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Calculations of the distribution of trace impurities in cylindrical pores 
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The equilibrium distribution of a trace impurity and the self-diffusion coefficients of 
molecules of the base component and the trace impurity in narrow cylindrical pores were 
calculated using the lattice-gas model. Two types of lattice structures with six and eight closest 
neighbors were considered. The sizes of the base component and impurity molecules were 
taken to be identical. Lateral interactions were taken into account in ~he quasi-chemical 
approximation. The equilibrium distributions of the trace impurity across a pore section in the 
gas and liquid phases of the base component and at the interface for the ease of capillary. 
condensation were considered. The probability of existence of isolated dimeric clusters was 
estimated and the self-diffusion coefficients of the base component and trace impurity lbr a 
single-phase distribution of the base component were calculated. The effects of the energy of 
interaction of impurities with the pore walls and the concentration of the base component on 
the diffusion mobility of the impurities were analyzed. The concentration dependences of the 
partition coefficient for the trace impurity between the pore center and the pore wall and the 
concentration dependences of the self-diffusion coefficients lbr the trace impurity molecules 
become nonmonotonic with an increase in the base component concentration. These effects 
are due to the displacement of the impurity from the near-surface area to the bulk of a pore 
tbllowing an increase in the pore coverage by the base component and to higher mobility of 
the impurity in the free bulk of the pore. Further filling of the pore bulk reduces the mobility 
of all molecules. The energetics of intermolecular interactions also plays a certain role. 

Key words: cylindrical pores, adsorption, trace impurity, phase interface, clusters, self- 
diffusion coefficient, lattice-gas model, quasi-chemical approximation. 

Adsorption and membrane technologies t-z underlie 
many processes o f  purification and separation of  liquid 
and gas mixtures. The efficiency of  fine purification of  
the base componen t  from impurities is characterized by 
a separation factor, which is usually found from experi- 
mental data on the adsorption o f  a trace impurity--base 
component mixture on the adsorbent under study or on 
a membrane. However. experimental determination of  
these factors is a labor-consuming task; therefore, theo- 
retical methods for calculation are significant. 3-5 Most 
adsorption processes occur in porous systems. 1,6.7 No 
experimental methods for determination of the distribu- 
tion of  trace impurities are known for these systems. 
Calculation methods seem to be the only possibility of  
gaining information on the distribution of trace impuri- 
ties in the pores; this information can be highly impor- 
t an-t for--many practical  problems c-oncegning adsorp- 
tion, chromatography, and colloidal chemistry. 

The thermodynamic properties of an adsorbate in 
narrow pores differ appreciably from thermodynamic 
properties of  gases in the bulk phase. The potential of  
the pore walls changes the conditions of capillary con- 
densation and thus decreases the critical temperature 
and changes the critical density and pressure. $-14 At 
present, adsorption in pores is usually calculated using 

methods of numerical experiment (MNE) 15-18 and mo- 
lecular statistics methods, which are based, in particu- 
lar, on the lattice-gas model (LGM). 19.z~ When the 
potentials of intermolecular interactions are known, the 
MNE are rather accurate; however, to calculate the 
properties of  systems with trace impurities, one should 
deal with an enormous number (about t04 ) of  molecules 
of the base component containing a small number of  
admixed molecules, This hampers obtaining of  reliable 
results in the calculation of  the trace impurity distribu- 
tion. The LGM is an approximate model; nevertheless, 
it ensures quick solution and does not restrict the 
amount of trace impurities. The accuracy of  the LGM is 
largely determined by the accuracy of  description of the 
properties of solvents, which influence appreciably the 
distribution of trace impurities. Comparison of  M N E  
and  the  LG M shows!3,z t~z4 that  both_approaches always 
give results similar in kind. By modifying the LGM 
and/or  by "adjusting" its energy parameters, one can 
attain quantitative agreement with virtually exact nu- 
merical results obtained by the Monte Carlo and mo-  
lecular dynamics methods. 

The procedure for calculation of  adsorption in slit- 
like pores based on the lattice-gas model is rather 
simple; it has been cons ide red  in detail previ-  
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ottsly. 3.14+21,22,25 In this work, a t tent ion  is focused on 
the ca lcu la t ion  of  the distr ibution o f  trace impurities in 
narrow cylindrical  pores in which the wall curvature 
plays an important  role. 

The model 

The application of the lattice-gas model for describ- 
ing adsorption in narrow cylindrical pores implies 26 that 
the pore space can be divided into sites whose volume 
V0 = ;3 (k is the lattice constant )  is equal to the size o f  
an adsorbed particle. Groups  o f  sites with identical 
adsorpt ion properties, including those with identical 
so rba te - - sorben t  interaction energies  Qq {1 z q 5; t, 

where t is the number of  groups o f  sites in the system), 
can be distinguished. Let us deno te  the fraction of  sites 
con ta ined  in group q by ]~t- Each site can either be 
occupied  by one adsorbed part icle or  be vacant. Let s be 
the n u m b e r  o f  states of  occupancy  o f  any site including 
vacancies.  For  a o n e - c o m p o n e n t  fluid s = 2, for a base 
c o m p o n e n t  with an admixture s = 3, and for a base 
c o m p o n e n t  with two admixtures  s = 4. 

Let us consider  lattices with the numbers of  closest 
neighbors  z = 6 and 8. A structure with z = 6 provides 
the best agreement  between the theoret ical ly  calculated 
critical parameters  :rod exper imenta l  data on these pa- 
rameters  for bulk fluids, 27-29 whereas  a structure zJ with 
- = 8 reflects the change in the state of  the fluid under 
the inf luence  o f  the pore walls. The  numerical  densities 
p and 0 in the M N E  tS-t8 and L G M ,  tg-z2 respectively, 
are related to one another  by the relation p = 0(~/k) 3, 
where ~ is a Lennard- - Jones  potent ia l  parameter  corre-  
sponding  to the diameter  o f  the hard sphere of  the 
particle. The  0 value is equal to the ratio of  the number  
o f  part icles  to the maximum n u m b e r  of  particles pos- 
sible for the given structure with a constant  number  of  
the closest  neighbors z. For  a rigid incompressible lat- 
tice, p = 0 / I .41 .  because k = c~(2) ~/~'. Then calculations 
t'or a lat t ice with ,7. = 8 give the l imiting value for the 
liquid phase to be p = 0.816 (the result for a lattice with 
z = 6 is p = 0.707), which is close to p = 0.8 given by 
the M N E .  z3 The use of  a structure with z, = 8 results in 
a bet ter  agreement  with the M N E  t'or the l iquid-phase 
branch o f  the phase diagram of  a porous system. 23 

A genera l  approach is demons t ra ted  in relation to 
argon a toms  located as the base c o m p o n e n t  in a graph- 

" ire pore.  
In the  case of  ~ = 6. one site can be located at the 

cen ter  o f  a cylindrical pore if Rp = (h + 0.5)k (Fig. I, a) 
or  four  sites can be present if Ro = hX (Fig. I, b). Here 
h is an integer  number  of  latt ice constants  k, h > I. 
Separa t ion  of  the pore vo lume into sites and grouping 
the sites are carried out based on  known particle--wall  
in te rac t ion  potentials taking into accoun t  the symmetry 
of  the inner  space of  the pore. Figure I, a shows the 
types o f  sites with Z = 6 for a cyl indrical  pore with Rp = 
4.5L and Fig. 1. c shows the ones  for z = 8. 
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Fig. !. Cuts of cylindrical pores by lattice structures with z = 6 
{a, b) and 8 (c}. The center of the pore contains one (a. c) or 
four (b) particles. Numerals denote the numbers of the types of 
sites (q) into which the pore section is split. 

In the la t t ice  m o d e l ,  it is c o n v e n i e n t  to m e a s u r e  
d i s t a n c e s  in the n u m b e r s  o f  c o o r d i n a t i o n  s p h e r e s  r ,  
I <_ r ~ R. Let us denote  the n u m b e r  of  sites in an rth 
coordinat ion  sphere sur rounding  site f b y  zj(r); R is the 
radius of  the adsorba te - -adsorba te  in te rac t ion  potent ia l .  
The interparticle interact ions  are taken into accoun t  by 
enemy  parameters o f  the lateral  in terac t ions  z(r,j) be- 
tween particles i and j located in an rth coo rd ina t i on  
sphere,  where ro. _< R. In this work,  the lattice pa ram-  
eters s(r/j) were de te rmined  f rom the cor respond ing  
distances between the centers  o f  sites located at the 
d i s t a n c e  o f  the  r th c o o r d i n a t i o n  s p h e r e  us ing  the  
L e n n a r d - - J o n e s  p o t e n t i a l :  ULj = 4sij[(cYij/rij) 12 -- 
(er~)./r0-)6 ]. The value ri/~O. = 1.12 cor responds  to the 
m i n i m u m  of  this potential .  

An important  charac te r i s t i c  in the L G M  is the 
energy of  binding o f  par t ic le  i ( i  = A, an argon a tom,  
o r  i = M, an admixed molecu le )  in site q with the pore  
~alls. Q/+_vehi_ch_.is_ calc.ulat~d as  

f l  i | Qqi= -13-t in'77_ " [expl-13/~i_c(r)]dr~,, = I/(kT}, (I) 

where di_c(r)  is the potential  o f  in teract ion o f  par t ic le  i 
with a tom C in the pore wall. In tegra t ion  was pe r fo rmed  
over  the volume Vq = ~.3 of  a cel l  with n u m b e r  q; k = 
1-12~A,-_Ap When the Rp value is fixed, the pore wall 
intersects some of  the cells o f  the  intrapore space. This  
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is taken into account in lhe Qqi values by decreasing the 
volume of the cell accessible for the molecule located in 
the given cell q. Expression (I) giving the parameter Qqi 
ensures agreement of the result obtained in terms of the 
LGM with the precise result found for a low density of 
the adsorbate. 

The potential of interaction of a particle located at 
distance y from the cylindrical wall of a pore having the 
radius Rp was used in the calculations, zJ,z6 

I0 - ] 

where a is the interlayer spacing in graphite, equal to 
0.335 nm; n s = 38.6 atom nm -z for the basis face of 
graphite, ~As = (gAAg.~s) 1/2 and GAs = (OAA + Oss)/2, 
%4'k = 28 K, GAA = Gss = 0.34 nm (the index "s" refers 
to the carbon atom on the graphite surface and index 
"A" refers to the adsorbate). Formula (2) is the summa- 
tion of the interactions of an adsorbate atom with the 
adsorbent atoms over layersj. The density of the carbon 
atoms inside each layer j is considered to be uniform. 
The polynomial coefficients for Eq. (I), f(m~(x) = 

9 
a,,k ~ for the repulsion (m = 10) and attraction (m = 4) 

k=0 
branches of the potential are listed in Table 1. When 
R,~:~ this potential is transformed into the potential for :a �9 
a planar wall. 3~ It was assumed that the potential for the 
interaction of trace impurity M with the wall is de- 
scribed by Eq. (2) with a different parameter ZMs, which 
was specified using standard combination rules: CMs = 
(UMMas) 1!2, G,M s = (O'MM + GsS)I2, and ~* = ZMM/ZA A. 

One of the most complicated points in the calcula- 
tion of the distribution of molecules in pores is calcula- 
tion of the interface between high- and low-density 
phases of the adsorbate for capillary condensation below 
critical temperature. In the case of a single-phase fluid 
with any pore cross section, shown in Fig. I, only one 
distribution of molecules exists. When considering two- 
phase systems, one should know how the distribution of 
molecules changes in different pore sections on passing 
from the low- to high-density phase. At the molecular 
level, transition from the rarefied to the compact phase 
occurs as a gradual increase in density through a dis- 

Table 1. Coefficients ajk for the function fO3(x) 
k a{ al~ ,,. k a~ al~ 
0 4 . 7 1 2 3 9  7.73126 5 -378.7086 221794.03 
I -18.84855 -77.08463 6 420.1712 32000.29 
2 57 .64824  563.1619 7 3t6.4436 -28996.07 
3 -134.9114 -2820.991 8 141.4307 14672.09 
4 253 .9246  9608.343 9 -27.97551 -3162.542 

tance of several lattice constants L rather than as an 
abrupt jump (L = I). The region consisting of L inter- 
mediate pore sections in which the molecular density 
develops from that of the rare phase to that of the 
compact phase is called phase interface; the L value 
determines its width. Previously this problem has been 
considered only for a pure fluid in slit-like pores. 22 The 
L value was determined by its gradual increase up to 
values such that further increase no longer changed the 
distribution of molecules in the transient region. No 
calculations of this type had been carried out for cylin- 
drical pores. Prior to calculations, it is necessary to 
construct the phase diagram z3,26 for a cylindrical pore 
of a given width and to determine the local distributions 
of the fluid over the pore sections in the coexisting low- 
and high-density phases. These calculations were car- 
ried out by a previously reported method, z3,26 

Equations for the equilibrium distribution of molecules 

The partial and full isotherms of a multicomponent 
mixture of molecules with similar sizes are calculated in 
terms of the LGM using a cluster approach, 19 which 
allows one to describe simultaneously the inhomogene- 
ity of adsorption sites and intermolecular interactions in 
the adsorbate. In the quasi-chemical approximation, the 
closed set of equat ions  that takes into account  di- 
rect correlat ions of interact ing particles at distances 
r _< R has the following formtg: 

<~/e,~/= oj, V, 

'V = [-I 1--[ z.. S~r'" (r)exp[-13 c}~ (r)l, (3) 
r g et 

%i{/} .od-{r )  = ,o,d,,(,~,%~.~,.~ ' 

*Oss's(r) = OsgO(r) expl-~io(r) l ,  (4) 

where Pi is the part ia l  pressure o f  adsorpt ive i in the gas 
phase: a/= aj~ is the local Henry 's  constant 
for molecule i in sites of type J], a/~ is the preexponential 
factor for the local Henry constant, af ~3 = 1; for the 
vacancy (i = v). a/Pv = I; AJ is a factor taking account 
of the lateral interactions of central molecule i in site f 
with all the closest neighbors. The index f refers to all 
sites of a lattice structure and index g corresponds to 
z/(r) sites of an rth coordination sphere around site f, 0/ 
is the probability that molecule ~ is located in site f 
(unary distribution function); O[gin(r) is the probability' 
that molecule i is located in site f and molecule n is 
located in site g at distance r, where I _< i, n _< s (binary 
distribution function); ts~O-(r) = Osj!r)/O j. The normaliz- 
ing conditions for the binary (Ofgm(r)) and unary. (Oj) 
distribution functions can be written as follows: 

S .. S i _ _  
E I ) ~ g  ( 0  = Oj ,  Z O [  I. (5)  
j= l  #=[ 
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The adsorption isotherm for component i can be 

calculated from the equation 0 i = S ' f~  Oqi. For this 
<#=1 - 

purpose, set of equations (3) - - (5)  shouId hrst be solved 
for the local partial coverages o f  sites 0q( For trace 
impurities, the form of tile set of  equations (3) and (4) 
is simplified because the contr ibut ions of  trace mol-  
ecules to the expressions for A / c a n  be neglected. Then 
the dimension of  Eqs. (3)- - (5)  is redtlced (down to the 
dimension of  the set of  equat ions for a pure solvent) 
because the 0Nin(r) values can be expressed explicitly 
through the 0f 't" functions 

' �9 I tA 

where for a pure solvent, 

tf.caA(r) = 20gld/~(r) + bfx(r)l, 

x(r) = e x p I - - . B C A A ( , " )  l - -  I ,  

~r = I + x(r)(l -- 0 S - 0~:), 

Oj#(r) =. 18z~,(r)-" + 4x(r)(~/t).,,I I/2. 

Here 0f-=. 0/x: tbr an impuri ty--solvent  pair 

%m'~l,-> = %~Ac,-WIt,,~-~(~) + l) - f/.~~-~(,il ~ 

~exp[13(c~lA(r ) - g~la(r))l). 

The relative distribution of  trace impurities for dif- 
ferent sites in a pore is of  primary interest. Let 0/  = 

.uf0f ~, where the lklnclion it/  is defined as uJ = aliA/APJ 
(P~al,'XA/); for i = A, we obta in  ut i = I, Then the 
0/~;1fi)r x t =  u?lO/~/u,~Moda ratio depends only on the 
properties of the adsorbate--wal l  and adsorbate--adsor-  
bate potentials. Hence, the calculat ion of distribution o f  
a trace impurity in a pore requires only solution of  
equations for a pure solvent because characteristics of  
the trace impurity distribution are determined through 
potential functions and local coverages Of ~. 

To analyze the properties of  the interface, the phase 
diagram for a cylindrical pore having a fixed width was 
first calculated. Subsequently the distributions of  the 
low- and high-density phases at the end of  region L 
were considered to be specified, while tile distribution 
of  the density of  argon atoms in the transient region was 
calculated from Eqs. (3) - - (5) ,  in which tile index of  site 
q in expression (I)  consists of  the number of site f i n  a 
given cross section k (as indicated in Fig. I) and the 
number of  cross section k, I <_ k <__ L. We performed 
calculat ions for different lattice structures with Z = 6 
and 8 and different radii o f  lateral interaction, R = tk  
and 4~.. The distribution of  a pure fluid (the base 
component )  and trace impurit ies was considered taking 
~* to be 0.5 (weakly interacting impurity) and 2.0 

(strongly interacting impurity). The change in g* changes 
simultaneously the energy of  the adsorbate--adsorbate  
lateral interactions and, according to Eq. (2), the adsor-  
bate--adsorbent interaction energy. The results are given 
for a fixed pore radius, Rp = 4~,.. 

Molecule distributions 

The results of calculation of  the distribution of  mol- 
ecules at the interface between the high- and low- 
density phases of  the adsorbate in a cylindrical pore at 
T / T  c = 0.8, where T( corresponds to the bu[k gas phase. 
are presented in Fig. 2 for two lattice structures with Z = 
6 (a) and 8 (b). Due to the adsorption potential  of  the 
wails, the phase diagrams of porous systems differ from 
those of  bulk phases: in particular, critical temperature 
decreases. 8-14 The Te value depends on the type of  the 
lattice structure z, because this determines the number 
of neighboring molecules, which "counterbalance" the 
kinetic energy of  the molecules. 

Figure 2 presents contour lines for equal density of  
molecules for pure components (a. d )  and for weakly 
and strongly interacting trace impurities (b, c and e, f ) .  
For clarity, Fig. 2 presents smoothed values, instead of 
the discontinuous changes of  the local densit ies 0,/ in 
different structure sites, whose sections are shown in 
Fig. I. They were obtained by constructing the projec- 
tion of  Oq' a long the pore radius in a chosen  d i rec -  
tion. In this study, these directions connect sites I and 
II in Fig. I, a (structure with z--- 6) and sites I and 7 in 
Fig. [, c (structure with z = 8). Then the computer  
graphics is smoothed using the quadratic procedure.  
The contour lines for a pt, re solvent show real molecule 
densities expressed in dimensionless values O. These 
curves resemble the curves of distribution of  molecules 
in slit-like pores. ~-2 The values of density for a trace 
impurity are normalized by the gas density outside the 
pore. 

The structure of  the phase boundary between the 
low- and high-density phases determines the distribu- 
tion of  the base component; therefore, the con tour  lines 
are similar in shape to the phase boundary for argon 
atoms. It can be clearly seen that the phase boundary 
extends for about six monotayers. (Note that,  as in the 
case of slit-like pores, 22 an increase in the temperature  
widens the phase boundary.) The central part of  the 
Figure corresponds to the low-density ("gas") phase, 
while the "liquid" phase is located at the edges. The 
cross-sections of  the volumes occupied by the gas and 
liquid phases reflect the pattern of the layer -by- layer  
variation of  coverage in these phases. In the gas phase, a 
dense "film" (about two monolayers) of adsorbed mol- 
ecules is located near the wall. A weakly interacting 
impurity is accumulated on the walls to a lesser degree 
than a strongly interacting impurity. The former  can be 
easily "displaced" from the walls by a ~ o n  atoms,  whereas 
the latter is retained at the walls even when the density 
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Fig. 2. Density contour lines at the interfitce betvmen the high- and low-density phases in a cylindrical pore_ Calculations for a lattice 
structure with ;. = 6 ( a - - c )  a n d  8 (d .  e) .  The absci~a~ corresponds to a pore section with a length of 27 sites and the ordinate axis 
corresponds to the pore diameter; (a. d) distribution of the base component at T / T c r  . = 0.8; (b .  e) distribution of a weakly interacting 
trace impurity, c* = 0.5: (c,  j ') distribution of a strongly interacting trace impurity, c* = 2.0. 

o f  the base c o m p o n e n t  is high.  T he  d is t r ibu t ion  pat terns  
o f  trace impur i t i es  for the  two lat t ice s t ructures  are 
similar.  The  quant i ta t ive  d i s t inc t ions  are due first o f  all 
to different  cri t ical  t empera tu res  o f  the  two structures  in 
the bulk gaseous  phases ( T  c for z = 6 is lower than T c 
for z = 8, and  the ratio u n d e r  s tudy.  T / T  c ~ const) .  In  
add i t ion ,  w h e n  the cyl inder  radius is small  and, hence ,  
a pore cross sect ion a c c o m m o d a t e s  a small  n u m b e r  of  
sites, the d is t r ibut ion  o f  sites be tween  the  near-wall  and 
cent ra l  parts  of  a pore starts to play a role. However,  
due to the  s m o o t h e d  c h a r a c t e r  of  the  curves presented 
in Fig. 2, the  latter fac tor  is less s ignif icant  than the 
fo rmer  one.  

The  process  of  redis t r ibut ion  o f  a trace impuri ty 
be tween the  wall 102, ~) and  the c e n t e r  ( 0 2 c )  of the pore 
is cha rac te r i zed  quant i ta t ive ly  by the  selectivity coeffi-  
c ient  

S = 02c/02, ~. 16) 

I. For  low densi ty.  0 f = 0. we o b t a i n  03c = e3,~- = 1 
and  A2w = A2c = 1. By subs t i t u t ing  success ive ly  these  
values for local 0 and A. we found  

S = a2cO3cA2~/a2wO3wAac = expl-Ns2w - c2c)1 ~ e x p ( - ~ ) ,  

because a2w = aoexp{-[3e2, v) and  a2c = aoexp(-13e2c), 
where  a2c ~ 0. 

Final ly,  

13~>~ = palw(~% 1/-' 

and 5'(01 = 0) = exp[-~',clw(a*)l/2l_ (6b) 

It lbl lows f rom this result tha t  the  g r e a t e r  c*, the smal l e r  
the  select ivi ty  coeff icient  for zero  coverages .  

2. In the  case of  crit ical coverages ,  the  overall  0crir 
values 13J4,z3,25 are ~0.7--0.8 .  T h e  local  values o f  free 

sites are 03c = (I - 0 i t )  = 0.5 a n d  03w = (1 - 0bO = 
0.01 - - 0 . 0 0 0  t .  

t ion S for low (0~ = 0), cr i t ical  (0c,.it), and  large (02 ~ t ) 
pore coverages.  Index I refers to the  base c o m p o n e n t .  2 
co r responds  to an impuri ty,  and  3 d e n o t e s  a wmancy. 

l e t  us rewrite Eq. (6) in the  fol lowing tbrm 

S = a2cO3cA2w/a2~O3~A2c,  (6a) 

where a is H e n r y ' s  c o n s t a n t  and  A is the nonideal i ty  
func t ion .  Tak ing  into a c c o u n t  the  c o m b i n a t i o n  roles, 
we found tha t  ~lw = (z-)]e,,.,,,) ~/2 and  ~2,~ = ( ~ 2 2 z , u ~ )  I /2  -'- 

~:t~(a*) I/~-, and  e21 = cl2 = (~11z22) I /2 = z~ i(e*) I/2, where 
r.* = ~22/~.11, c* = 0.5. 1.0. 2.0. 

To e s t ima te  S, we use tile exp re s s ion  for the func -  Let i s c o n s i d e r  the analy t ica l  e s t imates  for the func . . . . .  
t ion  A in the  m e a n - f i e l d  a p p r o x i m a t i o n t g :  h2w = 

exp[-pe21(Z01)w] and  A2c = expl-13c2t(zO0~l .  T a k i n g  
into a c c o u n t  the facts tha t  the  d e n s i t y  on  the  wall  
(0c,~0 W is close to unity,  the dens i ty  in the  i n n e r  layers 
o f  a pore  (0cm)c is about  0.5, a n d  the  n u m b e r s  o f  
ne ighbo r ing  sites for a site in the  bu lk  (Z.c = 6) and  o n e  
near  the  wall  (Z,,, = 4) are d i f fe ren t ,  we have  

S(O~riO = e x p l - p ~ . , , ( : ) J ' : l l ( l  - o ~ ) / ( 1  - e . , , ) l  x 

xe• - (zOl)wt }. 
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By substituting the above 0 and z values into this 
expression, we obtain 

S(0cm) = exp[-pe.,,~(e*),/211102_ 10 4] x 

xexplpc, l[(6.0.Sic - (4. Iiwl} = 

= exp[-13cl~(~*) 1/21110.2-- 10alexpl-13q i (e*) 1/21. 1'de) 

This expression shows that under the near-critical 
conditions,  S(0crit) > S(0I) and that the S value de- 
creases as r_* increases. In the critical region, when the 
attraction of  atoms to the walls is fairly strong, S cannot 
be greater than ten. (Note that in our estimates, the 
[(I - 0tc)/(I  - 01w)I ratio is fixed and does not depend 
on z*.) 

3. In the case of high density, full coverage of the 
pore corresponds to 0 2 = when  each local density 
tends to unity. 

As a consequence, the [(I - 0 i t ) / ( [  - 01w)] ratio 
remains almost the same as m the critical region ( 1 0 2 -  
l04) but the ratio of the terms in the exponent  changes 

S(O~) = exp[--~lw(C*)l!2l[ lO2--lO4Jexp{~3c21[(,-aOi)c - -  ( , . ~ l ) ~ ] }  = 

= expl-13ei~,0:*)I/2][102--104]explpell(a*)l1201A~.l, (6d) 

because Olc = 01w = I and ,.'Xz = Q - zw > 0 (for any Z). 
This indicates that an increase in the density induces an 
increase in the selectivity, which becomes more and 
more pronounced as ~* grows. Thus, the ~* value is sti l l  
signif icant and determines the l im i t ing  value o f  the 
function S(02) even for full coverage of  the pore. 

These qualitative estimates are confirmed by calcula- 
tion of  the selectivity coefficient of  trace impurity lo- 
cated between the pore center and the wall (Fig. 3). The 
curves for the variation of InS vs volume filling of a pore 
show qualitatively similar patterns for any impurity (the 
character of  impurity is determined by the parameter  
~*). When the pore coverage with the base component  
increases, the coverage of the first layer is the first to 
increase and the neighboring adsorbed molecules hold 
the impurity more strongly near the wall due to lateral 
interactions; therefore, the curve for InS vs P/(kl) has a 
minimum. However, further increase in the pore cover- 
age results in the impurity being displaced from the 
walls to the bulk of the pore by the great amount  of  the 

- -base-component.  When-~he. near-surface, region o f  t h e  
pore is fully covered (this is about two surface monolay-  
ers), the function S sharply increases. This behavior is 
manifested as a rule in the near-critical region, in which 
the pore surface is covered almost complete ly  (provided 
that the molecules are strongly attracted by the walls, as 
we assume here) and the volume of  the pore is filled 
approximately by half with the base component .  Further 
filling of  the pore bulk has only a slight influence on the 
S value. The stronger the interaction o f  the impurity 
with the walls and with the base componen t  molecules, 

InS 

t .00 

0.10 

0.01 ~ ,  3 ~  

i ~ i i t 

0.005 0.0t0 0.015 0.020 "0.025 P/kT 

Fig. 3. Coefficient of distribution of a trace impurity between 
the pore bulk and the pore wall (S) for the case of R = Ik, z = 
6 as a function of the degree of filling of the pore volume with 
the solvent (the P/kTvalues for the gas phase are laid offon the 
abscissa) for a weakly interacting impurity (/). the base compo- 
nent (2), and a strongly interacting impurity (3). 

the stronger the impurity is held by the walls and the 
lower the selectivity coefficient at any pore coverage. 

Self -di f fus ion coef f ic ients  

With a knowledge of  the equil ibrium distribution of  
particles, it is possible to determine  self-diffusion coeffi- 
cients. 19,31 In the case of  narrow pores, the self-diffu- 
sion coefficient characterizes the thermal motion of  
molecules along the pore axis. The expression for the 
self-diffusion coefficient of molecules  i, where i is the 
label of  either the base componen t  or trace impurity, 
provided that they show an equil ibrium distribution over 
the pore cross section, is written 3t as 

Di" = X2 ~ -~qfq ~ dqp(v~o/Or /dO;. (7) 
q=l  p=l  

R ~r 
V t ;  .A /v h.' . iv 

-- Aq, = FI fI FI 
r = l  ~"r h 

When deriving this expression, 31 the researchers used 
a transition state model taking into account all the 
jumps o f  a-migrat ing.molecule into neighboring sites, o f  
various types. Averaging was performed for both the 
contributions o f  sites to which the molecule migrates 
(type p sites) and the contr ibut ions of  sites from which 
it migrates (type q sites). Here gq/v is the rate of  
migration of  molecule i from a type q site into a type p 
site; Kq/v = K'qptVexp(-f3E@ iv) is the rate constant for 
the migration o f  molecule i from site q into a vacant site 
p; Eqp iv is the activation energy o f  migration; /l'qp/v = 
Ft.*/(h~Fi) is the preexponential factor for the rate con-  
stant, h is the Planck constant;  and F,-* and ~ are the 
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statistical sums for particle i in the transition and ground 
states: for the distributed model considered, dqp -= ]/Zq. 
The effect of interparticle interactions on the activated 
migration is determined by the function Aqp 'v. 

v . . 
s = Z E,7,, (,%) qpA (%') 11 

j=.a, 

T i , ~ j ,  . qph (r = O qi/l(r! )O ghVJ(r2)/(O qtO pVOlJ), 

Ea~J, ((%) = exptpl6zq~,~(r 1 ) + 6cp~,'J(~)] }. 

8e qhiJ(r ) = r - %h'J(r). 

During migration, the moving particle is subject to 
the influence of neighboring panicles; the enemy of this 
interaction is described by the parameters z'qh/)(r), which 
differ from the corresponding energy parameters for 
particles in the ground state, ajJ(r)_ The particles sur- 
rounding the activated complex can be conveniently 
numbered using the numbers of sites h s re(c%) having 
different orientations ~,)# (1 _ (0 r _< x<), where zz r is the 
number of orientations in an rth common coordination 
sphere about dimer iv at central sites q and p (i.e., for 
sites located at distance r from either site q or site p). 
The orientations are referred to the center of dimer /v. 
i.e., the point of intersection of the line connecting the 
central sites with the line connect ing site h with the 
dimer center. 

To calculate the derivative dOq*i/dOi" in Eg. (7), we 
I 

* i .  take into account that 0 i" = ~ f q  0q , therefore, 
q = l  

dO q*i/dOi ~ = (dOq'i /dO)/(dOi ' /dO) = [(dU qi/dO)O / + 

+ Uqi(dOqi/dO)]/{ ~ fq [(dUqi/dO)Oq i + Uqi(dOqi/dO)l}. 
q 

The rate constants for migration from different sites 
comply with a simple condition: the deeper the well, the 
lower the probability that a particle would leave it. The 
relationship betwee n th e migration constants and local 
Henry 's  constants has the following form: a~iKqp iv = 

i " O i  ' r  i apiKlw iv, which takes into account that aq = aq e.xp([3Qq ). 
It was assumed in calculations that Eqp 'v = v, Q,/, y = 1. I 
(if Qqi > Q/ )  and CqhO(r) = Cij(r), aJg(r)  = zo(r ) for any 
type of structure sites. 

The general trend for the self-diffusion coefficients 
of molecules to decrease with an increase in the degree 
of pore coverage is due to the decrease in the free space 
accessible for molecules (Fig. 4). The pattern of con-  
centration dependence of Di*(O) for the base component  
depends substantially on the ratio of the lateral interac- 

tions of molecules in the ground and transition states. If 
the difference between the interactions of molecules in 
the ground and transition states can be neglected, the 
concentration dependence of the self-diffusion coeffi- 
cient monotonically decreases. The slope of the curve 
t'or Di*(O ) at low coverages is much greater than that for 
near-critical coverages. This behavior of Oi'(O) at low 
coverages is due to the increase in the fraction of 
molecules located in the central part of the pore, in 
which these molecules migrate faster than near the pore 
walls. The decrease in Di*(O) at high coverages is associ- 
ated with the dramatic decrease in the proportion of 
vacancies. For z = 6 and R = IX, it is sufficient that ct = 
~*( I ) /~AA(I )  > 0. I for the pattern of the monotonic 
decrease in Di'(O) for near-critical coverages to change 
due to the enhancement of the lateral attraction in the 
transition state. For other z and R values, the ct value 
corresponding to a nonmonotonic variation of Di*(O ) is 
greater than 0.1, but the above-mentioned feature re- 
mains qualitatively the same. 

Figure 5 shows analogous plots for the self-diffusion 
coefficients of weakly (a) and strongly (b) interacting 
trace impurities. (The curves were normalized by the 
self-diffusion coefficient of the solvent label for zero 
coverage.) The pattern of the concentration curves for 
the self-diffusion coefficients is generally retained. The 
family of curves for weakly interacting impurities shifts 
to higher sell-diffusion coefficients with respect to the 
label of the solvent. However, in alI cases, an increase 
in c~ brings about a nonmonotonic variation of Di~ 

O 

10.000' 

1.000 

O. I00 

0.010 

0.001 

5 

r I I i . . .  

0 0.2 0.4 0.6 0.8 

Fig. 4. Concentration dependences of the self-diffusion coeffi- 
cient (D) for the base component for z = 6, R = I~., and the 
parameter ct = 0 (/), 0.05 (2), 0.10 (3), 0.15 (4). 0.20 (5). 
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The curves  for other  m o l e c u l a r  parameters  (z = 8 and 
R = 4) are shown in Fig. 6 in a linear scale along the 
ordinate  axis. For  weakly in teract ing impurities, the first 
local m a x i m u m  can be observed at low coverages, and 
the second  local maximtm~ can occur  at a near-cri t ical  
coverage.  In the case o f  s trongly interacting impurities, 
no m a x i m u m  is observed at low coverages, the impurity 
is located near  the walls, and migration through the 
pore cen t e r  makes  a low cont r ibut ion .  In the case o f  a 
weakly in te rac t ing  impurity, the fraction of  molecules in 
the pore bulk is much greater  than that near the wails. 
The f rac t ion o f  this c o m p o n e n t  in the pore bulk in- 
creases wi th  an increase in the  concent ra t ion  of  the base 
c o m p o n e n t .  This  accounts  tbr  the presence o f  the first 
local m a x i m u m .  

It can  be seen  in Figs. 5 and 6 that the m a x i m u m  
at grea ter  0 is due to two reasons: (1) the  difti:rence 

between the interactions o f  a migrating particle with the 
environment  in the g round  and transition states and 
(2) the increase in the concen t r a t i on  of  the base c o m p o -  
nent to near-critical values. When the concen t r a t i on  o f  
the base component  increases,  the trace c o m p o n e n t  is 
displaced from the walls to the pore bulk, where  it 
moves more vigorously; however ,  the max imum of  Di*(O) 
is displayed only  p r o v i d e d  that  the r e l a t i o n s h i p  
cz(impurity) > c~(solvent) holds. Thus, the c o n c e n t r a t i o n  
dependences of  the self-diffusion coefficients are h ighly  
sensitive to the potential  o f  in termolecular  in te rac t ions  
for the base componen t  and depend appreciably on the 
total concentrat ion o f  this  componen t .  Fur ther  increase  
in the density of  the base c o m p o n e n t  decreases  the 
mobility of  both this c o m p o n e n t  and any impurity.  
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Fig. 5. Concentration dependences of the self-diffusion coeffi- 
cient of weakly (a) and strongly r interacting impurities at z = 
6, R = 4~.. The parameter ~,t (1o1 the base component) = 0.5: 
<~ (tbr the impurity) changes from the tower to the upper cma, e 
from - I . 0  to 1.0 with a step of  1/3. 

~3 '612 0'.4 016 0'.8 1'.0 0 

~\\\x 

I I 1 r 

0 0.2 0.4 0.6 0.8 1.0 0 
Fig. 6. Concentration dependences of the self-diffusion coeffi- 
cient of weakly (a) and strongly (b) interacting impurities for z. 
= 8, R = 4k. The parameter c~ (for the base component) = 0.6; 
a (for the impurity) changes from the lower to the upper curve 
from 0.4 to 0.8 with a step of 0.05 (the dashed line shows the 
curve for the base component). 
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The distributions of clusters 

Let us consider the distribution of clusters in cylin- 
drical pores depending on the degree of pore coverage 
by the main component. The atoms in clusters are 
mainly connected* due to van der Waals forces. The 
energy of bond cleavage in these clusters is relatively 
low; therefore, the concentrat ion of clusters in gases 
under normal conditions is low. However, as the tem- 
perature decreases, the concentrat ion of clusters always 
increases. In porous systems, this concentration also 
depends on the parameters of interaction of particles 
with the wall and on the geometrical size of the micropores 
because the bulk phase diagram changes appreciably 
under the influence of pore walls 8-11"23,25,32 and, cor- 
respondingly, the regions of existence of the supersatu- 
rated state of the fluid sharply change compared to 
those in the bulk phase. 

The distribution of clusters consisting of atoms of 
different sorts depends on the mutual attraction or 
repulsion of these atoms. The distribution of clusters 
containing trace impurities depends substantially on the 
concentration of the base component ,  it is these distri- 
butions of clusters that govern the processes of homoge- 
neous catalysis in solutions and the possible degree of 
limiting exhaustion of various reactants in these pro- 
cesses. 33-35 Similar processes in microporous systems 
can play an important role provided that both reactants 
are adsorbed by the adsorbent, in this case, the effect of 
the adsorption field can sharply change (either increase 
or decrease) the proportions of clusters of different 
types in various pore cross sections with respect to the 
volume distribution of clusters; correspondingly, the 
probabilities of participation of these components in 
reactions also change. 

The lattice model permits effective analysis of the 
distribution of clusters in micropores. By analogy with 
the gas phase, a cluster of size n in a pore is an isolated 
particle consisting of n atoms linked to one another by 
at least one bond and surrounded by vacant sites of the 
lattice. 3z The vacancies ensure the isolation of the par- 
ticle. The atoms in the dus te r  can be arranged in 
different ways depending on the number of inner bonds. 
The clusters in pores are formed from atoms located in 
different groups of sites. Therefore, the equilibrium 
concentrations of clusters depend on the position of 

" their center o f  gravity-with--respect te~ ~he ~perpendiculr �9 
to the wall surface and on the cluster orientation with 
respect to the perpendicular. With known local cover- 
ages of sites of various types 0/, one can calculate the 
equilibrium probabilities of the formation of clusters 
0clt,s(n[t') of size n having a center of gravity in a type f 
site or the concentrations of these clusters: 0clus(n~) = 

* This refers to weakly bound groups of adsorbate atoms or 
molecules rather than coordination compounds, whose mol- 
ecules are formed by strong chemical bonds of the metal-- 
metal type. 

o(nLf)q~(nif), where O(nf)  is the probability that mono- 
mers of various sorts fill a certain group o f n  sites linked 
to one another and having a center of gravity in a site of 
t ype f  and ~(n[t') is the probability of existence of many 
vacant sites surrounding the given set of atoms in the 
cluster. The possibility of calculation of the concentra- 
tions of clusters for various degrees of coverage of a 
cylindrical pore is illustrated below in relation to dimeric 
clusters containing foreign atoms of various sorts. 

Analysis of the probabilities of the formation of 
clusters of various sizes from the base component  (ar- 
gon) as functions of the position of the center of gravity 
of clusters relative to the walls of slit-like and cylindrical 
pores at various degrees of coverage of the micropores z6,32 
resulted in the following conclusions: (1) the patterns of 
these curves depend substantially on the type of interac- 
tions of molecules with the pore wails. In the case of 
unwettable pores, which a sort of "repel" a ~ o n  atoms, 
the cluster stability inside pore is determined by inter- 
atomic interactions. Conversely, in the case of readily 
wettable walls, which strongly "attract" argon atoms, all 
the cluster atoms tend to be located near the wall 
forming a planar configuration; (2) the equilibrium 
concentrations of clusters in the pores change dramati- 
cally upon change in the cluster positions in the pore 
bulk and the orientation relative to the pore wall; (3) as 
the degree of filling of the pore volume increases, the 
concentrations of various clusters sharply decrease. 

The quantitative differences between equally wide 
slit-like and cylindrical pores are due to the increase in 
the proportion of sites in the near-wall region and to the 
decrease in the proportion of sites in the bulk of the 
pore in the case of cylindrical pores. 

Figure 7 presents the concentration dependences of 
the formation of cluster dimers whose orientations rela- 
tive to the pore walls are specified by the numbers of 
central sites (f--g). The probabilities of the existence of 
dimers formed from monomers i a n d j  located in neigh- 
boring s i t e s f a n d  g (see Fig. 1, a, c) are expressed as 

0ctus0(21fg) = Ois~21fg)Oo~2~q). 
where 

0;/,_,ig) = 0 h j .  |  = l-[ ' j~.,, 

,}f~ = %,,o ,~i<~io7%,). 

Here, site h implies all the closest neighbor sites sur- 
rounding the central pair of sitesf~ the number of these 
sites is denoted by Zfg(1). 

Figure 7 presents the variation of the probability of 
dimer formation vs the degree of coverage of  a cylindri- 
cal pore with readily wettable walls (lattice structure 
with z = 8). The following designations were introduced 
for the system components: B is the base component  
and W and S are weakly and strongly interacting impu- 
rities, respectively. The curves in Figs. 7, a and 7, b 
refer to different sorts of dimers in sites ( f - - g )  in the 
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Fig. 7, Concentration dependences of the distributions of 
dimeric clusters (0) inside a cylindrical pore (temperature T = 
[.01Tcrit): (a and b) the (I--2) and (3--4) pairs of sites, 
respectively, containing different atoms forming the following 
dimers in the ternary system: (t) WW, (2) SW, (~  WS, (4) SS; 
(c) the dimer BW formed by the base component in site fund 
the weakly interacting impurity in site g for the following pairs 
of sites (,f--g): (I) (I--2), (2) (2--3), (3) (3--4), (4) (4--6J. 

pore bulk, namely, the (1--2) and (3--4) pairs of sites 
(see Fig. I, c). In the general case, the cluster concen-  
trations decrease with an increase in the volume filling 
of the pore. However, the region of concentrat ions of 
the base component in which the dimer concentrat ion 
noticeably differs from zero depends appreciably on the 
nature of the monomer  and on the cluster orientation. 
Comparison of the curves corresponding to dimers 
formed from weakly interacting monomers with similar 
curves for dimers formed by strongly interacting impuri-  
ties shows that the concentrations of weakly interacting 
impurities decrease more slowly with an increase in the 
degree of filling. This is due to the displacement of 
"weak" dimers to the pore bulk. which is filled only after 
the near-surface region has been covered. 

The curves presented in Fig. 7, c correspond to a 
dimer formed by molecules of the base component  and 
a weakly interacting impurity located in different 
positions inside the pore, namely,  the ( t - - 2 ) ,  (2- -3) ,  
(3--4), and (4--6) pairs of sites, in this case, nonmonotonic 
variation is observed; the dimer concentrations first 
increase and then decrease. The closer to the wall are 
the directs, the more rapidly their concentrat ion de- 
creases because the near-wall region is covered pre- 
dominantly. 

The analysis performed showed that the general fea- 
tures of distribution of isolated clusters in various points 
inside narrow pores, found previously z6,32 for molecules 
of the base component ,  are also valid for clusters formed 
by impurity molecules. However, the nature of the 
impurity molecule can substantially influence the prob- 
ability of formation of various types of mixed clusters 
and their orientation relative the pore walls. 

This work was financially supported by the INTAS 
and by the Russian Foundation for Basic Research 
(Project No. 95- I 16). 
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