


1 Introductlon e
; The experlmental results of the gas sorptlon on a SOlld surface indicate the
3 "enough varrous behav1our of the physlcal adsorptron heats w1th the growth of

v *the surface coverage rate [1-——4] The decreasing of the adsorptlon heats with
.+ the surface coverage 1s often connected with the surface 1nhomogene1t1es But

~the increasing of the heats is due to the 1nteract10ns (attractrons) among the

' adsorblng molecules or atoms [4——7] A great number of the experlmental-‘ e

_works on the adsorptlon of gases and vapors leads to the conclusion that the o

;” ‘adatom interactions in an adsorptlonal system must be: taken into- account
i “The latter is. 1mportant in studymg the adsorptlonal phenomena ‘and their in--
o ”ﬁuence on the gas or. llquld transfer processes In [8——14] we proposed a model

" for the descrrptlon of the gas transfer dynamlcs in-an, adsorbate—adsorbent

' 3 open system “In our model unllke the well- known sorptlon dynamlcs models, o
= {"‘lthe interactions between adatoms and activated complexes’ (AC) are explic-.
Sty taken into- account. Wlthm the proposed model the gas: 1sotherms at

»"_dn‘ferent values of the adatom 1nteractron parameter e (8 = (ksT)1) were
s ‘numerlcally calculated The calculatlons ‘were performed for ‘three a.pprox—, L

“imations of the part1cle ‘Correlation effects, ‘namely, for the’ molecular field -
S *approxnnatlon (MFA), quaswhemlcal approx1matlon (QCA) and polynormal
- fission. (PF) [8,9]:-The: analysis-of the numerical results, ‘obtained in. 18,9, -
- shows essential nonlmear dependence of the surface coverage rate 0 on the <

o © gas ‘concentration v. with the growth of-Be. In [8—10], on_ the basis of the
“ * humerical solution the s ystem of -eqs.(1)—(3); for 1D, physrcal adsorption, a

: .j?”hrdden mechanism” of the concentratlonal wave formatlon is ‘found that is- ;P

S owed to the parameter ,Bs It is very 1mportant that the ] jumpy behavrour of

“the. concentratlons 6 and v-in both gas. and adsorbate phases ex1sts durmg
the perrod of- t < Tq. For. the t > .To W, have a unlform drstrlbutlon of the Fios

concentrations in the adsorptlonal system That 1s m the system under con—
- sideration ”characterlstlc , "chemical”, time on = 7o of the 1nterface mass -

~“exchange arises., The detalled analysis. of the obtalned results indicate exist- -
vlng a threshold for saturatlon values of the surface\coverage rate b, dependmg :
~on- the parameter ﬂs ESTRNE S A :
oy The paper is. constructed as follows Sectlon 2 is* devoted to ‘the results of
calculatrons of the basic characterlstlcs of the 1D nonequlllbrrum adsorptron
dynamlcs ~In:section 3. we give an estlmatlon of. the " chemical”. tlme Teh -
for the gas nond1ssocrat1ve (physrcal) adsorptlon and desorptlon Sectlon

£ (s urr' Wi e

ATRERE ur N




' :4 generahzes the obtalned results for the 2D sorptron dynamlcs a.ssummg

tochastlclty of the transfer processes in the adsorbmg system. The stochastic -
process in the adsorbate—adsorbent open system is simulated by introducing

the spatial Tandom- adatom—-adatom‘, adatom—-AC 1nteractlons The paper S

concludes a br1ef summary

2 The threshold for the surface coverage saturatlon in® the L

adsorbmg system of the mteractmg partlcles
R g

The equatlons of the model of the 1nteract1ng adatoms and act1vated o
complexes for the concentratlons in the gas: phase and in the sorbent look o

- like [8——14]

o m=0 il

J ,'lHere C - m'—"m is'a number of adatom dlstrlbutxon from z to m.

- In the equatlons (1) (3) (E,T) is the dlmensmnless concentratlon of the’)", N
f adsorbed matter in gas’ ‘or liquid’ stream, (E,T) the adsorbate concentra-© -1
_ tioni in the adsorbent pores (0.<07<°1); v— the average hnear veloaty of the’;: g
gas stream, carrymg through a tube, oontalmng adsorbent d—— the’ coeﬂicrent SO
_of longitudional’ diffusion; 75- “has’ the time dimeénsion and it is ‘defined by the{ s
Tcharacterlstlcs of the: adsorptlon transmon states’(viz., act1vated complexes Hit
k (AC)), the adsorbate and temperature of the system' (we call 7o "chemical”. =~
tlme), (T €,61,2,0) e expresses ‘the adsorptlon ‘and: desorptlon veloc1t1es de-
: pendency on. the medlum temperature and the effectlve adatom—adatom €,

corresponds to the surface coverage 0 and the functlon \11(0) is deﬁned by the

"adsorption and. desorptlon isotherms. -

In our previous papers [8—14], on the ba51s of the numerlcal solutlon the;_ ,
system of eqs.(1)~(3), for tlie 1D physical adsorptlon, 7hidden mechanism” -
of the’ concentratlonal wave formatlon is found that is owed to the parameter :

“ Be. Tt should be noted that the numerical results in [8—1 0] were obtained for

several selected values of the adatom mteractlon parameter namely, for ,BE =

S 70 R (S EEr I R O A RO TSRS WY 0 WY [0 Y I o

-

0. O 1. O 1.5, 2 0, 2 5 Here we present results of: the computer s1mulatrons for '

. full ranges . of the values of the adatom 1nteractlon parameter Be € [0 0.

" 2.5].- Let ‘us denote through the 0, a saturatlon, maximum value of the‘*’”

- surface coverage rate 8(¢, 7). To 0, lead us the calculations of the, dynamlcal

" eqs.(1)=(3) in the limit 7 = + — 1. The time, at which the: system reaches

" the saturatxon endmg value of concentration in the sorbent pores (viz., 8,),

o iwe regard as 7,. Table I shows the dependence of by and e, which are -
S Acalculated w1th the step A(ﬁa) = 0 1 These results are drawn in F]g 1 and'_’

:/:_ R e = ,’, . '»,v,'r" i

s
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R <0806 [<06[ 04 [[02[<02]<02]<02

From these results 1t is. easy to see that there ex1sts a threshold r;c., =

ar (,36)6,. > 1 0 of the values of, fe, dependmg on Wl’llch the saturatlon surface
" coverage reaches 6 1. It should be noted . that the time 7, for: reachlng,'?
“such’a saturation of the adsorbate concentratlon desreases essentlally with
‘fthe growth of Be. That is_the interactions of atoms or molecules inthe
LA nonequlhbrlum adsorbmg system lead to the fast adsorptlon of a matter (gas -
or. hquxd) on' the surface. and to- greater values of the coverage rates ;.
©is very 1mportant to regard the application of the. obtained. results to- In""
i terpretate some experimental data of the gas adsorptlons on solid surface, o
e for example on crystallic : zeohtles [5—7].. As it 1s known the adsorptlon of
N many gases (for example, 0,, N2, Ar, Xe and so on) on the crystallic Zeoli-~
t1es is characterized by the fast velocities. Here the pressure, temperature,
Lo g*’partlcles size and other degldratatlon CODdlthIlS mﬂuence on the adsorptlonr :
U velocity. Among these factors the 1nteract10ns of the adsorbates play a con-

' -/ siderable role and the numerical results in Table I coincides with the fast
adsorptlon of gases. It is ‘well known that the crystalllc zeolltles have : a strict -
"fperlodxcal structure and .the adsorption and desorption processes on ‘them
"goes phys1cally (1 e. w1th adsorptlon heats esssentlally less than in- the ca.se :




of chemlsorptlon) To descr1be such a regularly per10d1cal structure we usefff

a quantum~stat1st1cal Ismg type Hamlltoman for an adsorbate adsorbent e
open’ system, on’ the basis of wh1ch the: above nonlinear system of equa-', :

tions (1)—(3) is derived. The ‘Hamiltonian for the inhomogeneious periodical ~ -
surface, whlch dellvered a’ deﬁmte number of adsorptlon centers, looks llke S

| [8——10]

S . : ;—ﬂz'nf = z nfn,,;?

. (fg) -

pis a chemlcal potentlal of the system, £ (eV) the effectlve adatom in- -

(4,),

teraction parameter (e > 0— corresponds to physical adsor;ptlon £ < 0= tof—'

chemlsorptlon) and the summatlon is carried out over all. adsorptlon act1ve Al
sites (f) on the surface and all nearest to the (f) ne1ghbours (g =1 2, ) e

("active element”) R

- The parameter &, as it is’ shown in: papers [12——14], can be calculated SREN
from the exper1mental calor1metr1c ‘measurements’of the ads01pt10n heats .o |
="1,2— for nondissociative (one—central, phys1cal)"' e e
~and’ d1ssoc1at1ve adsorptlons from the gas phases respectlvely The ‘coordi- -
nation number Z eXpresses. also the d1mens1on of the "active element” which -0 -
»adsorbed (or desorbed) partlcles from a carry1ng gas stream In the termv,

!AQ)ezEr

Nam “where n:

€=

“of the ’ act1ve element” we imply, for:example, polymer z_= 2 (D =1),
surface z = 3,4,6 (D = 2) and crystall (in’ part1cularly, zeolite) z =6, 8 120
(D= 3) “The phys1cal adsorptlon heats lie in the interval AQ = 1 010
% and for an act1ve surface (= ~'4) we have €€ [0 01'=0:1]: eV At “the ERE
‘normal temperatures T =300 K, B~ 40 (eV) “we get that Be € [0 4+4.0]:
‘Thus, the values of S, under wh1ch we numerlcally simulate’ the nonequlllb- et

rium sorptlon dynanncs correspond to the area of physlcal adsorptlon and S

i vdesorptlons

3 The estlmatlon of the ”chemlcal” t1me

i A‘,

It ist very 1mportant that the Jumpy bellav1our of the concentratlons 0’;;,

and v in both' gas and’ adsorbate ‘phases exists dur1ng the perlod of t < Bl
For the t >, We have a un1form d1str1but10n of the concentratlons R

‘. n the adsorptlonal system That is in the system under con51derat10n the

character1st1ca "

_The chemical t1me To is characterlzed by the temperature of the system the

adatoms and the trans1t10n state part1t011 functlons J and J*, respect1Vely, :

s 1{_,{(1_],‘_56&;: :; : i _, -

and it looks llke[8—10]

?chemical” time-of-the. interface mass exchange arises. 1%

: t1me To- . :
o As 1t is known [2 4] the relatlon 3: expresses the mternal freedom degrees S
of the AC and. adsorbing molecules and there miay exist, for- example the
S follow1ng cases: a) If the AC. and adsorblng molecules have the same degrees- '
--of freedom, then J* = 7, i.e. J =1;b) Inasmuch as’ the AC are binded to--
" the surface less. strongly then the adsorbmg particles, they may have - more’
o Vfreedom to move, and, consequently, J* >>:J,.  In the limit cases, when
o ‘,the AC: have. both d1rect10nal and rotational; degrees of freedom, we have -
J 103 =104, Thus for the approx1mate estlmatlon of- To,. we choose,

Let us estlmate even though approx1mately, the order of the chemlcal

: jpwnthout severlty, that J* = Ja, i.e. j— ~ 1. g . : N
o " The values of the adsorpt1011 act1vat10n energy ek, as’ 1t is well known,,, ,
e change in w1de intervals, dependlng on the type of_the adsorptlon processes. .
"~ But for the two existing: types: of adsorptlon (viz:y phy51cal adsorption and.
‘ "chemlsorptlon) we have that ej '~ q= N 2@ where q is the adsorptlon heat
" To illustrate the: lleat capac1t1es of these: two types of adsorptlon we br1ng E
i+ . Fig:3." From Fig.3 we: see that. chemlsorptlon is characterlzed by. the large
S ‘»_-‘heats (curve 1).. For. ‘the 11011d1ssoc1at1ve, physwal adsorptlou (curve 1). we -
.~ have,’ consequently, small values of the adsorptlon heats. Using the values. :
oof the phy51cally adsorptlou 11eats from the previous ‘section, at the normal
o «:temperatures we get, Bex € [1.5 = 15]. Therefore, the values of the’ character«
’f’f,,lstlcal adsorptlon t1me To in out model lie in tlle 111terval &

T e [10—“ i 10'7](960)

5
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,‘. g It is 1mportant to note that t111s 1nterval fully 111cludes the whole experlmen-f P
N,tally realized temporary area’ of pllyslcal adsorptlon processes [15] Indeed, |
" the adsorption ‘time in the" dy11a1111cal processes is ‘defined as time, dur1ng )
" which an adsorbmg atom or molecule is located on an adsorbent surface [16].
: - .The average l]fetlme of a molecule on’ the surface can be estlmated by the‘
i _;Frenkel equatlon ‘ : o o
& , : 7—0:7-67% (6):;
'where Tis the t1me of molecular osc1llat10ns (7' E [10‘ = 10_“](sec)) and Q
" is the 1nteract1011 energy of a molecule with the surface (viz., the adsorptloll,"
‘iy‘heat) "The estlmatlon of 75 in the:areas of physical adsorpt1011 on the basis -
i of eq. (6) leads us to the above temporary interval for 7. L.e. we come'to a -
" -good agree of the two 111depende11tly calculated results for 7. This 1nd1cates k
27 that the- -proposed’ approach and the model of the 111teract1ng adatoms may
. be usefull to descrlbe the nonequlllbrlum adsorptlonal processes R
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"In this sect10n we srmulate the two— d11ne11s1onal gas transfer dynamrcs on'
the active surface, assumlng the stochast1c1ty of the adsorpt1011al processes.

in"the system.: The stochastic process in the adsorbate—adsorbent open L

system is. simulated by 1ntroduc1ug the spat1al random adatom——adatom
adatom—AC 1nteract10ns (further. we w1ll ‘use: the des1guat1ons 1] = ,35 and
spe=pla=e) o

o

- 77(6) =M + 71(6), ‘

wheren0—~<n> 7710—'<1]1>and<7]> 0 :
(7) 7-and -7, are the random - variables,and . their. values are given by the.
uniform. pseudorandom uumber geuerator F1g 4 shows: the examples of the
‘ 1ntroduced random adatom 1nteractrons in the system S o
v ‘The calculatrons for the. dlfference values of the parameters 770 —< 77({) '
“and 1 Mo =< N1 ({) > ‘are fulﬁlled Averaging the expressions v(€r, €2,7): andr

0({,,62,1') over all reallzat1ons 0f the ra11dom var1able 1] were - carr1ed out
usually ST v

i <A>= Z A(n. PA(n.

3 ) "‘1 o

';'Here‘A“ ’ {V({l,fg,‘r) 0({1,62, )}, aud the equal-’probab1l1ty at. each real-~
~ ization is assumed as- PA(m) = PA(nz) L= PA(nN)

of concentratlous < 9({,1’) > (left) and’ < V(f, ) > (r1ght) are- shown in

.- Figs.5, 6, 7,89 and" 10. The analys1s of the obtamed results shows that: the S

dynanucs of the system depends essentlally on the quant1ty 0f 770 =< 77({) >
as in the case n=p¢ = const. That i is: P

) 1) when Mo < Ner (see sect1011 2), we observe stable ocs1llat10ns (for large
times 1 >> 1 (t >> To)) of tlle adsorbate concentrat1on < 79({, ) >A s

F(n(€)); <
2) when 7]0 > Tlers- the osclllatlons 0f < 9({,
. _period T < Tehs for the T > Tch we have a uniform; equ1l1br1um d1str1but1on

,\of concentration < 0({,1’) > in'the. sorbeut pores.. - i T e
. But i in- both cases the ‘wave-like _evolution 0f < 1/({, ) >, s1mllar toa
“"hidden’ mechamsm of the concentrat1onal ‘wave format1on in-1D. phys1cal
/ adsorption - [8———14] is observed in the 1nterval e [0+1](t.€ [0+ Tch])

For the 7 > Teh' We .come to 'an equll1br1um d1str1but10n of concentratlon
. < V({,T) > in the moving phases e Ll o

In Figs.5 and- 6 the results of the numerlcal solutlon of eqs (1) ( ) for ﬁve

moments of tlme 1n the 111terval T= = € [0 1], w1th the step AT = 0 2

4 Stochastlc gas tranfer dynamlcs on. an actlve surface : , L

(e) = o+ 10 (), o filc’(”?), -

The evolutrons» i

S~ f(n( )) ex1st durmg the ol

< 771 S= 0 Tn express1on s FR

UGS ST

for 1]0 = 10 (170 < 7]0,.) and 1]0 = 20 (7m0 > nc,.) are shown, respect1vely
From F1gs 5 and 6 it is easy to see the’ 1rregular evolutions of concentrations -
,;’,v < 0(§,T) > (left) and < 1/({, ) > (rlght) It should be ‘noted that such a .~
- “regime of the wave formation in the case of 7]0 =2.0 ex1sts for the perlod of
~timeT — 1 i.e. fort - 7o- In the limits t> To, ¢ asin the case ofn = const ‘we:
~ have a un1f0rm, equ1hbr1um distribution of concentrations in the system (see .
F1g7f0r170——20and‘r-10 2.0, 30 40and50) Asregardston0< Ner iDL .

" the'moments ¢ > 719, we will have stablé ocs1llat10ns of the adsorbate phase -
wh1ch do not inflience the evolutlons of gas concentratlon u(f) In Fig:8 we -
- see: the example of such regime for n0 =10 and T =1.0,2.0,3.0,4.0 and- -
* 5.0. - The above results, regardmg to the _]umpy wave—llke ‘concentrational )
format10ns in the intervals £ < 79 and > .79, We can observe more clearly‘kv\

- in one d1mens1on :In Flgs 9,:10 and 11, the ‘evolutions of the concentratlons ,
o< 0(§,T) > and < v(¢,7)in 1D stochastlc adsorpt1onal system are shown -
(F1g 9 corresponds t0 n: —“»1 0 (1] < ncr) Flgs 10 and 11—to 77 = 2 0 (1] >

RN

\5 Conclusmn

tlve element” In the term of the act1ve element” we 1mply quas1——one—
‘d1men510nal system (for example, polymer) (D = 1) surface (D'=2) and "
_crystall (in particularly, zeol1te) (D= 3). The active element may. adsorb (or
‘j desorb) part1cles from-a’carrying gas ‘stream. For the descrlptlon of the gas
- transfer dynam1cs in the adsorpbate adsorbent ‘open- system we proposed a’

fi : : model in which; unhke the well-known sorpt1on dynarmcs ‘models, the 1nter-

act1ons ‘between adatoms and act1vated complexes (AC) are expl1c1tly taken
s 1nt0 account From the results obta1ned here it is found that there ex1sts"
‘a threshold of the values of the adatoms 1nteract10n pararneters, dependmg o
on which the surface coverage reaches the saturatlon values 6 — 1 very fast. -
The tune 7, for reach1ng such a saturatlon of: the adsorbate . concentratlon.
desreases essentlally with the growth of fe. ILe. the 1nteract10ns of atoms or
,v molecules in the nonequ1l1br1um adsorbing system lead to the fast adsorptlon s
- of a matter (gas or-liquid) on. surface and to larger values of the coverage
rates g;. As an example, we regard the ‘obtained results to the adsorptlon g
', “of gases on the crystall1c zedlities and. the adsorbate 1nteract10ns factor may
play an essentlal role on the adsorptlon velocity here. It is very lmportant 3
. "that the jumpy behav10ur of the concentratlons 0 and v in both gas andv
\" 3 adsorbate phases ex1sts during the period of ¢ < .19. For the t-> 75 we .
have a un1form distribution of the concentrations in the adsorptlonal system
That is in the system under cons1derat10n ”character1st1cal” ? chennca tlme



' Tch = 7'0 of the 1nterface mass exchange arises. The est1matlon of ”chemlcal”i e i e
* time In the areas of phys1cal adsorptlon was carrled out: It is “shown’ that the .= "o li-
“temporary. interval for the adsorptlon processes: fully includes the: whole ex-'i Tl
'4: perimentally ‘Tealized, temporary area of phys1cal adsorptlon processes. ‘The .

2D gas transfer dynamlcs on the’ active surface, ‘assuming the stochastxc1ty .

“of the: adsorptlonal processes in the system was’ numerlcally studled The -
- stochastic process in the adsorbate—adsorbent open ‘system'is. s1mulated by -

“the 1ntroduc1ng of the spatlal random adatom= adatom, adatom— AC inter- -

~actions. ‘On the hasis:of the’ comparlson ‘and- analys1s of/tl1e results for the - -

“2D stochastrc processes obtamed here and for the 1D ones (see [12——14]) we;;: SR o
. ‘come to the conclusion that : O D N S s EL e v R B o
' 1) the: dynamlcs of concentratlons in’ the adsorblng system under the. e O e BiE ST 0 0,5'"',"'0,5” BT A A A

influence of the spatlal random adatom adatom 1nteract10ns, depends on .
the relations of 170 < r]c,. and r]o > Ner (mo- =< q({) S=< ﬂe(f) >), . i
2) in the case of Mo < nc,. -we observe ocs111at10ns of concentratlon 0 in the o
adsorbate for ¢ > 75,"and they do not lnﬂuence the evolutlon of concentratlon B
‘v in the gas stream, A e A e SR
. 3) for no >~ Ner, the wave—lll(e oscll.latlons of concentratxons 0 and vV are
: .lumted by the temporary mterval 1< Teh; " AN : B
. 4) the nonllnear wave—lll(e osc111at10ns of the gas concentratlon v ex1st tOJ‘f"i L
* the morments t —-Tp; 1.e.,.as in the case of ﬂe = const the dynamlcs of the',,j?}:
system depends on, the chemlcal” tune ‘ ‘

'Flg 1 The surface coverage saturatlon values 0, velsus the adatoms S
: : 1nteract10n parameter n= ﬂe : S

S T

i o
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F1g 2 The evolutlons of surface coverage saturatlon values 0 versus the
e tlme T for the values of : :

ﬂa = 0 0(1) 0' 1(2) 0. 3(3) 0. 5(4) 0. 6(5) 0. 8(6) 0 9(:) 1. 0(8)

) o F1g 3 The potentlal energy in the phy51cal adsorptlon (curve 1) a.nd S
: : t chemlsorptlon (curve 2) : :
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‘ .“Flg 4 The exa.mples of the mtroduced spatlal ra.ndom adatom 1nteract10ns
‘ ‘ ’ in’ the a.dsorbmg system SN T

T

g \ L 1 E Flg 5. The evolutlons of. concentra.tmns < 0({,7) > (left) and < u({,-r) >
S S R e e - 3 J f (nght) in. 2D a.dsorbmg system at the moments 7 =0. 2, 04 0 6,0.8,1.0
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'Fxg 6. The evolutxons of concentratlons < 9({ ,T) > (left) and < u(f,'r) > ”
. (nght) in. 2D adsorbmg system at the moments T = 0. 2, 0.4, 0 6, 0 8 PRUS

(t < ‘r‘,) for 1]6:20 (1]0 > ncf)

N

- »f‘_’12‘,

Fxg 7 ‘The evolutlons of concentratxons < 9(5 ,T) > (left) and < u(f,‘r) >
(nght) in’ 2D adsorbmg system at the moments 7 = 1. 0, 2.0, 3 0 4. 0 5 0
: (t > ‘ro) for 7o' = 2 0 (1]0 > nc,) Tl
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- Fig. 9. The evolutlons of concentratlons < 0(5,7‘) > (1eft) a.nd < u(f,'r) PO :
(rlght) in 1D a.dsorbmg system at’ the moments T = 1. 0 5.0, 10 0, 15 0 20.0°
SRR (t>7‘0) forn0=10(170<17c,.) .

Flg 8. The evolutlons of concentra.txons < 0(£ ,‘r) > (left) a.nd < u(f,-r) >
(rlght) in2D adsorbmg system at. the moments 7= 1.0, 2 0 3 0 4 0, 5 0
(t > To) for 770 =1 0 (770 < 77cr) PR AR




F1g 10..The evolutlons of concentratlons < o(¢; 'r) > (left) and < u({,'r) > | ey m e e
(rlght) in 1D adsorbmg system at the moments-T = 0 2,0.4,0. 6 0 8,1 0 o

Fxg 11 The evolutlons of concentratlons < 9({, ) > (left) and < 1/({, ) >
(rxght) in 1D adsorblng system at the moments =1.0,2 0 3.0,4.0,5. 0
R (t > To) for 170 = 2 0 (170 > nc,) ;

(t < Tg) for 7]0 = 2 0 (no > nc,)
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