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THE DYNAMICS OF SORPTION OF INTERACTING
PARTICLES

V.K.Fedyanin

Specific features of particles transport when their sorption is taken into
account by the surface are analyzed: flows of gas or liquid in systems of different
geometry; (for definiteness, the formulae are given for the flow through a tube of
length L). An activated complex is treated as an admixture. The quantum
statistical Hamiltonian of adsorption is taken as an effective Hamiltonian of an
open system. The kinetic equation of sorption, except for the case of Henry’s
isotherm, is essentially nonlinear in coverage, which provides a high degree of
nonlinearity for differential equations and concentration of particles in the flow.
Solutions for Henry's isotherm and the asymptotics of solutions for the wave
front of Langmuir’s isotherm are analytically analyzed. It is important to take
into account an interaction in the adsorbate, and for chemisorption it allows one
to show that starting from some coverages desorption dominates over adsorption
This is especially essential for dissociative adsorption (A -+ n{A}"Y). Certain

relations between the interaction of adatoms and adatoms with the activated
complex may lead to the formation of chemical waves of concentration in the flow
and appearance of strange attractors.

The investigation has been performed at the Laboratory of Theoretical
Physics, JINR.

Jlunamuka copbuns B3aNMOAEHCTBYIOMWMX YACTHIL

B.K.®ensauun

Hccnepyercs RIMSHME AKTHBHON NMOBEPXHOCTH HA NOTOK ra3a HAM XHAKO-
CTH uEpes CPpesy PaTMUHON reoMeTpHH (hopMybl NPHBEAEHDI A NOTOKA Ue-
pe3 Tpyby anmsbi L paauyca Ro)‘ AKTHBHbBIE KOMIIEKCH NOBEPXHOCTH pac-

cMaTpuBaloTcs kak npumecn. [lpu ananmse wncnonbayerca dpexTrsHblit
KBAHTOBOCTATMCTHYECKHH FAMMBTOHMAH OTKPLITOH CHCTEMBI ancoplar — an-
copbent. Jins Bcex n3otepm aacopbaunm, xpome naorepmst FeHpH, knneTnue-
CKMe ypaBHeHMs COpOUMM CYWECTBEHHO HEAMHEIHBI, UTO OfyCcaRIHBaET Bbi-
COKYIO HEAMHENHOCTb KOHLIEHTPALMHU B NOTOKE. AHAINTHYECKH NPOAHATUIN-
posana aacopbumns Ienpu n, B npubnvxennn ¢pouta sonusl, Jlenrsiopa.
Yuet B3auMopeiicTeus B ancopbate No3sonseT CAeNATH BLIBOA, YTO, HAUMHAS C
ONpEAENEHHBbIX MOKPLITHIT AecopluMa npesaanMpyer Haj ancop6uueﬁ Jro
BECHMA CYULECTBEHHO I AUCCOLUMBTHBHOMN XeMHUCOPOLUH (A -»> n[A]) Mpn

ONPE/Ie/IEHHBIX COOTHOWEHNSX | BRAMMOAECACTBHIT MEXAY  ANATOMAMH U
ANATOMAMH C IKTMBHBIMH LLEHTPAMH BOSMOXXHO BOHMKHOBEHNE ABTOBOJIH KOH-
UEHTPALMH Y CTPAHHBIX ATTPAKTOPOB.

Pa6ora suinontexa 8 Jlabopatopun reopetuueckoii puanku OUSIH.
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The quantum statistical Hamiltonian of absorption is taken as an
effective Hamiltonian of an open system

H=-v) N,—¢ > NN.. )
AT M

Here ¢ is an effective parameter of the interaction (¢ ~ 0.05 eV for the
physical adsorption, often >0, lel ~0,1+0,2 for the chemical
adsorption, that is, ¢ < 0; v is an effective chemical potential of the system
adsorbat-adsorbent, defined by the chemical potential of the adatom of the
open system u(A): u(A,) = nu{Al, and by the characteristics of the
adsorbent-adsorbat system [1 ]. For dissociative adsorption we take the gas
A, > nlA)

t/n

expf(e, + 9 ,ue)-Ja" \/
=k T(ap,) " 2)

k TI(B)

v=k.T|p,

ais the coefficient of the adsorption, p, is the equilibrium of the pressure for
the coverage 8 = 6(p,, T/e..) = ( N;), ¢, is the binding energy of the ada-
tom, J , J, are the partition functions of the adatom and of the particle for a
gas, 6;¢cis the change of the chemical potential of the electronic subsystem

[2], T is the temperature, k is the Boltzmann constant. In the equation (1)
Nf = 0.1 (Nf = 0 is the case of the open sites; Nf = 1, of the packing sites,

and the summation is carried out over all adsorption sites on the surface ()
and out over all (g = 1,2,...,2) sites (/,g). The Hamiltonian (1) may be
deduced from the first principles in the framework of an Anderson-Ising
composite model [3]. Within the composite Hamiltonian method the
coverage dependence of the chemisorption characteristic for a single
hydrogen-like adatom on the transition metal surface like the chemisorption
energy, ¢, changes of the Fermi level dp, the electric charge

ell — Hft - _” l1and (1 - ﬁf? - Hf& ] magnetic moment at adsorbed

atoms are investigated [2]; Efa = (Nfo nfé )M-B_', ne, = a;aafo. The
unusual form of the average Ef o, arises from the fact that the configuration of
adatoms is not fixed and the electronic correlation function Ef , Should be
interpreted as the probability of finding an electron with the spin
o = * 1/2 at the adsorption center «%» when the latter is already occupied.
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This fact is discussed in detail in [2,3]). We should remark that gg le€l
weakly depend on @ and T..

If for the calculation of the equilibrium characteristics of the adsorption
important are (Nf )s (Nf N, ), for the calculation of the adsorption and

desorption rates we must have the correlation functions
k

F(6) = (an Ng), k=1,.,z for the one-site adsorption [4] and

F(h) { an ﬂ N.), k=1,..z j are the numbers for the next-
neighbour sites [5 ] for dissociative two-site adsorption.

The kinetic equation of sorption (for snmphcnty we take the case of the
one-site adsorptlon) has the form [4]

9,6=V -~V

ads des
Vads = T4F6), Vo = r F6)

z k

F®) =3 T7F0), x=explf(e, — )] - |
k=0 " °
_ I*Pexpl-B(e, — &)1 _ Jexp(—Bey) 3
Ta= Joh oap, » o= JhBo

J, g, is the pa:"tition function and the energy of an activated complex, P is
the pressure in the system, €, is the interacting energy of the adatom with an
activated complex; E' =¢, + 4 #,. The F(6) is some function of the coverage
6. The expressions V and Ve for dissociative adsorption are taken from
[S]. The difference between 4 and rp lies in that the activated complex of

the adsorption is in equilibrivm with the gas molecules; and of the
description activated complex, with the adatoms.

There is the equation of the transfer. For the gas sorption we have the
equation (with the diffusion)

6,9 + Otv = —Voaxv + Daxxv, “4)

V, is the velocity, D is the coefficient of the diffusion.
There are initial and boundary conditions:

v(x,0); ¥(x,0); v(0,1) = v (1), ¥(0,) = Vvo(D)- &)
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n(x,))R ,T)
For the ideal gas, P = .-—V—A

place «x» and on the time «t»,

, n(x,?) is the number of the mol. on the

v n(x,)N
v(x,0) = u(x,?) —A—o, u(x,t) = —TA, 4)
Yo is the volume of the gas molecule; A, a geometrical factor;

2 1 -d/Ry)
A —~
3 (1-4d/D)
d, D =2R,, R, is the radius of the tube. The parameter /u—l has the

is the same effective parameter of the adsorption region,

dimension of the time

_ [Pa ke TJ™ exp(—Pe,)
6,0—;;[[,0.“—1} F@), u= T ©)

and can be «a chemical time».
In the self-consistent approximation [4,6 ] we have for the equation (6)
1 1-6)

— r4
b, > exp(B ze 6), F(6) = 6(1 + xb)

9,0 =75 [(1 —6)v exp(Bze0) —3-0)(1 + x6)°

ohl v, VOJ

0°0 ~ 0 ~
T, = — exp[—B(E, —¢)], &= exp(—p¢,), )]
0 kBTJ A p ﬂ( 0 k) AJa p( ﬂ ())

z is the number of the sites (z = 3.4.6). The rjcan be called «an adsorption
time». From the physical point of view d << 1. When ¢ = ¢, and for the case
of Henry’s isotherm (v << 1, 8 << 1) we have

3,6 =15'(v - 86),
3,0 + 0y =—Vyd v+ Di v, v(0,5) = v,(1). ®)
The case of Langmuir’s isotherm (¢ = ¢, = 0, 0 <8 < 1) wehave
-1
6,9 =1, [l —6)-v -0},
3,0+ oy =—Vov+Di v, v(0,0) =vy1), )
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The kinetic equation (7) is essentially nonlinear in coverage, which provides
a high degree of nonlinearity for differential equations and concentration of
particles in the flow.

Solutions for Henry’s isotherm and the asymptotics of solutions for the
wave front of Langmuir’s isotherm [7 ]
(10)

T;—'t— g =

ER—
VO VO

with the help of the Laplace transformation are analytically analyzed. In the
last case we can introduce the «potential function» y(x,f) and by the
v=29y, 6=-0y an

and Koul-Hopf like operation
¥ =1, Inx(x,0). (12)

we obtaine for the Langmuir’s case the equation
X, +tox +ux,=0. ad

For the case of the (x,t)-variables

3
1 +a T35 W ¥ YVoXe ¥4, + Vo735 2, = O 14

, For the hyperbolic equation of second order (14) we have the succession of
times
Yo Y

T, <Ty<1, T, = T+ 02 (5(1 + )" (15

The «wave of the second order» transfer of the initial profile with the
velocity V,
(16)

X
%%

12(xa

For 1>> ‘tl there is a «wave of the first order» which has the velocity
vV, =V, —5<< V i _
X, (%) = xo(t = 7). an
1

Both eq. (16) and eq. (17) can be derived asymptotically by the Laplace-
transformation (s - o for eq. (16) and ¢ >> 7, foreq. (17)).
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It is important to take into account an interaction in the adsorbate, and
for the chemisorption (e < 0) it follows one to show that starting from some
coverages desorption dominates over adsorption. This is especially essential
for dissociative adsorption (4, > nlA], 02; for 0,, H,, N, «n» equals two).

For the chemisorption of the interacting adatoms in eq.(7) exp(B z ¢ 6) =
= exp(—pB z1¢€l6) and B:zlel = 15+25 for typical systems adsorbat-
adsorbent [1].

Certain relations between the interaction of adatoms and adatoms with
the activated complex may lead to the formation of chemical waves of the
concentration in the flow and appearance of strange attractors for
(r9), = 0 (maybe it is a case of physical adsorption). From this point of view

we must analyse the equation
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