  
fixed d i r e c t i o n s  o f  the  long molecu la r  axis b, two m o -  
lecular  o r i e n t a t i o n s  with respect  to each  of  the r ema i n -  
ing two axes  are  poss ib le  at d ~ n. Different  o r ien ta t ions  
of  the b• face are s h o w n  in Fig. 2; the third molecu la r  
axis is d i r ec ted  a l o n g  the  third o r i en t a t i on  axis  The  n 
value can  be a rb i t r a ry ;  however ,  the cases n = d or rt = 
b c o r r e s p o n d  to spat ia l ly  degenera te  molecular  states,  
so s = 3 as tbr  a rod. For  the b x d x n  paral le lepiped,  
there are the  fo l lowing  d imens ions  b,(ct) of  particle 

along the  et (x, y, z) axes: 

i I 2 3 4 5 6 

x b b d d n n 
y d n b n b d 
7, n d n b d b 

The a b o v e - m e n t i o n e d  mo lecu l a r  o r i en t a t i o n s  were 
defined wi th  respect to the surface layer o f  adso rben t ;  
however, d i f ferent  number s  o f  sites ~ill  also be b locked  
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Fig. I. Scheme of a slit-like pore filled with a rigid linear 
thiner. L = 3, z. = 6. The trimer has three types of orienta- 
tions, two m the surface plane and one perpendicular to the 
surface plane. The trimers are schematically shown bv arrows. 
H is the pore width in monola).ers. 
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Fig. 2. Six types o f  orientations of  llle "hard sphere" of" a 
parallelepiped (1--6) that are taken into account when describ- 
ing the adsorption of large molecules in slit-like pores at z. = 6 
and L = 3. The x and y axes are parallel to the pore walls; the 
pore width changes along the z axis. 
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in other layers depending on the orientation of a given 
molecule. For a parallelepiped, let us denote the num- 
ber of sites in each layer of the slit-like pore for panicle 
i (I ~ i < s) as I~ = bi(x)b,(y), where I I = bd; 12 = bn; 
13 = db; I 4 = dn; 15 = n b ;  and / 6 --- rid, and the 
perimeter of panicle i in the layers as P, = 2[b(x) + 
b(y)], where PI = P3 = 2(b + d); P~ = P5 = 2(b + n); 
and P4 = P6 = 2(d + n). (It is convenient to use these 
numbers for averaging over the occupation states of 
neighboring sites; in particular, they will be used below 
to estimate the pressures corresponding to filling the 
pore volumes.) 

Large molecules are adsorbed on several neighboring 
adsorption centers. To perform a correct averaging over 
all configurations of large panicles, it is necessary that 
none of the occupation states of each site be bypassed or 
counted more than once. To this end, let us state the 
rule defining the relation between the position of the 
molecule blocking M neighboring sites of the lattice 
structure and a given site. Let us choose a segment of 
panicle i, for instance, a corner segment ofa  parallelepi- 
ped (plate or rod) as the "origin" for numbering other 
sites occupied by the same particle. The number o f s i t e f  
(1 <_ f_< N, N is the number of sites in the lattice 
structure) in which the chosen segment of particle i is 
located will be considered to be occupied by a given 
panicle and the lattice fragment (the list of site numbers) 
occupied by the given panicle i will be denoted as (/). In 
a slit-like pore, the layer number k and the number of 
the site in a given layer q correspond to the site number 
f . f ~  (k, q); correspondingly, the lattice fragment 0'} is 
characterized by its own set of (k, q} values. (In the 
general case, any (but not the same) segment number 
can be chosen as the "initial" segment of the particle. In 
particular, the "central" segment can be chosen as the 
"initial" one for symmetric panicles; however, in this 
case one should prevent possible inconsistency between 
the position of the geometric center of the particle and 
the center of the "initial" site of the lattice structure.) 

Adsorption capacity of a system is characterized by 
the Henry constant. Each adsorption center on a non- 
uniform surface can be characterized by the local Henry 
constant. I~ Let us denote the local Henry constant of 

I t 0 t particle i at the s i t e fas  aiD: aiD = a ttlexp(13E~); 13 = 
. . . . .  0 II(kBT),  where a~ ' is its pre-exponent; a~ = FID'~/Fi ; 

FIDi and F,o are respectively statistical sums of, the 
adsorbate with orientation i on the local fragment {/} 
and in the gas phase (adsorption without adsorptive 
dissociation is considered); E~ i is the energy of the 
bond between particle i and the site {/). In the atom- 
atom approximation, ~ this value is obtained by summa- 
tion of all contributions from the interactions of the 
atoms constituting the molecule with the atoms of both 
walls of the slit-like pore. 

Let us take into account lateral interactions between 
the nearest neighbors. We shall characterize intermo- 
lecular interactions between neighboring particles i a n d j  
occupying the sites f and g, respectively, by energy 

parameters ~OtDig }. The value of this parameter depends 
on the mutual orientation of the molecules. If the 
energy of intermolecular interaction is calculated in the 
atom-atom approximation, the value of parameter e:iWtcg j 
is the sum of the contributions of  pair interactions. Let 
us agree that positive values of the interaction param- 
eters correspond to attraction. 

By analogy with the studies reported earlier tt,12 it is 
possible to introduce the idea of the energy contacts 
between the molecules and represent the total potential 
energy of the interaction between neighboring particles 
as the sum of contributions from these contacts. We 
shall measure the surface area of  a molecule in elemen- 
tary contacts whose surface area is equal to the squared 
lattice constant. Let us denote the surface area of par- 
ticle i as Qi, the number of its contacts belonging to class 

~0 as Q,'P (Qi = ~ Qi ~, where the sum over ~ from 1 to 
, p = l  . 

zi means summation over all classes of contacts of 
particle i), and the surface area of the contact of neigh- 
boring panicles i and j occupying the sites f and g, 
respectively, as Gfx0. (All contact  fragments belonging to 
the same class are energetically equivalent.) For any 
complete particular set of neighboring particles {]}, taking 
into account the sequence of their positions and orienta- 
tions with respect to the central particle (we denote this 

set as o(]')), we have Qi = ~ •fgij, where summation 
J 

over j is performed for all neighboring particles sur- 
rounding particle i. Then the values of parameter eOtlllg i 
can be represented as the sum of contributions e0tDigl(C0~) 
from neighboring contacts ~, corresponding to particle i 
occupying the lattice fragment 0r and ~, corresponding 
to panicle j occupying the lattice fragment {g}, per 
surface area of the e lementa ry  contact: eqt/Iigl = 

Y. e0tMIg}(~0~,), where summat ion  over pairs of neigh- 

boring contacts (q~) is performed for a lattice fragment 
with surface area o/gq. It is more convenient to use 
eis,dllg I values for deriving general equations and e~lDigl(Cl~) 
parameters for performing particular calculations. 

Each site of the lattice structure can be either unoc-  
cupied or blocked by adsorbate. We consider an unoccu- 
pied site v a particle of the sort s + 1. All contacts of this 
particle are equivalent, Q~ -= Qs.~t = z, and ms+ I = 1. 
Particles do not interact with unoccupied sites. 

The total energy (E) of the adsorption system can be 
written in the form 

N 

= Zul f t r l / I  - 3 2. 2 .e l / l t . l i i / l l {~ i ,  
i~l i:1 j.g t.~ 

h 

where utt/# = -13- i tn(al f fp) ,  p is the adsorptive pressure; 
the index h in the formula for FtD ~ runs over /14 - I 
sites blocked by a given particle i occupying the site i y/  
is a random variable: i f  site f is occupied by panicle i, 
then "f/ = t; otherwise y j  = O. Index f a n d  a set of 
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M i - I indices h unambiguously define the position of 
particle i. 

Our first major problem is to derive equations de- 
scribing the process of  covering the local fragments of a 
nonuniform surface; further, we shall consider macro- 
scopic fragments of the adsorbent sur|hce. 

System of equations 

We shall derive the system of  equations correspond- 
ing to the adsorption of large molecules on nonuniform 
adsorbents using the cluster approach to description of 
the distribution of laterally interacting molecules over 
nonuniform sites of  a lattice system, t~ The cluster ap- 
proach consists in analyzing a complete set of all pos- 
sible local configurations of  the molecules surrounding 
the central particle (all components  of  the system are 
considered the "central" ones) on all types of adsorption 
centers and deriving approximate expressions for many- 
particle probabilities of  realization of different configu- 
rations (i.e.,  in deriving a complete system of  equations 
for the cluster distribution functions and introducing a 
unified procedure for disjunction of higher correlation 
functions). This approach is more convenient than cal- 
culations of the statistical sum of  a system, especially for 
nonuniform systems. Using the cluster approach,  it is 
possible to express the complete  set of realized particle 
distributions (both one-center  and multicenter ones) 
through many-particle probabilities. 

The above model makes it possible to use the equa- 
tions t derived for monolayer  adsorption by modifying 
them to take into account filling of the volume element 
{)'} of  the lattice structure by large molecules. To con- 
struct a local equation for the adsorption isotherm, it is 
necessary, to relate the probability of the filled state to 
that of  the unfilled state of  a given volume element {J}. 
To this end, let us introduce the functions 001 / and 
OiJllllg): 01]} i is the probability of  filling s i t e f b y  particle i; 
the symbol Miv denotes an unfilled volume element of 
size Mi, which can be filled with particle i (despite the 
fact that all particles are uniform in size, equal to M, the 
number of  sites in different layers of the pore blocked by 
particle i can be different for different orientations of 
particles). The function 001M, v is the probability of the 
unfilled state of a given volume element {,/} of  size Mi; 
0#~lg t is the probability of  finding neighboring volume 
elements {f} and {g} of  particles i and j ,  respectively 
(here  I _<j_< (s + I)). For  e a c h s i t e f o f t h i s s t r u c m r e ,  i t  
is possible to derive the following expression for the 
local adsorption isotherm, in which lateral interactions 
between neighboring molecules are taken into account 
in the quasi-chemical approximation with retention of 
the effects of direct short-range correlations: 

a i ~ M  ~, ~ 
{ f ) p u ( f '  1 = O I f l A I f l / M  , 

= 11 I f } l g  " / g ' 
c t l j )  i 

(2) 

i ~1 ~.M ,. = 0,.v?.0~O j ,. ( " 'J ), (3} Oqf} {g}Ol f~{g}  J I . f} tx;  Lt Hg}~xP'~-He{/'Hgl 

tl'2fHg I = o,2 /A' vif,,l~,}/-lyp. 

Let us write the condition for normalization to pair 

probabilities as .~,0qVI{g } = 0y/i. The function A01' takes 
] 

into account nonideality of the adsorption system and is 
dependent on the lateral interactions between neighbor- 
ing molecules. Summation over ct(/) in formula (2) 
means the sum over all possible positions of all neigh- 
boring molecules j (i .e.,  in the case of changing the 
number, order, and orientation of neighboring mol- 
ecules with respect to the central particle). The function 
t'J01tg I is the condit ional  probability of  finding neighbor- 
ing volume elements {f} and {g} of  particles i and j,  
respectively (here I _< j _< (s + 1)); it is those functions 
that are responsible for reproducing correlation effects. 
If lateral interactions can be neglected, then A01 i = I 
and ablip = O~i / (MO~M,v) .  This corresponds to low 
fillings (Henry ' s  law regionL 

By complement ing Eqs. (2) and (3) with the condi-  
tions for normalization to local site coverages and the 
procedure for calculating the 0b,}Miv functions it is pos- 
sible to calculate local isotherms. The probability of 
finding an unoccupied lattice fragment 001M, ~, on which 
particle i can be adsorbed, is a complicated distribution 
function of adsorbed particles blocking unoccupied sites. 
For adsorption of  particle Mi to occur, the lattice flag- 
ment {]} should consist of only unoccupied sites. The 
probability of  such an event can be expressed as the 
product of  the probability of finding an unoccupied site 
with number f by the probability of  finding a neighbor- 
ing unoccupied site from a lattice fragment of size 
M, - I and appropriate shape, etc.,  searching analo- 
gously through all the sites of  fragment {/} until the last 
unoccupied site. As a result, the expression for the 
function 001M, v can be written as follows: 

" "  = 0 } H  ~" I ~  OIfl thh + ~ ' �9 
h 

where the index h corresponds to the numbering of 
M~ - 1 sites blocked by particle i of  size Mi; p/ '  is the 
probability of  finding an unoccupied site J~ FVhh+~ is the 
conditional probabili ty of  finding neighboring unoccu- 
pied sites with numbers h and h + I. 

i n  the rrieafi f ie idappr0ximat i0n,  the  effects o f  cor- 
relation between interacting particles are neglected. This 
simplifies the system of  equations (2)--(4) ,  since Eqs. 
(3) become unnecessary and functions ff~h-,-t in the 
formula for 0tAM~ ~ can be directly expressed through 
local densities. In this approximation,  the function of 
nonideality of  the adsorption system All} / is given as 

ne.,.z, lecti t ' t i "l .~: e functions tVVhh+ I in 
formula (4) have the tbrm 
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t /z!' ,. v + V ~ ' n ~ '  Q ~ ( k )  , t 2~ . , ( k )  = P,+, G+, ~ - , ' ~ . l  , ,  
~=1 tp 

(5) 

where two indices, h and h + I, define the orientation 
(k) of two unoccupied sites, and Q p ( k )  is the number of 
contacts of neighboring particle i, belonging to class ~, 
in the direction defined by the index k. 

The local normalization condit ion for the probabili- 
ties of occupation of the site f h a s  the form 

5 

i = l  ,., 

where the index ~ corresponds to the numbering of all 
possible displacements of particle i in all directions 
without changing its orientation: 0 _< ~ < (M~ - I); the 
case ~ = 0 corresponds to the site f The normalization 
condition (6) takes into account all variants of blocking 
a given site f by a particular particle i. Expression (6) 
differs from the analogous equation for a surface mono- 
layer1: in the latter case, M~ is the projection of particle 
i on the monolayer plane. In calculations of the phase 
and orientational states of the molecules in the bulk or 
in pores, the M i value ( M  i = M), which defines the total 
number of occupied lattice sites (the molecular volume), 
is independent of the molecular orientation. Formula 
(6) can be specified for the following five cases: 

1 Bulk gaseous or liquid phases: Of v + ~ 0, i I. 

2. Multilayer adsorption on an open uniform sur- 
face --  all sites in the layer k are equivalent and the 
layers are numbered from the surface layer (kmi n = I) to 
the last bulk one (k = krnax, kma • corresponds to a 
certain fixed k value for which the characteristics of 
particle distributions (e .g. ,  densities of particular orien- 
tations) differ from analogous three-dimensional distri- 
butions by no more than a prescribed small value, which 
usually varies from 0.1 to 1%): 

n - I  d - I  n - I  

q~=0 ,0:1) tp=0 

b - I  4 d - I  ~ b - I  6 

~,=0 ~,=0 ~=0 
= I. (6a) 

Here kmi n < k <_ kmax; the index q~ is used for numbering 
displacements of particles i with respect to the layer k; 
0 <_ tp < b~(z) - I; physically realizable are those posi- 
tions of the particles for which the condition k - q~ _> 
kmi n holds. 

3. Multilayer adsorption on an open nonuniform 
surface - -  in this case it is necessar3' to specify the type 
of particle distributions in the layer k 

9x.,i ~' + ~ ~ ~9k-~.,t.xi = I, g ~ I ,  (6b) 

where the range of values of index q~ is indicated above 
and the index g corresponds to the number of sites in 
a given layer k - q~ _> kmi n = I; the number of such 
sites is l~. 

4. Adsorption in a slit-like pore with uniform walls 
-- the equation for local normalization has the form 
(6aJ:here I<_k_<kma x = H -  b~(Z) + 1. Because of the 
symmetry of the properties of the system, p g ' =  
p V H _ k +  l ,  p k  i = piH_.b(~)-k+ 2, and it is sufficient to con- 
sider the equations for 14/2 (at even /4) and (H + 1)/2 
layers (at odd H). As in the case 2, physically realizable 
are those positions of the particles for which the condi- 
tion k - q0 _> kmi n = I holds. 

5. Adsorption in a slit-like pore with nonuniform 
walls; the equation for local normalization has the form 
(6b), where k - q~ >_ kmi n --~ 1 and kma x = H - b~(z) + 1; 
in the general case, the molecular distribution over the 
pore width is asymmetric. 

As follows from the structure of the expressions 
obtained, the derived system of  equations is nonlinear. 
Links between the occupation states of different sites are 
due to lateral interactions (formulas (2) and (3)) (this 
factor is also the major one for interacting one-center 
particles) and to blocking of several neighboring sites by 
one molecule (formulas (4) and (6)), which occurs also 
in the absence of lateral interactions. Solving the equa- 
tions with respect to local coverages 0Lt} i makes it pos- 
sible to find the dependence of the overall surface 
coverage on pressure, i.e., the adsorption isotherm: 

s N 

0~p) E E ' = O i f l ( p ) / N .  
i = l f = l  

Analysis of the system of equations (2)--(4), (6) 
requires numerical methods. Dimensionali ty of the sys- 
tem of equations is substantially reduced after introduc- 
ing new v a r i a b l e s  xiff}{g} using the relation 0ULtllg } = 
Xi~/I{glXJ{g}~sexp(~eiJbS{g }) (this turns Eqs. (3) into identi- 
ties I - 1). Analytical expressions can be obtained only 
for the simplest limiting cases of  low densities or other 
molecular parameters of the system (the case H = 2 is 
discussed below). It should be noted that the case where 
molecules located at different adsorption centers can 
have different numbers of orientat ions is described by 
analogous Eqs. (I)--(6),  in which the index (the number 
of "sorts" of particles occupying a given site) is depen- 
dent on the type of this site. This means that the index s 
in Eqs; (2)-=(6) should be replaced by the index sf. 
Otherwise the structure of the equations derived remains 
unchanged. 

Macroscopic  s y s t e m s  

The system of equations (2)--(4)  and (6) gives a site- 
by-site description of local populations of a three-di- 
mensional lattice fragment. This can be done only for 
small pore fragments. The properties of porous macro- 
scopic objects can be adequately described using the 
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description of small pore fragments only if the latter 
have uniform walls or the arrangement of heterogeneous 
centers is ordered. In the general case, constructing a 
complete isotherm implies taking account of versatile 
types of mutual arrangement of different adsorption 
centers. The same situation is also observed in the case 
of adsorption on nonunitbrm surfaces of one-center 
particles, for which this problem has been considered in 
detail previouslyl~ basic ideas reported in Refs. 10, 
13, and 14 are also valid for multicenter particles. 

To describe macroscopic porous systems with non-  
uniform wails, it is necessary to introduce the distribu- 
tion functions of different types of sites and average the 
solutions for local adsorbate distributions, obtained on 
the basis of Eqs. (2)--(4) and (6), using these functions. 
In turn, taking account of a large set of mutual arrange- 
ments of different adsorption centers requires using a 
procedure for averaging the contributions from each 
adsorption center to local isotherms over different types 
of local structures. To this end, it is necessary to state a 
procedure for separating partial contributions from het- 
erogeneous adsorption centers on the pore walls. (It 
should be noted that this procedure is also required for 
comparing the theories and numerical results obtained 
using the Monte Carlo and molecular dynamics meth- 
ods.) 

As a result, we get the known expression lbr the 
adsorption isotherm t~ 

F T T 
O~q = E ~-, "'" ~.. Fq,qz. .qu-, ( f )Oi/ . 

ql=l q2=t q~4_l=l 
(8) 

where q,, is the type of the site from which the fragment 
blocked by a particle with orientation i is measured; Fis  
the conditional probability of finding a fragment of sites 
of the types q~ . . . . .  q.~_] in the blocked fragment; and 
the index f numbers the position of the "origin" of the 
molecule in a site of type q. Function Of-( is the local 
probability of finding the particle i defined in Eqs. (2). 

For instance, in the case of horizontal orientation of 
a trimer, it is possible to introduce the total probability 
of finding any three sites on a given nonuniform surface 
f l q , ~ , q )  and the conditional probability of finding two 
other neighboring sites of types ~ and h in a certain 
configuration F(q,~,q) = f l q , ~ , ~ ) / f q  near a site of the 
type q. Such distribution functions describe the local 
structure of a surface with arbitral ,  correlation in the 
arrangement of sites belonging to different types. For 
chaotic site distribution, we have f l q , ~ , q )  = f~4rq and 
F(q,~,rl) = fern. For the vertical orientation of the tri- 
mer, averaging along the third axis Z is considered. In 
the general case, 13,vt the conditional distribution func- 
tions Fa re  ofdimenstonality M~ - 1. 

Adsorption of dimers in two-layer pore 
with uniform walls 

s T T 
O(p) = X 2fqO'q ' y~fq --- 1. (7) 

i=tq=l q=l 

Here fq is the unary distribution function of sites over 
adsorption capacity, characterizing the surface composi- 
tion of pore walls; T is the number of types of sites on 
tile whole nonuniform surface (at large T values, the 
integral over the energies of bonding of the molecules to 
the surface 15,16 is very often used instead of the sum 
over the types of sites q in Eq. (7)); and local coverages 
Oq i are determined by solving the system of equations 
(2)--(4) and (6) using the following procedure. 

Let the site f belong to the type q. It is surrounded 
by sites belonging to certain particular types. Another 
site of type q is surrounded by another set of sites of 
different types. Function fq  takes into account the frac- 
tion of sites of type q without indicating the types of 
sites in their surroundings (i .e. ,  the surface structure), 
which can be blocked by large particles. In a slit-like 
pore, where particle i is located at a site of type q and 
blocks neighboring sites of different types, the tatter can 
be located in different layers. All possible variants of 
such blocking can be taken into account using Eq. (6). 
For a specified sort to which particle i belongs, the 
expression for 0q' is obtained by averaging over the 
probabilities of various types of arrangement of neigh- 
boring M - 1 sites, blocked by the specified particle i, 
with respect to the site of type q. As a result, the 
function Oq i iS defined as 

Analytical expressions for the system of equations 
(2)--t4) and (6) can be derived only for several simplest 
cases. In particular, this is possible for adsorption of 
symmetric dimeric molecules in a two-layer pore (H = 
2) with uniform walls neglecting lateral interactions and 
assuming that the dimers are ordered in the wall plane 
(isotropic adsorbate phase with L = 2 and z = 6, i.e., a 
three-dimensional system). In this case, there is only 
one type of sites, viz., a surface monolayer on both sides 
or" the pore. Considering the pore volume, let us denote 
the fraction of sites filled with dimers in horizontal and 
vertical orientation as Ohor and Over, respectively. Let us 
write the system of equations in the form 

ahor~)hor 2~' = 20hof/mzs, 

averfJOvec 2v = Over /m , 

Ohor + Ove r + 0 v = ] ,  

Ohor 2v = 0~d'vv(g), 

O~er2 v = Od,.,.(v). 

t~,v(j) = 0v/[0 v + ((),.er(j)O~er + Qhor(j)Ohor)/Zm]~ 

Here Zs = 4 is the number of neighboring sites in the 
monolayer plane; m = 2; Qhor(g) = 2(Z - I); Qver(g) = 
z; Qhor(V) = 0; QveJv) = 0: aho , and aver are the local 
Henry constants for horizontally and vertically oriented 
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dimers, respectively; 0hor 2v and Over 2v are the probabili- 
ties of finding two vacancies in horizontal and vertical 
orientations, respectively; tw.(g) and t~v(v) are the condi- 
tional probabilities of finding an unoccupied site next to 
another unoccupied site in their horizontal and vertical 
orientations, respectively; and 0 v is the probability of 
finding an unoccupied site. 

if the fraction of vertically oriented dimers is de- 
noted as 7 (Over = "~hg, where 0 is the total filling of pore 
volume with differently oriented dimers), the depen- 
dence of 7 on 0 has the form 

7 = 4(Z - O)/(B + C), 

B = Azzs(l - 0) + Z(2 + O) -- 40, 

C = I B2 - 80(z-  0)(z - 2)1 t/2' 

where A = ahor/a~er = (ahorO/averO)exp(~A) and A = 
Eho r -- E,e r . For a dimer with all equal contacts, the 
energies of bonding with the surface of lateral and face 
contacts are equal to Ehor = 2 E a n d  Eve r = 2E, where E 
is the enemy of bonding of one contact with the surface 
(it will be recalled that all E > 0 correspond to attrac- 
tion), and A = 0. Assuming that the dimer has different 
lateral and face contacts, only the energy of interaction 
between the particle and the surface of pore walls is 
changed, i.e., A ~ O. At low fillings of the pore, we 
get 7 = I / ( I  + ZsA/2). If Eho r > Ever, then A >> I at 
ahorO/aver 0 = 1 and in this case the fraction of vertically 
oriented directs is always small and decreases as A 
increases, tf Eho r < Ev~:, so that z.sA/2 < 1, then vertical 
orientation is predominant  at low fillings, in this case, 
the fraction of horizontal dimers will decrease as filling 
0 increases. (The case in question is usually interpreted 
as adsorption with the only orientation of the adsorbed 
molecule.) At high fillings (0 ~ 1), 7--* I at anyA and 
the dimers are always vertically oriented (the A value 
affects the range of pressures at which 0 --9 I). The 
equilibrium pressure p is expressed through the degree of 
pore filling 0 as p = -~0/[2(I - 0)~a~e~j and the formula 
for the isosteric heat of adsorption of a dimeric molecule 
is obtained in the form E,s = Ever + Azzs( 1 - 0)(Ehor - 

Ever)/C. From this it follows that at 0 ~ 1 at any A 
and z we have Eis = Eve r, whereas at 0 ~ 0 we get 
E~s = Ever + Az~(Ehor -- E~er)/[2(I + Az~J2)], i.e., the 
heat of adsorption at zero fillings depends on a l l  mo- 
lecular properties of the system. If Azs/2 >> I, we get 
Eis = Eho r since all dimers adsorbed are horizontally 
oriented. 

It should be noted that at M > 2, the relationship 
between the "specific" energies per surface center, 
Ehor/mhor and Ever/mver, where mho r and rove r are the 
surface areas (the numbers of centers) occupied by 
molecules with a given orientat ion (mho , > rover), should 
be considered as a measure of the strength of the 
adsorbent--particle bonding instead of the relationship 
between Eho  r and Ever. If Qhor/mhor < Qver/mver, then 
the vertical orientation of the molecules is preferable at 

any surface coverages (this case is of the least interest). 
If Qhor/mhor > Qver/mver, then the horizontal orientation 
of the molecules is preferable at low coverages, whereas 
the vertical one is preferable at high coverages. 
Nonuniformity of the surface and lateral interactions 
make these relationships more complicated. 

Isotherms of filling of micropores with uniform wails 

For simplicity, we consider the main types of iso- 
therms for adsorption of rigid linear trimers (M = 3) in 
narrow pores (according to M. M. Dubinin,  they belong 
to micropores) under the following conditions: 1) all 
surface contacts of trimers have equal energies of inter- 
action with the uniform surface of the pore walls; there- 
fore, the energy of bonding of a horizontal trimer to the 
surface is by a factor of 3 higher than that of a vertical 
trimer, 2) Henry's constants for different orientations of 
the trimer have equal pre-exponents, 3) horizontal tr im- 
ers are disordered, and 4) the effect of the wall potential 
is confined to the nearest layer. 

The total (0(p)) and partial (0,{p)) adsorption iso- 
therms are plotted in the 0 (or 0;)--lnp coordinates, 
where 0 is the fraction of the pore volume filled with 
adsorbate and measured in monolayers; the maximum 0 
value is H. Partial isotherms are denoted as 0no r and Ove r 
for horizontal (t = hor) and vertical (i = vet) orienta- 
tions, respectively, and 0 = 0no r + Ove r. In the case of 
condensation of the molecules, the position of the filling 
jump (the secant line) for the isotherm is determined 
conventionally using the Maxwell rule. t~ 

Typical isotherms for one- and two-layer micro- 
pores are shown in Fig. 3. in the case of capillary 
condensation, the isotherms (curves 1--4) are always to 
the left of those obtained in the absence of capillary 
condensation (curves 5--8) .  This is due to the fact that 
the former correspond to larger values of the dimen-  
sionless parameter 13~ (~ is the parameter of interaction 
between the contacts of neighboring trimers). Curves 1, 
2, 5, and 6 correspond to H = 1, while curves 3, 4, 7, 
and 8 correspond to H = 2. Since the width H is less 
than the long axis of the trimer (M -- 3), only horizon- 
tal orientation of adsorbate is possible in this case. For 
comparison with the trimer isotherms (curves 1, 3, 5, 
and 7), those of one-center  particles (curves 2, 4, 6, 
and 8) are also shown. On these isotherms, at low 
fillings the increase in the 0 values with increasing 
pressure begins for trimers earlier than for one-center  
particles (since the energy of bonding with the walls is 
higher for trimers). At high fillings, the 0 values for 
trimers increase more slowly than for one-center par- 
ticles (because of steric hindrances to adsorption of 
closely packed trimers). 

Typical isotherms lbr M = H = 3 are shown in 
Fig. 4. In this case, where the length of the molecule is 
equal to the pore width, two types of isotherms are 
possible depending on the ratio between the Henr3' 
constants for vertical and horizontal orientations of the 
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Fig. 3. Main types of isotherms (1--8) for adsorption of rigid 
linear trimeric molecules (trimers) in the region of capilla~ 
condensa0on (1--4) and without condensation (5--83 for slit- 
like pores of width H = I (I. 2, 5, 6) and 2 (3. 4. 7, 8). 

trimers and the contribution of lateral interactions. At 
low densities, the Henry constant for vertical orientation 
is smaller than that for the horizontal one, and a layer- 
by-layer coverage of both pore walls occurs first, At high 
densities (among these always is the region of density 
jump upon condensation, especially for the dense phase), 
the ratio of the different orientations ofdimers is depen- 
dent on both the ratio of the Henry constants and lateral 
interactions. The contribution of the latter is determined 
by the fraction of contact pairs between the trimers 

0 

3 -  

a 

/ /  2 -  

I - 

0 J ~ ----," 
O h o r  ' O v e r  In p 

1 i " 
! ] . / 

2 ,  1 ,, 
I .+ / 

I f "  / 
i i / 

f ' i I i . / 

A -"J, I -')..A 

In p 

Fig. 4. Main types of isotherms ( I --3) for adsorption of rigid 
linear trimers in the region of capillar3' condensation and 
withoul condensation for slit-like pores of width H = 3: 
a, tot~ll isotherms, b, partial isotherms for horizontally (dash- 
and-dot line) and vertically (dashed line) oriented adsorbale 
molecules. 

having different orientations and located in different 
layers. Here, these are vertical orientations, which com- 
pletely cover the whole pore, and layer-by-layer orienta- 
tions of the trimer in the vicinity of both pore walls and 
at its center. Depending on temperature (at fixed Henry's  
constants and parameters of lateral interaction), the type 
of the jump can be changed because of the competition 
of "contact pairs" (in the case of horizontal orientation, 
each trimer has 6 contacts with identical neighboring 
particles, whereas in the case of vertical orientation, the 
number of contacts is 12). 

Thus, if horizontal orientation of adsorbate is pre- 
dominant, monolayer coverage of both surface layers 
occurs first, followed by filling the pore volume. At low 
temperatures, two steps corresponding to these two types 
of fillings are observed (see Fig. 4, curve 1). In practice, 
it can be assumed that 0 = 0ho r, since the fraction of 
vertically oriented trimers is small. Two small peaks in 
the vicinity of both density jumps Oho r correspond to 
vertically oriented trimers. 

If reorientation of trimers occurs as the adsorbate 
density increases, a phase transition is observed (see 
Fig. 4, curve 2). A small peak of 0ho ~ and substantial 
increase in the density Ove r upon capillary condensation 
are observed before this transition. If reorientation of 
trimers occurs as temperature increases, the total iso- 
therm (see Fig. 4, curve 3) has a shape similar to that of 
curves 5 and 7 for H --- 1 and 2; however, partial 
contributions to the total isotherm indicate that hori- 
zontal trimers are replaced by vertical ones, whose frac- 
tion passes through a maximum and decreases as the 
pressure increases. Taking account of ordered horizontal 
trimers makes the shape of partial adsorption isotherms 
more complicated; however, it has little effect on the 
ratios between the sum of both partial ordered horizon- 
tal isotherms and the partial isotherm for vertically 
oriented molecules. 

The case where the pore width exceeds the long 
molecular axis is illustrated in Fig. 5. Curves 1--4 de- 
scribe the capillary condensation, while curves 5 and 6 
correspond to its absence. At H > M, the total isotherms 
(curves 1 and 2; 3 and 4; and 5 and 6, respectively) are 
qualitatively similar. However, the mechanism of the 
pore filling is different, since it is dependent on the 
possibility of pore filling with closely packed, differently 
oriented trimers. In a particular case, a layer-by-layer 
coverage of both pore walls with horizontal trimers (see 
Fig. 5, curves I and 3) is followed by an analogous 
layer-by-layer filling of the remaining pore volume (curve 
1) or filling with vertically oriented trimers (curve 3). In 
another case, initial coverage of one wall with vertical 
trimers (see Fig. 5, curves 2 and 4) is followed by filling 
of the remaining pore volume with horizontal trimers on 
one wall (curve 2) or on two walls (curve 4). 

With the availability of different types of contacts 
other types of partial dependences are possible due to 
competition between lateral interactions. 
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gig. 5. Main types of isotherms for adsorption of rigid linear 
trimers with capillary condensation (1--4) and without con- 
densation (5, 6) for slit-like pores of width H = 4 and 5: 
a, total isotherms, b, partial isotherms for horizontally (dash- 
and-dot line) and vertically (dashed line) oriented adsorbate 
molecules. 

Est imates  o f  pressures  corresponding  to volume filling 
of micropores  

Usually, the volume of micropores (~t,~) of different 
sorbents is determined using the Dubinin--Radushkevich 
equation 18 

W =  Woexp(-ke.2H2), (9) 

where k is a parameter of the equation; "/is the coeffi- 
cient of affinity, relating the "adsorption potential" of a 
given adsorbate to that of the standard adsorbate (for 
benzene, "/ = I); e = - R T l n x ,  x = PIPs, e is the "ad- 
sorption potential," i.e., the work necessary, for com- 
pressing the vapor from the equilibrium pressure p to the 
saturation vapor pressure Ps under isothermal condi- 
tions. According to Eq. (9), the W 0 value can be deter- 
mined by linear extrapolation of the dependence of In W 
on {e(x)) 2 to x =- I ; at this x value, the Ps value is found 

from the data of independent  non-adsorption experi- 
ments for the bulk phase, performed at temperature 7-, It 
was shown t9 that formula (9) gives an overestimated W 0 
value, since the saturation vapor pressure ps(t f)  in 
micropoms is dependent on the pore width f t  and 
ps(l'D <- Ps. For obtaining a more accurate W 0 value one 
should use the equation 19 

Inl gS"/d/b(/4")1 = - k t  R T/y)2{ lnlp~( lf~/pl} 2. ( 107 

where the actual pressure ps(H), corresponding to the 
filling of micropores, was used for the volume of 
micropores Wo(H) with characteristic pore width H. 
Formula (10~ is as simple as formula (9) and differs from 
the latter only by ps(H) instead of Ps being in the 
numerator. If the experimental curve is rectified in the 
coordinates of Eq. (10), the point of its intersection with 
the ordinate axis determines the volume of micropores 
14%(1/') of characteristic size tt. The advantage of depen- 
dence (10) is that it cannot  be extrapolated to the range 
of pressures higher than Ps(H). In this case all uncertain- 
ties in the interpretation, associated with deviation of 
the experimental curve from linear dependence at higher 
pressures, disappear. At the same time, deviation of the 
experimental curve, constructed in the coordinates of 
Eq. (10), from linear dependence indicates that the 
density of distribution function differs from the ~(e) = 
2kzexp(-ke 2) distribution corresponding to Eq. 10. z~ 

For microporous systems, there are no methods ['or 
determination of ps(H) values, except for the analysis of 
the results of adsorption measurements. Estimates of 
ps(H) for the adsorption of one-center  particles were 
obtained, 19 viz., the pressures pl(H) and p2(H), corre- 
sponding to two types of volume filling of micropores of 
width H (capillary condensat ion in the pore and pore 
filling without capillary, condensation, respectively), were 
introduced. Analogous estimates for the adsorption of 
large plate-shaped molecules A (M = b• are listed 
below. For these molecules, a horizontal packing (paral- 
lel to pore walls) is predominantly realized in the slit. 
These estimates make it possible to analyze the size 
effi~ct of large molecules on the conditions of volume 
filling of micropores. As in the previously published 
study, 19 we shall use the previously derived zt Eq. (10), 
which defines the pressure ps(k) at which two-dimen- 
sional condensation of the molecules in each layer k 
occurs in the course of multilayer adsorption on an open 
surface: 

I 
Inla0p~(k)l -- )" In A~d% - ~ & a  (I I) 

0 

This equation is based on using the condensation 
approximationtS,, z2 for calculating the isotherms. 

For the adsorption of plate-shaped molecules, the 
expression for the local isotherm of adsorption in the 
layer k can be written as 
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= AA Rn A': '~' (I + %, x) , (12) 
n=k-I 

where the function Ak A is given in the quasi-chemical  
approximation;  x = exp(-!gc) - I, z is the parameter  of 
interact ion between contacts  in the approximation of 
isolated contactsl~: Rk_+ I = PA = 2(b + d), Rk = /A = 
M; and the functions ~kfl ' ~ =  tkff"/0k ~ are given by 
formulas (3) and (4). 

In the mean field approximation,  correlation effects 
are ignored and these formulas have a simpler form 
(here, QA = 2M + PA)- 

~kk " v =  (pk v + QAokA/Z.) - I  = 11 - 0kA(I -- QA/ZM)r l, 

A/c A = exp{-[3c(MO~.+l + PAOk + MO~-OI. (12a)  

tt should be noted that,  in the framework of the 
condensat ion approximat ion ,  consideration of  lateral in- 
teraction in both the quasi-chemical  and the mean field 
approximation leads to the same results, though the 
formulas for Ak A are different.  For this reason, below we 
shall use simpler expressions obtained in the mean field 
approximation.  [n the condensa t ion  approximation,  the 
saturation vapor pressure of  plate-shaped molecules in 
the bulk phase can be est imated from Eq. (12) at a~s  = 
exp(-f3E QA/2)/M. 

Let us estimate the pL2(t/)  values using Eqs. (l l) 
and (12). Let us de termine  the pl( t t )  value under  the 
assumption of capillary, condensat ion in the pore vol- 
ume.  As a rule, the firs~ monolayer  in the sorbents  is 
covered from each side of  the pore, i.e., 01 = 0 H = 1. We 
shall consider the remain ing  H -  2 layers of  the pore 
for H > 2 as a un i fo rm phase of density 0pore. Then,  the 
total pore filling (7) can be represented in the form 
0 = fl01 +f0oreOpore, w h e r e f  1 = 2/ (H - 2) and fpore = 
1 - f~. Let us write Eq. (12a) for 0~or~ in the form 

aporepOMVpore = 0poreApore/M. 

Apore = exp(-~3f.QporeOpore), { 13) 

where the Qpore and  Epore values (ap(,r e = a0exp(13E~ore)) 
are determined by averaging the contr ibut ions of  lateral 
interactions and E k over H - 2 layers of` the pore, 
Opore = IPA(H - 2) + 2 M ( H  - 3) + 2MOJOpore]/(H - 
2). To calculate the  01/0pore ratio for capitlar3, co n d en -  

sation, let us use the 01/Opore = (M I/D + I)/[t4 rl/D ap- 
proximation based on  the following statements:  1) 01 = 
O n = I; 2) according to the exact result z3 obtained for 
the one -d imens iona l  lattice (D = I), the value O* = 
M / ( M  + I) is an analog  of  the critical density (no 
condensat ion of  the molecules  occurs on the one -d i -  
mensional  lattice itself); 3) in the case of isotropic 
packing of large molecules  in the vicinity of  the critical 
point 0* = M I / ~  I /~  + 1), the formula from item 2 
can  be extrapolated to p lanar  (D = 2) and th ree -d imen-  
sional (D = 3) lattices. 

Le t  u s  e x p r e s s  t h e  Epore value  ~ Epore = 
I t - I  

2 E I g ~ ( H ) / ( H -  2), where ,,p(H) = ~ k -3, E l = M E i s  
k=2 

the heat o f  adsorption of" the molecules at low coverages 
of" the monolayer on an open surface of  analogous 
adsorbent, and E is the bonding energy per molecule-- 
surface contact. Final ly, we get the desired formula 

pj(H) = psexp(-bt), 

b I = 13[e(M + M j/2) + 2MEq~(H)]/(H-2) -In(3/2),  (14) 

where it is considered that the molecules in the pore are 
horizontal ly packed (D = 2) and that in an isotropic 
bulk phase all molecular  or ientat ions are equiprobable 
(ag = 3%/2) .  As for one-cen te r  particles, the b I value 
decreases as the slit width H increases and the pressure 
pj (H) ,  corresponding to pore filling, exponent ial ly  ap- 
proaches its bulk-phase value Ps. The b I value increases 
while the pressure, corresponding to volume filling of 
micropores,  decreases as the size of  t, he molecules in- 
creases. At the same time, dis t inct ions in realization of 
different or ienta t ional  states of  the molecules in the bulk 
phase and in the slit-like pore result in a decrease in the 
b~ value by In(3/2).  

To find the P2(lf), value let us consider the last stage 
of  the layer-by- layer  filling of a pore when preceding 
layers have been filled. Here, two estimates (the lower 
and the upper  bounds)  of the pressure, corresponding to 
filling of  the last layer, can be obtained.  To obtain the 
upper bound ,  let us assume that two-dimens ional  con-  
densat ion occurs in the last layer. Then .  (after substi tut-  
ing the subscript "pore" by "layer") Eq. (13) can be 
rewritten as 

a0exp(~3Elayer)P2+(H) = OtayerAlayer/(OMVlayerl~). (15) 

Here we in t roduced the quant i t ies  Alayer = 

exp(-13cPA01ayer) and Ql=ver = [2Mc + MED(H)I:  D(H) 
is equal to [ | / ( H / 2 )  3 + I / ( I  + / / /2 )  3] for even H and 
2 / ( (H  + I ) /2)  3 for odd H From a formula of  the type 
( l l ) w e  have 

Pz*(H) /ps  = e x p [ - b 2 * ( t f ) l .  

be*(H} = fJ[MeC(H) § MED(H)] - 1n(3/2), (16) 

where 6"(/4") equals I for odd H and 1/2 for even H. 
"i-he lower bound p2-(H) is obtained if the case 

Olayer --~ 1 iS considered for Eq. (12). To calculate the 
probabili ty o f  finding an unoccupied  area of  size M in 
the last layer of  the dense phase 0MVlayer, we shall 
successively add vacancies to one another  and consider 
the n u m b e r  of  bonds between the vacancies ("internal," 
"external," and "corner" for a plate of  size M) in this 
layer and between the above-ment ioned  vacancies and 
neighboring plate-shaped molecules. As a result, we get 
0MVlayer = exp( -13Q.4~)  a n d  

P2-(H)/P~ = exp[-b2-(H)]. 

b.-(tl)  = ~[QAE/2 ~ MEINtI)] - In(3/2) 117) 
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From here it follows that the inequality p2-(H) < 
p2"(H) always holds. Formulas (16) and (17) contain 
equal contributions from the interaction between the 
molecules and the pore walls. As for one-center par- 
ticles, it can easily be shown that these contributions are 
analogous to extension of the FrenkeI--Halsey--Hil l  6,24 
equation for multilayer adsorption to porous systems; in 
this case, it should be rewritten as follows: InLv(H)/ps] = 
-[~MEIk -'3 + ( H -  k + 1)-31, I <_ k_< H. Because of 
limited size of the pore, the min imum value of the right 
side of the equation is reached at k = 11/2 (for even H) 
or k = (H + I)/2 (for odd /4"), which makes it possible 
to find the ratio of pressures, p2+(H)/ps = 
exp[-f~MED(l-I)] at which the pores are completely filled 
(neglecting the contributions from lateral interactions). 

In all cases, micropores are filled at pressures that 
are lower than the saturation vapor pressure in the bulk 
phase at a given temperature. For temperatures below 
and above the critical temperature in the pore, the 
contributions from the interaction of adsorbate mol- 
ecules with the pore walls and between one another 
manifest themselves differently. From the formulation 
of the models it follows that D(H) = (p(H)/(H - 2) at 
H = 3 and 4; therefore, b I = b2 +, whereas D(/-/) < 
~(I-I)/(H - 2) at H > 4, In this case, the contribution 
from the walls to P2(H) is smalter than to pl(H) at 
H = const. The contribution of lateral interactions to 
the bl,2(l-l) coefficients decreases as H increases in the 
case of capillary, condensation and remains equal to 1 
or I/2 depending on the H parity in the absence of 
condensation. 

Previously, 19 the following estimates of bL2(H) have 
been obtained for spherically symmetric particles in the 
absence of specific interactions (inert gases, CH4, N 2, 
02. and like molecules): the b I value is varied from 1.7 
at H = 6 to 4.9 at H = 3. Analogously, the b2 + and b 2- 
values are respectively changed from 1.2 to 4.9 and from 
2.8 to 7.7 at the same H values. An increase in the size 
of the molecules leads to an increase in the above 
coefficients due to interaction between the molecules 
and with the pore walls and to their decrease (by about 
0.4) due to predominant horizontal orientation of the 
molecules. Therefore, the above intervals of the values 
of the bL2(H) coefficients are slightly changed for rela- 
tively small polyatomic molecules. This conclusion is in 
good agreement with experimental data for CCI 4, ben- 
zene, cyclohexane (at 25 ~ for all systems), and 
isopentane (at 0 ~ on ammonium phosphomolybdate, 15 
benzene on anthracite, 26 propane on zeolite 5A (at T = 
273, 323, and 398 K), 27 and argon on chabasite (at T 
from t38 to 195 K). 2s Isotherms of these systems be- 
come flattened in the O--p/ps coordinates in the region 
from 0.1 to 0.3 P/Ps. These data correspond to b values 
lying in the range from 2.3 to i . I .  After appropriate 
correction of experimental adsorption isotherms for fill- 
ing of the mesopores considered, the above b values 
should be of the order of 1.3--2.5. However, the energy 
contribution will be predominant  for large polyatomic 

molecules and the pressure corresponding to volume 
filling of micropores will decrease. The estimates ob- 
tained for plate-shaped molecules provide a correct 
dependence of the pressure of the volume filling of 
micropores on the number of layers blocked by a 
"nonplanar" adsorbate at a fixed pore width, viz., the 
number of monolayers H decreases as the plate width 
increases, This leads to an increase in the bl,2(H) values 
and, correspondingly, to a greater decrease in the pres- 
sure of the pore filling. As a result, if intersection 29 of 
the curves at one point W 0 is the condition for applica- 
bility of Eq. (9), then, in the case of Eq. (10), the curves 
of isotherms have to be terminated at the same W 0 value 
but at different pressures ps(H). 

Effect of nonuniformity of the pore wails 

Nonuniformity of the pore walls changes the local 
distribution of molecules as compared with that for 
uniform walls. Numerical solution of the system of 
equations (2)--(4) and (6) gives a detailed description of 
such distributions. However, it is possible to qualita- 
tively analyze the effect of nonuniformity of the pore 
walls on the obtained estimates of  pressures correspond- 
ing to the volume filling of micropores without solving 
these equations. 

Conventionally, two types of nonunJformities, chemi- 
cal and structural ones, can be distinguished. Chemical 
nonuniformities modify the energetics of the surface 
layer without changing the adsorbent structure. Struc- 
tural nonuniformities have no effect on the chemical 
composition of the adsorbent; however, they change the 
structure of the surface layer, thus forming a rough 
surface at the atomic level. The effects of chemical and 
structural nonuniformities, respectively, manifest them- 
selves as changes in the energies of adsorbent--adsorbate 
bonding E and changes in the local widths H of slit-like 
pores. Each of these factors changes the local adsorbate 
distributions and, thus, macroscopic characteristics of 
the system under study. When analyzing the estimates of 
pressures corresponding to volume fillings of micropores, 
it is possible, to a first approximation,  to restrict our- 
selves to consideration of the bl. 2 coefficients in Eqs. 
(14), (16), and (17) and compare their values for uni-  
form and nonuni form pore walls. For chemical  
nonuniformity of the walls (at H -- const), the differ- 
ence AbI,2(E) = (bl,2) g - b 1.2 (where (bl.2)r corresponds 
to averaging of the bl, 2 coefficient over the adsorbate-- 
adsorbent bonding energy E) can be represented as 

T 

&bl.2(E) = I(~(E) E - EL ( D E  = Z E(q)f~, and E(q) is 
�9 " q = l  

the adsorbate--adsorbent bonding energy for the adsorp- 
tion center of type q, where K E = 2lSlkhp(H)/(tt - 2) 
for b I and K E = [3MD(tt) for b 2. It is thus seen that an 
increase in the fraction of strongly adsorbing centers 
compared to the contribution of the uniform surface 
leads to an increase in the Abl.2(E) value and, hence, to 
a decrease in the pressure at which volume filling of 
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micropores  occurs .  Increase in the fraction o f  weakly 
adsorbing centers  has the opposi te  effect. 

For  structural  nonun i fo rmi ty  (at E = const) ,  let us 
cons ider  the Abl,2( H) = (bl,?) H - hi, 2 difference, where 
(bl.2).14 cor responds  to averaging over the width H of  a 

slit-like pore, (bl.2)ht = ~ / ~ H ) b I , 2 ( H ) ,  where the bl.2(H) 
values are de f ined  by formulas  (14), (16), and (17), and 
f i l l )  is the d is t r ibut ion  funct ion of  the pores over the 
widths,  the sum over  H is taken from Hmi n = 2 to//max. 
Analysis of  these expressions leads to a simple conclu-  
sion: the p resence  o f  a macroscopic  IYaction of  the 
narrowings o f  a pore o f  width H compared to its ideal 
geometry  and ( / ~  < H, where (H} is the average value, 
leads to an increase in the Abl.2(H) value and to a 
decrease in the pressure at which the volume filling of  
micropores  occurs .  Increase in the average pore size has 
the opposite  effect.  

Under  actual  condi t ions ,  s imultaneous existence of  
both types o f  nonun i fo rmi t i e s  of  the pore walls is pos- 
sible. Then,  to a first approx imat ion ,  it can be accepted 
that the es t imates  (14), (16), and (17) indicate changes 
in the bl, 2 values  due to the effect of  chemical  and 
structural nonun i fo rmi t i e s  o f  the pore walls, if  averaged 
values for the bond ing  energies  (E) and pore widths (t/} 
are used in these  formulas.  
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