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New method for calculating the adsorption of noble gases
on amorphous surfaces
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A new approach to calculating the equilibfum characteristics of the adsorption of noble
gases on the amorphous surfaces of adsorbents was developed and applied to the
Ar—TiO,(rutile) system. Intermolecular adsorbate—adsorbate interactions are taken into
account for the nearest neighbors in the quasi-chemical approximation. The lattice energy
parameters of all interactions of the model are determined from the Lennard—Jones
potential (12-6). The formation of amorphous TiO,(rutile) surface includes completion of
the surface layers and partial removal of the surface oxygen ions. The quality of the
amorphization procedure was confirmed by the experimentally measured heats and isotherms

of adsorption of the system under study.
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Amorphous surfaces are characteristic of a suffi-
ciently wide range of sorbents widely-used in adsorption
processes. Among these are not only numerous struc-
tural and chemical modifications of silica (silica gels,
aerosils, silochromes, porous glasses, erc.),! but also, for
instance, metal oxides? whose three-dimensional crys-
talline structure has strongly disordered surface layers
{first indicated in 1956 3). The formation procedure is
of paramount importance for the state of the adsorbent
surface. Depending on the conditions of the crystal
growth and the subsequent stages of annealing and/or
treatment in active gaseous or liquid phases, one or
another structure of the adsorbent surface can be ob-
tained.

Amorphous surfaces are a special case of inhomoge-
neous surfaces. The theory of the adsorption of gases on
inhomogeneous surfaces has been actively developing
recently. 7 As a rule, for most versions of this theory,
the adsorbed particle (atom, ion, or molecule) is as-
sumed to occupy one adsorption center. However, this is
not always the case for amorphous surfaces. Analysis of
the potential energy of Ar atoms on an amorphous rutile
surface has shown® that the distances between the
local minima are shorter than the diameter of the Ar
atom and that the latter can block several adjacent
local minima. An analogous result was obtained® for the
sorption of Kr atoms and CH, and CO, molecules in
amorphous glassy polymeric matrices based on polycar-
bonate. Such a situation is characteristic of adsorption
of multicenter particles: one particle blocks more than
oue local minimum. This iine of the theory has not

been well developed because of the great difficulties in
theoretical description of this effect (for details, see
Ref. 10), and numerical experiment has been the basic
investigation technique in this case.!!

In general, the problem of calculating the adsorption
of gases on amorphous surfaces consists of two parts: the
first is to simulate an amorphous surface, while the
second is to develop a procedure for calculating the
adsorption on the generated surface. The degree of
inhomogeneity of the surface layer of the adsorbent
(and, hence, its adsorption capability) is strongly depen-
dent on the conditions of its formation. In this connec-
tion, the necessity arises of elaborating a procedure for
describing the process of the formation of the solid to
determine the final state of its surface. The state of the
surface of an adsorbent is characterized by distribution
functions, which describe its composition (a unary func-
tion) and structure (paired and cluster functions).!%13
These distribution functions are solutions of the problem
of simulation of the process of the surface formation.
Previously,14 we obtained for the first time kinetic equa-
tions for the processes of formation of crystalline solids.
A procedure for generating amorphous surfaces by a
random process of displacement of the atoms of a crystal
lattice from their equilibrjum positions has been pro-
posed by other authors. 'S Adsorption on this surface was
calculated by the Monte-Carlo method.

Another numerical procedure has been used to simu-
late amorphous surfaces:® a crystalline support was ran-
domly coated ("sputtered”) with atoms to form the
surface area of 2 solid. Adsorption on the generated
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surface was studied for low coverages. Then, adsorption
on the same surface was calculated by the Monte-Carlo
method in the whole range of coverages of the mono-
layer. An additional mechanism of generating the amor-
phous structure of the rutile surface at the expense of
the removal of a portion of oxygen from the crystalline
surface layer has also been suggested.1$ Refs. 17—19, in
which studies on generating amorphous SiO, surfaces
were carried out using the molecular dynamics tech-
nigue, should also be noted.

In this work, a new procedure for generating the
near-surface area of an adsorbent and a new method of
calculating the isotherms of adsorption of spherically
symmetrical particles on amorphous surfaces was sug-
gested to describe the adsorption of noble gases on
amorphous surfaces. The physical adsorption of gases is
believed to cause no change in the surface properties of
the adsorbent. The interaction between the gas and the
solid is described by the atom-atom approximation.
Calculations of the adsorption characteristics imply
knowledge of the atom-atom potentials of the adsor-
bate—adsorbent and adsorbate—adsorbate interactions.
Let us consider, as an example, the adsorption of Ar
atoms on the amorphous surface of rutile (TiO,;). Ex-
perimental data on the isotherms and heats of
adsorption?92.200 a5 well as the estimates of parameters
of the atom-atom potentials for this system have been
reported in the literature.!$ Previously,® a new proce-
dure for calculating the adsorption of sphercally sym-
metrical particles on an amorphous surface based on the
model of the latrice gas has been suggested. This proce-
dure was first tested in this work.

To exclude the large number of parameters of the
lattice model needed for describing any inhomogeneous
surface, these parameters were calculated using the atom-
atom potentials of the interaction of Ar atoms with each
other and with oxygen and titanium ions. The function
of distribution of the adsorption centers over the bond-
ing energies was obtained on the basis of experimental
data on the heats of adsorption;?®™ only its limiting
values (for the maximum and minimum bonding ener-
gies) were used to find the conditions of generation of
the amorphous surface and to estimate the "quality” of
the Ar—Ti%" and Ar—0?™ atom-atom potentials. Calcu-
lations of the concentration dependence of the heat and
isotherm of adsorption were carried out with no addi-
tional fitting parameters.

Model of the system

The model of the system under study consists of:
1) procedure of the formation of the amorphous surface
of the adsorbent, 2) the atom-atom potentials used, and
3) the lattice model for calculating the adsorption char-
acteristics.

Procedure of formation of the amorphous structure
of an adsorbent. The amorphous structure of an adsor-
bent is assumed to be rigid and unchanged at all degrees

of coverage of the surface. Simulation of an amorphous
structure was carried out taking into account the con-
ventional geometric concept of an amorphous three-
dimensional structure as a completely random arrange-
ment of atoms in a solid. Unlike Ref. 15, we simulated
the surface structure of the adsorbent by building up the
unit cells of the crystalline support located at a depth of
R = 1.77 nm using a randomly generated arrangement
of the atoms in the three-dimeunsional structure of TiO,.
Here R is the maximum of two radii of the potentials of
the Ar—O?% and Ar—Ti*" interactions. These potentials
are nearly equal to zero at R > 1.77 nm, which approxi-
mately corresponds to six lattice constants. Using a
random number generator, the random vectors of posi-
tions of new atoms relative to those of previously "ar-
ranged” atoms were obtained. Since the bujld-up is
carried out from the depth toward the surface, random
displacements are repeatedly accumulated from layer to
layer, and the degree of amorphization of the surface
layer reaches its maximum value. This procedure is
characterized by parameter § (%), ie., the maximum
displacement of the atoms from the value of the lattice
constant. The parameter & allows one to prevent com-
plete bond cleavage between the atoms since short-range
order exists in an amorphous substance. Previously,$ the
Bernal model, which neglected the cationic sublattice,
was used for amorphizing an adsorbent. Our model takes
into account both cationic and anionic sublattices, which
corresponds to a real amorphous substance containing
cations and anions.

The second peculiarity of amorphization of the sur-
face consists in the removal of a certain portion y (%) of
the oxygen ions after random displacement of the atoms
in the surface layer of the sorbent (see Ref. 16).

The procedure proposed takes into account two basic
properties of an amorphous substance: the presence of
short-range order and the absence of long-range order.

Potentials of atom-atom interaction. The potential
energy of the system was calculated in the atom-atom
approximation using a set of potentials based on the
Lennard—Jones (12-6) potential:

U AN = 4EAr~—i[(°'/")ler-—i - (G'/f)sm—-i].

where { are the O3~ and Ti** ions and the Ar atom;
Ejr—; is the depth of the potential well; r is the distance
between the interacting atoms; o,,_; are the parameters
of the potentials which are given in Table 1. Three sets of
parameters for the O~ ions have been previously!® con-
sidered. The second set was proposed as providing the best
qualitative agreement with experiment. In this work, the
values of parameters of the Ar—Ti** and Ar—Q?" poten-
tials were varied (see below); the parameters listed in
Table 1 were used in the calculations, while those for the
Ar—Ar potential were taken from Ref. 16. .

The lattice model. The lattice model5-1? was used for
calculating the isotherm and heat of Ar—TiO, adsorp-
tion in the whole range of the monolayer coverage of the
surface. A gas—solid interface can be conceived as a
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Table 1. Parameters of the Lennard—Jones po-
tential for the Ar—ion interactions

i Epc_ifk Car—i Refer-
/K /am ence

o 226.1 0.307 16

(020 160 0.325 16

o 130 0.336 16

Tit* 76.5 0.241 16

Ar 119.3 0.3405 16

0%~ 120 0.325

Ti** 60 0.241 *

* This work.

lattice with a constant number of neighbors (z = 4),
whose sites are adsorption centers. A Site occupies a
surface area of about the size of an adsorbate molecule
&* (d is the diameter of the molecule), and the volume
of each site is of order &3. A site can contain ne more
than one adsorbate molecule. Each site of the surface
fragment under consideration is indexed ¢, | < g < N
(N is the number of sites of a surface fragment) and can
be characterized by the energy of bonding of the mol-
ecule with the amorphous surface of the adsorbent (Q,)
and the local Henry constant (4,).

An argon atom located on the amorphous surface is
capable of blocking several local minima of the adsor-
bent—adsorbate potential energy; in this case the known
equations*®—7 cannot be used. We proposed a procedure
to account for such blocking,!® which consists in parti-
tioning the surface into #? lattice structures (each with
lattice constant d) that are shifted relative to each other
with an increment of d/n (n is an integer equal to 2, 3,
etc.). For each structure, the sets of parameters @, and
A, are obtained and then the systems of equations are
solved for local coverages of sites of different types.
These equations, which are similar to those for particles
blocking one site7 but take into account the differences
in the energies of the lattice sites and the interactions
between adjacent adsorbate molecules, can be written as
follows:

N 8 9
8(p) =3 f8,(p) 4, ‘—‘l—ie—n(l*'xrqp),
q=1 T Yg p=1
where

N 20
Sf=l p, s —2
4=l ! P by +8g

>

Bgp =1+ x(1 =8, ~8,). by, = (82, T 4x0,8,)/% (1)

x = exp(—Be) = 1 (B = (kD7!, k is the Boltzmann
constant, T is temperature); Z, is the number of nearest
neighbors of site g; p is the gas pressure, which corre-
sponds to the surface coverage 8; 9, 1s the probabiiity of
covering site g; the index p is the number of the current
site adjacent to site 4. Lateral interactions are taken into
account in the quasi-chemical approximation, which

retains the effects of direct correlations between adja-
cent molecules; ¢ is the parameter of the lateral interac-
tion (whose physical meaning is the average energy of
the interaction of a pair of adsorbed molecules located
in adjacent lattice sites).

Equations (1) describe the coverage of individual
sites of the surface fragment when f; = 1/N (the distrib-
uted model®7). In the case of macroscopic surface
areas, f, is a discrete function of the distribution of the
sites of a non-uniform surface that have local Henry
constants A,, i.e., the fraction of sites of type 4.5

After solving all n2 systems of equations, the desired
isotherm of adsorption 8(p) is constructed: to each p
value there corresponds a 8, value (1 < k£ < n?) that
corresponds to the minimum free energy of the system
calculated according to the formulas in Ref, 21. The
isosteric heat of adsorption was determined from the
standard equation:

Qi = —(dinp/dB)e=const-

The lattice parameters. The parameters of the lattice
model ¢, @, and A, are related to the interaction
potentials in a complicated way. The minimum and
maximum values of parameter ¢ can be estimated using
the following equations:?+22

tain = 87Dy, Doy = [ [ expl=BEn,—adNIAVAY,/V, Y,
vV

[y

e = | | Eac adNexpl=PEnc—ad)IAV,AV,/B,

97

B = [exp[~BEs—adPIdVAV,,
vy

7

Q,= jU(r)exp (—BUMAYV /4, A, = J' exp[—BUN]dV,. (2)
v, v,

q

Expressions for the lattice parameters Q, and A4,
were given in Ref. 22. In Egs. (2) V, is the volume (d°)
of the site with index g, which is located above the
surface of the adsorbent; U{r) is the potential of the
adsorbate—adsorbent interaction, which is obtained by
summing all paired contributions U,,_{r) from the atom-
atom potentials of the interaction of an Ar atom with the
titanium or oxygen ions (i = Ti%", O?7) that are located
within a sphere of radius R. Since all atoms of the
adsorbent are randomly distributed in three-dimensional
space, the volume integrals in Eqs. (2) were calculated
numerically because their analytical calculation is im-
possible.

In the lattice models, the paramneters ¢, Q,, and 4,
are conventionally believed to be "fitting” parameters,
determined from a comparison of calculations with ex-
periment. If expressions (2) are used, these quantities
are not independent parameters, since they are deter-
mined using the parameters of the atom-atom potential
curves that can be found in the literature. In the absence
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of the latter, the above parameters can be calculated
using Egs. (1) and (2), for instance, by comparing
calculated and experimental isotherms of adsorption.

Analysis of the model

Analysis of the potential emergy of the adsorption
system. Calculations of the potential relief U{r) were
carried out with an increment of 0.025 nm. The incre-
ment value was chosen with an eye to further averaging
of the calculated energies of interactions and obtaining
the potential relief network in the optimal computing
time. The potential relief network was located above the
pre-generated amorphous structure of the adsorbent.
The height of the network was determined by the diam-
eter of Ar atoms (d = 0.38 nm). Surface areas of size
10x10, 15%x15, and 20%20 diameters of an Ar atom
(hereafter fragments) containing N = 100, 225, and 400
sites of the lattice structure were considered. In the case
of calculations of the potential relief of the boundary
domains of the fragment, a surface area was built up on
each side with a strip of a width equal to the radius of
interaction R. Local minima of the potential energy of
the Ar—TiO, interaction were determined by a numeri-
cal procedure in the course of the calculation, namely,
changes in the signs of the increments of the functions
in the vicinity of each point in a three-dimensional
space were analyzed, while the values of the minima
were additionally refined using a three-dimensional qua-
dratic approximation.23 The potential relief of an amor-
phous surface containing 400 sites of the lattice struc-
ture is shown in Fig. 1. The parameters of the genera-
tion procedure, § = 22% and v = 45%, used in plotting
this and the other figures are discussed below.

An analysis of the potential reliefs showed that an Ar
atom can block up to nine local minima. From [ to 3
local minima of the potential energy are most often
blocked (Table 2). On average, each atom blocks 2—3
local minima, at the same time almost one-tenth of the

U(A/k3 mol™!

7 7
-9

-9
-1l

-11
13
-13 <
-13

40 40

Fig. 1. Potential relief of an amorphous surface (6 = 22%,
v = 45%, volume is 7.6%7.6x0.38 nm3).

Table 2. The distribution function of the number of
local minima of potential energy fim) corresponding
to one lattice site (m is the number of local minima
in the site, ¥, is the total number of local minima,
N, is the average per one lattice site)

m Jm)

10x10  15x15  20x20
0 0.12 0.15 0.11
1 0.15 0.24 0.20
2 0.24 0.20 0.26
3 0.23 0.21 0.18
4 0.13 0.11 0.12
5 0.09 0.05 0.08
6 0.01 0.02 0.03
7 0.02 0.01 0.01
8 0.01 <10~3 0.0025
9 - - 0.0025
N 257 492 968
N, 2.57 2.19 2.42

sites have no local minima. These data point to the
convenience of calculating the adsorption characteristics
according to the procedure that we described previ-
ously:!® a small number of partitions is necessary to
account for blocking several adjacent local minima of
U(r), one need only n = 2 or 3 (calculations of the
systems of equations for one-center particles are fast).

As was mentioned above,i2-13 to characterize the
properties of the obtaincd potential surfaces, one must
introduce distribution functions: a unary function tfor
describing the composition and an additional function
(at least binary) for describing the structure of the
adsorbent surface. The distrbution function AQ) (or
AinAd)), which charactenizes the fraction of the surface
sites with bonding energy between Q and Q + dQ (and
analogously for Ind), is convenient to use for analyzing
the inhomogeneity of the surface composition. (Calcu-
lations of the distribution functions were performed with
an accuracy of 0.5 kJ mol™!.) The logarithmic scale is
used for 4 because it varies by 5—6 orders of magnitude.
A comparison of the distribution functions Q) aund
AinA) (Fig. 2, a, b) showed that their variation is corre-
lated. The differences between them are due to different
values of the preexponentials of the local Henry constants
Ay = A(Q)exp(—B ), Which can differ from each other
by more than 2 orders of magnitude (their distdibution is
shown in Fig. 2, ¢). The mean 4, value for the given
system is equal to 2.35- 1077 Torr~!. The results of the
calculations are evidence for the fact that the conven-
tional assumption that the value of the preexponential of
the local Henry constants is constant is a strong
simplification.

To describe the structure and energetics of the gen-
erated surface, let us define the two-dimensional distri-
bution function fAU,R), characterizing the distribution
of the local minima of the potential energy over both
the differences in the values of the AU minima and the
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Fig. 2. The distribution functions of the adsorption centers
(13x15, 8 = 22%, v = 45%) over the bonding energies AQ)
(a), the Henry constants AinA) (b), and the preexponentials of
the Henry constants {A4,) ().

distances R between them (RAU,R), is the portion of
the minima that simultaneously fall both into a certain
interval of increments 3AU and in the interval AR; the
5AU and AR values of 0.5 kJ mol™! and 0.05 nm, re-
spectively, were used in the calculations). This distribu-
tion function is a generalization of well-known binary
distribution functions of the distances between the at-
oms of an amorphous substance, since it additionally
accounts for the differences in the values of the
local minima. The profiles of this two-dimensional dis-
tribution function for different cross-sections along the
AU coordinate are presented in Fig. 3.

The analysis of the function indicates that the por-
tion of the minima that fall into the same intervals of R
values decreases as the differences in the AU energies

increase. This conclusion is of particular importance for
short (R < d) distances. The area under the radial
distribution curve characterizes the size of a site of the
lattice structure. Figure 4 shows these areas for the
radial distribution curves presented in Fig. 3. The prob-
ability of uniting several local minima that strongly
differ in bonding energies into one site is low. Therefore,
joining several nearest local minima into one adsorption
center and going to lattice parameters that are averaged
over the site volume is justified, since the energy proper-
ties of these nearest local minima are not much differ-
ent. This conclusion is different from the results re-
ported previously in Ref 8, in which adjacent
local minima might have large AU values. This distinc-
tion is due to the models of the solid used. Previously,$
only the anionic sublattice has been considered. Qur
model takes into account both ionic sublattices of rutile.

At long distances, the cross-sections of the function
AAU,R) at AU = const have shapes analogous to those of
the radial distribution curves for amorphous solids: a
"chaotic” shape of the curve fluctuating about a certain
average value, which increases as R increases (see Fig. 3,
a, b, fragments of size 15%15 and 20%x20, hereafter
denoted as fragments). However, as can be seen in
Fig. 3, ¢, d, the rate of increase in the average value
decreases as AU increases. The curves for the fragment
of size 10x10 (see Fig. 3) differ still further from the
standard behavior of radial distribution curves of amor-
phous solids. To appreciate the reason for this differ-
ence, one must compare three-dimensional images of
these functions. The complete distribution function
AAUR) for the fragment of size 20x20 is shown in
Fig. 5. At long distances (R = const), the function
behaves nonmonotonically as AU increases: three maxima
are observed, the greatest of which corresponds to AU =
8.25 kJ mol™!. However, its value is smaller than that
of the function AAU,R = const) at small AU. In the case
of the fragment of size 10x10 and at large R values, this
maximum has an appreciably larger value than the val-
ues of the function {AU,R = const) at small AU (due to
association of the three above maxima into one). This
fact indicates that the fragment of size 10x10 is too
small to use for separating the obtained maxima in the
case of large R and AU values. The function fAU,R) for
the 15%15 fragment is similar to that for the 20x20
fragment. The indicated distinctions in the complete
functions IAU,R) are associated only with the dimen-
sions of the fragments. Fragments smaller than 15x15
seem to be too small to use for describing the properties
of amorphous surfaces.

The above introduced two-dimensional functions
make it possible to describe the structure and energetics
of the considered areas of amorphous surfaces in some
detail. Since these functions reflect the distinctions in
the final states of the surface areas depending not only
on the interaction potentials used, but also on the "tech-
nological” parameters of the process of generating the
surface, they can be used for their "identification.”



Adsorption of noble gases on amorphous surfaces

Russ.Chem.Bull., Vol. 46, No. 6, June, 1997 1063

AAUR)
0.005

0.004
0.003
0.002}

0.001 %"

RAUR)
0.005

0.004

0.003

0.002} s
i PN !

0.001F . L
I, - : : : - i -}" ~/\>,,.r : e
N T 6 R/A O 4 Y

1 R/A

Fig. 3. Cross-sections of two-dimensional distribution function RAUR) (8 = 22%, v = 45%) at AU/KJ mol™! = 0.25 (a), 1.25 (5),
2.25 (¢), and 4.25 (d) (AU is the midpoint of the energy interval of the cross-sections under consideration): I, a surface fragment
of size 10x10; 2, 15%15; 3, 20x20. (Vertical dotted lines correspond to the crystal structure of closely packed Ar atoms at 8 = 1.)

S/A

0.003
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0.001

Fig. 4. Dependence of the area Son Al at 0 < R < 4 for the
cross-sections shown in Fig. 3: ], a surface fragment of size
10x10; 2, 15x15; 3, 20x20.

To evaluate the effect of the method of partitioning
the adsorbate—adsorbent potential relief into sites, let us
compare changes in the @ values for two different
techniques for partitioning at n = 2 and 3. In the first
case, the site volume is partitioned into four equal
fractions, and the coordinate system is shifted sequen-
tially from the center of the site to the center of each
fraction. Correspondingly, the boundaries of successive

Fig. 5. Two-dimensional distribution function of pairs of
local minima AAU,R) for a surface fragment of size 20x20
(6 = 22%, vy = 45%).

sites are determined relative to the shifted center. Four
different variants of partitioning and four sets of quanti-
ties O, and A, are obtained. The results of such parti-
tions are presented in Fig. 6, & as the distribution
functions f,(Q), 1 < k < n%. The obtained distribution
functions are fairly close to each other. The differences
in the @ values at the outermost points of the intervals
are less than 1 kJ mol™!l, while the differences in the
intermediate values of the functions do not exceed 20%.
Similar behavior is characteristic of the distribution func-
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3 7 9 11 13 15

Q/xJ mol™!
Fig. 6. The distribution function fi{(Q) (8 = 22%, y =
for 1 € £ £ 4 (a) and the curve averaged over | S k < 9
(the corridor of maximum deviations for 9 functions f,(Q) is
also shown).

tions for In4 and A4,. In the second case, the site volume
is partitioned into nine parts. In Fig. 6, &, the corridor
of maximum deviations (to 25%) for nine functions
[ Q) is shown. The results of calculations of the iso-
therms and heats of adsorption corresponding to the
different distribution functions for both partitioning tech-
niques differ by no more than 2—4%. This is evidence
for a reasonably high degree of amorphization of the
adsorbent surface, since the values of the lattice param-
eters depend only slightly on the method of partitioning
and the equilibrium characteristics of adsorption be-
come nearly identical.

Analysis of the distribution functions. The calculated
distribution functions (for instance, fQ)) can be com-
pared to the analogous functions obtained by solving the
inverse problems of the description of the experimental
isotherms or heats of adsorption

Croax
oo = 100 (01A0)40

mun

where 8y,.(Q) is the local coverage of sites with energy
. The functions £ Q) for the Ar—rutile system (Fig. 7)
were calculated from the published data.20%.28 Curves
I—3, curve 4, and curve 5 were obtained from the heats
of adsorption, the recalculation of the data on the heat
of adsorption in the range from 85 to 0 K,20% and the
isotherm of adsorption (see Ref. 24), respectively. Curves
1, 4, and 5 are in fairly good correlation with each other.
They correspond to a formal description of experimental
data using Egs. (1) (without additional partition of the
sites into small parts) at ¢ = 0. The Langmuir model,
where A(Q) = Agexp(BQ.r) and Q. is the value of the
effective heat of adsorption for a given coverage of the
surface 8, was taken as a nucleus of the integral equation

RO -
0.4 /’* 5
0.3 / /
_ I97A
, 4 A
0.2 f 7‘2' \\‘"
L AN N
_— 2 ot 1
37 _»—-" \ PN
orf SN T N\,
L ,’ M \‘/ o
0 e L P L ' s : U
4 6 8 10 12 14
Q/kJ mol™!

Fig. 7. The distribution functions A Q) obtained from the
inverse problem of the description of the experimental depen-
dence of Qi (8) at g/kJ mol™: 0 (N; 0.4 (2); 1.0 (3 4,
experimental, see Ref. 20a; 3, experimental, see Ref, 24.

Boc(0). Curves 2 and 3 (see Fig. 7) were obtained
taking into account the lateral interactions in the quasi-
chemical approximation. To obtain curves /—3, Egs. (1)
were used in the integral form for macroscopic areas,
and functions f{Q) were determined. Taking account of
lateral interactions changes the shape of the distribution
function and makes it possible to separate the adsor-
bate—adsorbent interactions  from the total energy
contribution Q. in its explicit form. (An analogous
distribution function is obtained when scanning the
potential relief of the surface using the adsorbate atom.)
That is why curves 2 and J should be taken as the basis
for comparing the distribution functions we obtained
and the above atom-molecular description.

In the atom-atom approximation, the values of pa-
rameter ¢ are assumed to be independent of the energy
of the adsorbate—adsorbent interaction. Curve 2 corre-
sponds to € = gy;y; the calculated value of parameter ¢
is equal to 0.4 kJ mol™). Curve 3 corresponds to ¢ =
£max When € is approximately equal to the depth of the
potential well: ¢ =~ 1.0 kJ mol™!. A nearly identical
estimate of ¢ is obtained from the condition B. =
g/kT, = 2 In(z/[z — 2]), which determines the critical
temperature in the quasi-chemical approximation for
the lattice gas model,525 where 7 = 6 for the three-
dimensional gas phase, 7, is the critical temperature of
the adsorbate (130.8 K for Ar 28). Thus, in any case the
QOmin value must be less than 7 kJ mol™!, whereas
neglect of the interatomic interactions gives
Omin > 8 kJ mol™!. All estimates for Q,,, agree with
each other: Qp,, = 15.0£0.5 kJ mol™!, The value found
for the interval of the differences in the energies of the
rutile surface (Qpin—Omax) Was taken as the basis for
choosing the conditions of formation of the amorphous
surface of rutile and testing the parameters of the poten-
tial reported in Ref. 16.
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Analysis of the effect of conditions of the formation
of the rutile amorphous surface and the potential param-
eters. The effect of "technological” parameters & and v
was studied using the second varant of the Ar—O2~
potential (see Table 1). The results of model calcula-
tions of the atomic potential were compared with curves
2and 3 at the characteristic points: at Q. Cmax at the
maximum, efc. (see Fig. 7, curves 2 and 3). As an
example, the results of calculations of the distribution of
the Qg values for different 8 and vy are shown in
Fig. 8. In the general case, changes in these parameters
result in nonmonotonic changes in Oy, (and in the Q
values at other characteristic points). The calculations in
the whole range of changes in the & and y values (from 0
to 100%) performed by using the second variant of the
Ar—O0?" potential do not afford Qu, < 7 kJ mol™!
and in many cases give Q... > 16 kI mol™l. The test
for the third variant of the Ar—O?*~ potential also dem-
onstrated its inadequacy. This served as a reason for
refining the parameters of the Ar—O2" and Ar—Ti**"
potentials. This situation is likely due to the fact that
previously?92:2¢ in choosing the parameters of the Ar—
0O~ and Ar—Ti*" potentials effective distribution func-
tions with ¢ = 0 were used.

To reduce the pumber of independent parameters,
they were chosen to fit the condition £z, _13/Ear 0 =
0.5, which approximately corresponds to the second
variant for the Ar—QO2~ potential (sece above). Variation
of parameters £, o, 8, and y made it possible to
determine the three-dimensional neighborhood of the
point with coordinates £, o = 120 K, § = 22%,
and y = 45%, for which the energy interval for £ Q) lies
in the 5.75—15.25 kJ mol™! range. An increase in pa-
rameter § to 25—30% results in a decrease in Qp,;, 10
4.75 XJ moi™! and in an increase in QO to 16.25—
18.25 kJ mol™!. As was mentioned above, Q) is af-
fected by "technological” parameters and the parameters

5 (%)
25

DpOeOn
[~ LV G VERE Y

De Om

wh

A i It ]
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Fig. 8. Scheme of distribution of the Q;, values for various &
and v; Qnin/K mol™!l = 7.75 (D). 8.75 (), 9.25(3), 9.75 (¥,
10.23 (5), and 10.75 (6). The "technological” states of the
adsorbing TiO, surface.

S-rpp Do m

of the potentials in a complex nonlinear way. Thus, the
identical Qp, value of 4.75 kJ mol™! is obtained at § =
y = 10% and E,. g = 90 K; however, in this case
Qnax = 9.25 kJ mol™!. At the same time, the evident
condition is fulfilled that an increase in the degree of
amorphization results in a decrease in Q. ;, and an
increase in Q. in a certain local range of the param-
eter values of the model. One more "technological”
factor should also be noted: when the surface oxygen
ions are removed randomly the Qnin — Onay interval is
1—2 kJ mol™ broader than when they are removed
according to their distance from adjacent Ti** ions. We
used the first variant in our calculations.

By and large, the potentials of interparticle interac-
tions and the reasons for using the atom-atom approxi-
mation should be determined by quantum-mechanical
methods; however, this problem is still unsolved even
for such a relatively simple system as Ar—TiO,(rutile).
It should be also noted that the available information is
inadequate: even measurements of the isotherms and
heats of adsorption for the specific crystal faces of rutile
in the above system are unavailable,

The distribution functions of the energies and of the
logarithms of the local Henry constants finally adopted
for the different size fragments are shown in Figs. 2 and
9. These distribution functions were used for calculating
the thermodynamic characteristics of adsorption in the
Ar—rutile system.

Calculation of isotherms and heats of adsorption.
The obtained distribution functions are closest in their
shape to curve 2 (Fig. 10) (¢ = 0.4 kJ mol™!). The
calculations of isotherms and heats of adsorption were
carried out without additional fitting parameters. A com-
parison of the experimental and theoretical curves for
fragments differing in size are shown in Fig. 10. A small
fragment does not reflect the behavior of the curve of
the heat of adsorption at low coverages of the mono-

f
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Fig. 9. The distribution functions of Q) (I, 2) and those of

Rin A) (3, H at (8 = 22%, vy = 45%) for surface fragments of

size: 1, 3, 10x10; 2, 4, 20x20.
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Oi/kcal mol™!
367

[ 4

0 200 400 600 V. /cm3

60 p/Torr
Fig. 10. Concentration dependences of the isosteric heat of
adsorption Qi (V.4) (@) and those of the V 4(p) isotherm ();
¥,q is the adsorbate volume (V4 = 755 em? is the monolayer
capacity).?® The parameters of the generated amorphous sur-
face are § = 22% and y = 45%. I, Experiment, see Refs. 20a
and 20b; calculations for surface fragments of size: 10x10 (2),
15x15 (3. 20x20 (9, and 153x{5ate = 1 KJ mol™! (J).

0 20 40

layer; the calculation and experiment are in qualitative
agreement at intermediate and high coverages. Increas-
ing the size of the fragment substantially improves the
agreement between the calculation and experiment. It is
likely that a fragment larger than 15X%15 satisfactorily
reflects the basic properties of amorphous adsorbents.
The mean deviation between calculated and experimen-
tal values is £3%. The differences observed at low
coverages are due to the differences in the distribution
functions. The similarity of both curves in the case of
monolaver coverage is due to the predominance of the
contribution of lateral interactions (ze) over that of
differences between Q;, for the atom-molecular distri-
bution function and the Q) obtained experimentally.

For comparison, a curve with ¢ = 1 kJ mol™! is
shown in Fig. 10; it shows no qualitative agreement
with the experimental curve, since the atom-molecular
distribution function f{ Q) and the corresponding experi-
mental function drastically differ in the low-energy re-
gion.

The analogous conclusion should be drawn from the
comparison of the calculated and experimental iso-
therms of adsorption. For them, the mean deviation is
+10%. This large deviation is explained by the fact that
the above data for 7 = 85 K were obtained by calcula-

tion. (It was noted in the literature2® that in the case of
low coverage of a surface (equal to 0—370 cm?3), the
pressure in the system is too low to be measured by a
mercury manometer.) Data on the pressure in this inter-
val of coverage were obtained?? at 120 K and recalcu-
lated for T = 85 K using the Clausius—Clapeyron equa-
tion from the known temperature dependence of the
isosteric heat of adsorption.?™ The use of the parameter
¢ = 1 kJ mol™! decreases the agreement between cal-
culation and experiment (as in the case of the heat of
adsorption).

- 2 %

The proposed procedure for calculating the charac-
teristics of spherically symmetrical particles, adsorbed
on an amorphous surface and blocking several local
minima of the potential energy of adsorbent—adsorbate
interaction within one local volume of the order 43 is
efficient in the framework of the quasi-one-center lat-
tice model,'? since a small number of partitions of the
site area into small parts is required. To perform reliable
calculations of the adsorption characteristics, the frag-
ment of the amorphous surface should contain no less
than 15x15 sites of the lattice structure.

The proposed procedure for generating the structure
of the near-surface layers of the adsorbent by complet-
ing it above the three-dimensional crystal lattice ensures
the formation of an amorphous surface and makes it
possible to theoretically calculate the functions of the
distribution of the bonding energies of the adsorption
centers of the amorphous surface.

A newly introduced two-dimensional distribution
function, A U,R), which determines the fraction of pairs
of local minima of the potential energy scparated by
distance R and differing by AU, makes it possible to
characterize the adsorption properties of the surfaces of
amorphous adsorbents in detail and can be used to
"identify” them.

Taking into account the short-range order in the
amorphous structure of TiO, (rutile) by simulating the
structure of the anionic and cationic sublattices results
in close values of energies for most of the adjacent
local minima. A series of adjacent minima with strongly
differing energies is much less probable than in the case
when only an anionic sublattice is considered.

The values of the preexponentials of the local Henry
constants on amorphous surfaces can vary by more than
two orders of magnitude. The assumption that 4, has a
constant value is a rough approximation. The functions
of distribution over the bonding energies A Q) and those
over the local Henry constants fInd) qualitatively corre-
late with each other but are not identical.

Allowance for the lateral interactions is of para-
mount importance for determining the functions of dis-
tribution over energies {Q) (or AlnA)) from experimen-
tal data. Neglect of this factor results in qualitatively
erroneous values for the low-energy regions of these
functions.
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The atom-atom potentials of the Ar—TiO,(rutile)

system need further refinement. The available experi-
mental data are inadequate. Direct measurements of the
isotherms and heats of adsorption at 85 K at low cover-
ages are required first, including those on the specific
crystal faces of rutile.
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