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There is considered the Multiffscomponent Mass Transfer (MMT) inside the planatrioes of
the sorbent-NanoComposite (NC) by the computerimedelling. During the MMT kinetics in the NC pla-
nar-membrane the chromatographic Displacement Dpwetnt (DD) for the propagating modes of the two
concentration X 2L, T)-principal waves is modeled for the two pripai m -sorbate components (m=1,2)
of the Multi(6)-components NC MMT combined «Diffosi, and sorption» system.

The computerized modelling mentioned here is basedhe mathematical solution of the MMT
multi 6-components Eqns. partial differential irdihg as the basis the author’'s bi-functional NC MMT
Models. The main advantage of the NC Models comsitleoncludes in the introduction of the two sogbat
diffusing principal Rs4-components into the consideration. The similazityl the differences between the
multicomponent X(L,T)-concentration waves propagation for the MMbgesses in the modern NC matrix
and in the chromatographic column are discussed.

The visualization of the kinetics of the MMiporecc is realized by the creation of the Sci. compu-
terized Animations: «SCA.avi» video-files which demstrate visually (after the program start) theppga-
tion of the multi(n)-component X%.e(L,T)-concentration waves through the NC matrixeeréd the
«SCA.avi» animations display the DD chromatograpmffect during oral presentation with the mentioned
DD-displacement of the Xconcentration wavdsythe X;- waves of the 1-component (displacer).

Keywords: NanoComposites(NC); Multicomponent Mass TransfstMT);Selectivity, Multi-
Diffusion Concentration Waves; Bi-Functionality; th@ Nano-Sites, , particular Chromatographic Waves

MNoBeneHne KOHUEHTPALMOHHbLIX BOJSH
n XpomaTorpacdmuyeckoe BbITeCHeHUe B COpOGeHTax-
HaHOKOMNO3uTax B Te4eHNne MHOrOKOMMOHEHTHOro mac-
conepeHoca U BU3yanu3auusi KNHeTUYeCKoro npotecca

Kanunuuen A.1.
Huemumym ¢uzuueckou xumuu u snexmpoxumuu PAH um. A.H. Dpymrxuna, Mockea
B pa6ore uzyudaercst MHOTO(6)-KOMIIOHEHTHBIH Macco-tiepenoc (MMII) B muiaHapHOM MaTpPHILE COP-
oenta-Hano-Kommosura (HK) myreM KOMIBIOTEPHOIO MOAEIMPOBAHUSA KHHETHYECKOTo mporecca MMII B

HK mem6pane. [l npuHOAnmanbHeix (MeIeBBIX) My ,-KOMIIOHEHTOB copbara (M=1,2) Momemupyercst Ha
KOMIIBIOTEPE BBITECHUTENBHOE pacrtpocTpanenue B HK aByX B3auMOAeHCTBYIONIMX KOHIIEHTPAIIMOHHBIX
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Xm2(L,T)-Bonn ynomsnyteix 1,2«omnonentos B MMII HK xomOunupoBanHoii cucreme (Iuddysus u
CernexTrBHas COPOIHS).

Busyanuzauus kunetuueckoro MMII nmpornecca ocyliecTBiIsieTCsl MyTeM CO3JaHUsl HAyYHBIX KOM-
nerorepusix HKA anwmmarumii: «HKA.avi» Bumeo-(aiiioB, KOTOpbIE IEMOHCTPUPYIOT BH3YadbHO pacIpo-
CTpaHEHHE KOHIEHTPaoHHbBIX Xn(1-6(L, T)-BonH B cpene HK. Anumanuu («HKA.avi») npu 3amycke B ycT-
HBIX JOKJaJax-TPe3eHTAlNAX IEMOHCTPUPYIOT YHOMSHYTHIH 3((eKT BBITECHEHHS paclpOCTpaHSIOMIEHCS
X,-BOJTHBI KOHIIEHTPAITMOHHOM X1- BOJIHOW 1-BBITECHUTENS 32 CUET OOJBINCH BETMUNHBI Ksl-CCHeKTI/IBHOCTI/I
8 Marprue HK: Ks' >K < (xpomarorpadudeckuii BEITeCHHTENbHBI 23 hEKT).

KiroueBble cj10Ba: HaHOKOMIIO3UTHI, MYJIETUOMIIOHCHTHA MacCOIEPEHOC, CCIICKTUBHOCTh, MYJIb-
U P y3UOHHBIC KOHICHTPALMOHHBIC BOJHBI, OW()YHKIIMOHAIBLHOCTh, aKTHBHBIC HAHOCHTA, crelnupuye-
CKHE XpOMaTorpaguyecKue BOIHBI.

Introduction/Background

In the result of the mathematical computerized apgh there are calculated the 6-
components Xg(L,T) concentrations waves which propagate in therssowf T(time)
across the NC membrane during the combined kinbtMJ process (I, selective sorption
and Il, multicomponent Diffusion) [1-8]. The six(6pmponents of the combined MMT-
NC system includes the four interactive ionic comgs: Pjs 4) -sorbate and the corres-
ponding (ROPi)+m(1,2)-sorbent m.»-complexes (including the fixa@b)RO-nanosites togeth-
er with the concomitarjt’-co-ions which diffuse only in the pores of the N@trix (Fig.
1b, below). The two principal diffusing sorbatg B™-components are transformed into the
fixed state as the principal fixegi%’ﬂ)*m(l,z)-«complexes», where m=1,2 (Fig.1b, and Fig.
2, below). The transformation of the two;Rsrsorbate components into the two principal
(R°P)m’-components-«complexes» is described by the MMass Action Law) rela-
tions (3),(4) (see Fig4, andFig.2, below).

The enlargek®=6-variance (which is definited asumber of the degree of free-
dom) is the integral parameter belonging to the comtiMMT NC system considered
here (see’[]). The NC MMT combined system (I route-selectiveption and route II-
Diffusion, Fig.1b)[1-8] gives the new possibility to investigate timeentioned chroma-
tographic Displacement Development (DD) effect ot#d for the NC bi-functional NC
matrix (Figs 1a,b) for the two interactive and @gating 2 concentration waves for
the two principal ;(RoPi)+m(1,2)-components-complexes (formed due to the pair ®f«ds-
sociation-dissociation» (1),(2)-reactions) (Fig, abd 2, S below.2).

Thus the main purpose of the manuscript is the stgation of the DB
chromatographiceffect for the two X oy interactive concentration waves which is
achieved here by the computerized mathematical hivoglevith the proper approach on
the basis of the advanced NiGfunctional combined Model (see illustrations at Figs 1,
and Fig.2, below) with the two corresponding MMTI-tputes (Figs.1b,and 2), namdly
MMT route with the two component {;K<’}-Selectivity factor together with the-
MMT multi-Diffusion route characterizing by thé§.s}-multi-Diffusion factor [1-8].

In other words the chromatographic displacementibielr (i.e. the DD -effect)
for the two principal concentration )L, T) waves-profiles, occurs for the two principal
m(1,2components-complexes which propagate across theLM@mbrane (shown in
Figs.1b byhorizontal arrows) in the course of T-time. Thuerthis the straight clear anal-
ogy with the displacement behaviour for the propaga of the two X oL,T)-
concentration waves between the MMT selective @m®e®in the chromatographic column
and for the MMT process in the planar NC L-matrixttee L-NC membrane here. How-
ever at the NC MMT combined selective (I)-procds=re is the definite differences con-
cerning the X o(L,T)- waves behaviour which are emphasized here (s¢e S. 3,4)

The methods of theisualisation of the MMT NC process across the L-membrane
is realized via the particularpk(L,T)-concentration waves behavior [1-10]. The prea-
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tion of the MMT-NC process is similar to the MMT the multicomponent preparative
frontal chromatography. The visual demonstrationtited modeled X, sconcentration
waves behavior will be shown (Figs. 3.4, S.4 belowa) the calculated frames-pictures
which are displayed in the course of Timé,[f) for the combined sorption NC MMT
process.( Figs. 2-4 Sbélow).

The results of the generalized theoretical invesiog of the selective sorption plus
Multi-component MMT across the NC planar L-membramne presented on the basis of
the recent advancdd-functional NC Model with the enlargek®(6)- variance (see Figs.
la,b; and 2). The results of the author’'s compzeericalculation for the propagation of the
multi (n=6)-component Xi.sywaves in the NC-MMT kinetic process are demonsttan
the course of T-time at (see Figs. 3A,4B, S4, bglow

The results of the computerized modelling for thé-MMT k®®(6)-component
process are displayed visually by the picturessitating the X» (L,T) concentration de-
pendences for the selective chromatographic Dispt@nt Development effect (DD) in the
course of T,T>-times (see Figs. 3A,4B; S.4The DDinteraction of the propagating
Xma,2(L,T)-concentration waves for the two principal smsorbed components, namely
(KR"P))"m.2)-complexes into the planar NC matrix of the L-meant& taking into account
a number of the determining parameters for the @o@bMMT NC process, namely, two
component Selectivity{k" K<’} factor (I, » -route) and the input {}}-concentrations val-
ues (n=1,2,...6), including the multi-component D3{}-diffusion factor(l,
multi(Dz.s) Diffusion route)[1-8].

The modern advanced(6)-component MMT bi-functional Model (withk®=6-
variance) is used during the computerized modeling of thdTMNC combined kinetics
through the bi-functional NC L-matrices (Figs. lard 2 [1-8]).

Bi-functional NC model for advanced, MMT system with
k@-multivariance

The two travelling ionicP 4 -principal sorbate components (with the tDg
diffusivities) are included into the MMT-NC processnsideration inside the selective
sorption NC matrix of the planar L-membrane. Due to the two IMAassociation-
dissociation reactionsl,(1),(2) thetwo diffusible P4 -principal components (@4>0)
compose the two fixecLIRoP(gA) "m(.2) -complexes during the combined MMT process
through the NC L-matrix (Figs. 1a,b)[1-8].

The two QROPi)m(l,zf-compIexes are in diffusible and therefore posteszero
Diffusivities (Diffusion coefficients), i.e. R 2~0 (Figs. 1a,b)}R° + P’z < ((R°P) m1
m;=1, i=3, k=6 ; (1)
R+ Py o (ROP) m2mp=2, i=4, k=6 ; 2)

including the corresponding MAlrelations (Fig.2, up to tHeft below)
Ks2= [ROPI/([KRY] [P]), M= 1,2 ; i=3, 4 kP=6 (3-4)

Where [R], [«R°Pi]m. [«R"], [Pi] are concentrations of the n-components (see also
Fig.2) [1,2].

Due to the two component MALSelectivity {Ks":K<?}-factor in (3), and (4) it
takes place the Displacemddevelopmen (DD) behaviour for the propagating modes of
the two particular Xo(L,T)-principal concentration waves (Figs.3A,4B4 ®<low). The
combined MMT-NC kinetics process for the mitomponents (Figs.3,4) (whenem );
Pi(3,4); b, k®=6) occur through the selective NC-sorbent. Thetiis processes with the
advanced NC Model in the course of T-time is com®d theoretically by the author’s
computerized modelling. The advanced computeringdstigation is based on the funda-
mentals of the thermodynamics of the irreversiltepsses. [1-8, 10-13].
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(a) SEM. NC. left (b) Schematic. righr
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Fig. 1. @, left,; b, rlght)(enlarged) Nanocomposite (NC) mterane—media for the MMT kinetics
process: (a)-SEM vicrography( of NC matrix, Fuji{G&pan), MetalEAg®[9]; (b)-principal scheme [1-8],
Js.iza-external mass fluxes(white arrows), black arrovediion of MMT inside NC L-matrix; MMT routes:
I, rselective&ll-Diffusion, Dj- D3 s—Diffusivities(see Figs.3,4), principaliR; s—diffusing components,
Js s arexternal mass fluxes; |, vertical arrows(sink-s@umechanism, see Flgﬂa -key component(«nano-
sites» including sink-source mechanism) Magnifaatil0000 : reactions (1), and (2) along MMT Rdute
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The aim of this publication is to consider the gafieed theoretical approach in-
cluding the fundamental aspects of the Multicomporidass Transfer (MMT) for the
sorption kinetics in the variouli-functional NC matrices of the selectivie sorption-
desorption (Fig. 2) and II, multiDiffusion{fx} for NC modern materials:Nano-
Composites (see [1-8] also).

Figures 1a,b, and 2 display the visual schemebebi-functionaNC Model pro-
posed [1-8] with the explanation of the-functionality for the NC matrices during the
MMT kinetics process. There are included the twacfions of the MMT NC Model con-
sidered [1-8]: {)selectivel-«route» with thewo «adsorptiori@)-desorptiond)» stages of
the reactions (1),(2) (Fig. 2, ufeft) including the two component { K<’}-Selectivity
MALs factor (3); (4) (Fig. 2, downright) for the two principal diffusing Pig4) -
components (Figs.1a,land Fig. 2). In addition Fig. lkdisplay the second) -Diffusion
route for the multi-Diffusion transport characténg by the multi-Diffusion, {.s}-factor
(see Q=34 jsvalues at the the Figs. 3,4 of the selective cosbMMTk®(6)-NC system.

2 "SINK-SOURCE "
reactio:_ls @ D, @) S R,
::lé ':;14 Rkpi)m Nf/ nano- s1tes W NP giTE
adsorption I des'or pion [To)
( 1)] | {Rkp )1 . ()
J k( Iﬂ)<0 I Jk(10)
PRINCIPAL 1 @': ' 19l }
COMPONENTS _ [t [Pif | [Ry]+ [P] e 2 [Repi) ],
i : source (R IPi))
1l K -mass G).4)

MALg
Fig.2. Sink-Source mechanism with correspondifkp)&Ji(Ib)-mass flaxes foadsorp-
tion(la)(left)-desorption(d) (rigt)MAL s stages; (1),(2)-reactions(ugft); (3),(4)-MALsrelations(down,
right); fixed principal R%-key (D=0) component («nano-sites») including «siak]-source (ight)» MMT
mechanism), R,P" 3.4, (RP) mwz—principal m -components(R.260), Dss>0.

In the considered MMT NC process the three compisnéDs 4 j5>0}-Diffusion
factor includes the two @) - diffusing principalP"; 3.41(sorbate) components. Besides
the accompanying co- |ons [?5 Diffusion is included into the consideration here fioe
new advances MMT N@&®(6)-selective combinedt, selective sorption antl, multi-
Diffusion-NC system.
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The computerized modeling of theC-MMT process here includes as the basis, the
combined advancebi-functional NC Model considered for the(1,2,...6)-components in
the NC MMT kinetics system with tHé?(6)-variance (wheren=1,2,.. ,5k®=6). Besides
k(z)(6) is thevariance for the NC- I, selective sorption (1),(2) artl, multi-Diffusion se-
lective system, which contains th&o diffusing, and interactive 'R sr(sorbate) compo-
nents with the corresponding td 4-Diffusion coefficients (see Figjb,above 3,4 below).

According to the advancdal-functional NC Model used here the twmwincipal dif-
fusmg Pis4) sorbate components are transformed into the figede as the fixed
R°P)* m(L, 2)—«complexes» (where 3 »=0). The principal m s—components-
«complexes» are in diffusible with the zero coedints, Dn1,2=0, (see Figs. 1b, and Figs.
2-4). Theforward process|@) of the «association» of the principal two diffisi P'i3 4-
components takes place with the transformatiéhiss into the two associated
(kROPi)+m(l,2)-fixed complexes at theassociation» stage (a—) of the two MALs(3),(4)-
reactionsl(y »)(Figs.1b, and Figs.2,3,4).

Naturally that theeverse process of the desorption» £1d) occurs at the dtsso-
ciation» stage{-1d, Fig.1h and Fig. 2) with theeverse transformation of the fixed two
(kROR)+m(1,2)—compIexes into the free state of the diffusingsk-components (B:>0;
principal schemes, Figs.1b).

These two jointly satisfiable «sorpti@ssociation(—la), and desorption-
dissociation(—Id )» stages are presented at the pictorial diag@ntise two MAL reac-
tions (1),(2), (Figs.1lb,and 2) with the corresponding MAlrelations (3),(4) at Fig.
2(down,right). As the result of the co-operative («sorptiokes> where Jkx <0, see Fig. 2,
left and «desorption»s-1d where Jx>0, see Fig. 2, right) behaviour (i.e. Fig2, /eft, and
right) at the MMT NCk®(6)-selective system may be presented schematicsililgeacor-
responding mass transformatiorigB= (kRP))'m1,2) in the visual diagrams of the Fig. 1b,
and Fig. 2.

The two fixed (i.e. [Ra27=0) «complexes»(kRP;)"m1,2) of the principal m
components transform to the diffusible filgg 4)-ionic (sorbate) principal components in
the I, selective sorption and ,multi(Ds.s)-Diffusion NC selective process expressed via
the MALs «dissociation» reaction—d, Fig. 2, right). According to the MAk forward
«mass transformations» mechanism (3),(4) of thetiwas (1) in thebi-functional NC
Model proposed (see Figs. 1b and Fig. 2) the fifesthg prlnC|paI P.(g 4) (sorbate) com-
ponents are transformed into the two fixeg,¢DRy=0) principal (R°P)* m(1,2) -components.
Thus in short schemé¥ig, 4)e(kR P)m(1,2) the reverse twAL s mass transformation (3),
(4) of the tworeactions ; ») reduces to thedissociation» stagd d): P i, 4)‘—(kR P)m(,2)
(Fig. 2, (1),(2) reactions, Fig.2upit).

There have been considered previously the sameagpin the simple NC Model
elaborated previously with the only one MAL reantip,) and (3) for the simple type of
the MMT NC k™=5 variance for thel, selective sorption includint, Diffusion (Bs,))
system with only on®”3)-(sorbate) diffusing component [5-8].

It is obvious that the investigation of the inteefiece effects for the twprincipal
diffusing P P .53 .4y -(sorbate) components is not available in the BAMT NC selective
system withk®™=5-variance[5-8]. The simple MMT NCkY(5)-system is characterized by
the KY=5-variance number (where the™®(5)-variance is principially the smaller number
of the degree of freedom) [5-8]

In this publication there is developed the effegtjvadvanced MMT N&(6)- I,
selective sorption-desorption plus the Il,multifidgion NC system which is characterized
by the largerk®(6)-variance in comparison with the another previous simpf8(%)-
variance system [5-8] (wheké?> k®+1).
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The largerk®(6)-variance corresponds to the larger number of the degrdeeef
dom attained for the multi(6)-component MMT Ng&lective sorption combined system
with the k®=6-variance. Thevariance is known as the principially important integrakpa
rameter of the irreversible thermodynamics theafy13].

Now for the new advanced MMT N&®(6)-selective combined sorption system
(with the twoprincipalP"i3 srsorbate components) the previoushachievable possibility
in the simple K)(5)-system[5-8ltoconsider such interference effects for the pwincipal
(P)"z.arsorbate diffusing components as for exampilgplacement Developments (DD) is
now available, and realized successfully hereimghblication.

Thus it is attained here (later $4) the visual computerized new results for the in-
terference of the propagatingm2-concentration waves of the principaRYPifm(l,z)-
fixed (Dm,2)=0) complexes including the DD effects of thgeyrwaves interaction. The
computerized calculated DD effects are achieveddismlayed in Figs. 3.A, and 4.5.4).
The discussion of the calculated combined bi-fumzl NC Model including the new re-
sults are presented for the propagatingc&ncentration waves€l,2,...6) in S.4 (Figs.
3A,and Figs.4B) obtained by the author’'s compuégfizalculations.

In addition there is the important generalized amdlamental remark here, namely
the MMT NC kinetics withl, selective sorption and ,multi-Diffusion, k‘®(6)-selective
combined system is more variable (due to the twenéal fixed principal kROPifm(l,z)-
components-«complexes»). Due to the enlarged dedrireedom, and to the availability
of the two principal A?Ol%fm(l,z)-components, i.e. MA&-«complexes»lf ;) the extended
k®)(6)-variance of the NCk®-systems provide the principal advantage in corsparivith
the previously considered [5-8] simpl&§&)-components bi-functional NC MMT sorption
systems.

The generalized phenomenological mathematical tqabris described here below
(in S.4) on the basis of the non-equilibrium thermodynanapproach[1-4,11] via the ma-
thematical partial differential mass transfieEgns (3.3) [8, p.762], which have been using
together with the proPosed and advanbetlinctional properties for the advanced Ne-
lective Model with I&-1, selective combined «sorption-desorption» (1)d@ions, and
I, multi-(Ds.s) Diffusion implemented (i.el, Selectivity)&(l, multi-Diffusion)-MMT
routes).

The conceptual scheme of the bi-functional K€-Model (Figsla,b, and Fig.2)
clarifies the details of thbi-functional NC Modelwith the two routes, i.d.; 2-route with
((1),(2)) reactions including the two componenis{K <’}-Selectivity factor determined by
the (3),(4)MALs relationships including the Diffusiol, route with the{Dj3 4 s}-multi-
Diffusivity. Suchbi-functional NC Model is implemented into the mass transfetigladif-
ferentialn-Eqns systems mentioned [8] (see the descriptidheoprocess of the MMT bi-
functionalNC kinetics[1-8].

Here the advanced MMT selective sorption combihk@ Model with thek®-
variance is presented via the generalized conceptheme (Fig.1bandFig. 2) including
the all vectorial internal m@1,2)k-mass fluxes (see Fig. 2) for the diffusing twonpipal
P'is.4rSorbate components mentioned earlier.

The Jna,2k-mass fluxes are determined as the internal flasethey are expressed
by the MALs relationships (8(4){K s.Ks?}via the Selectivityl; ~route, (see (1),(2) and
Figs. 1h 2) including the two MAIs relations(3),(4))[1-4,8]. The generalization of the
NC, MMT Kkinetics process is realized by the inclusioto the consideration of the addi-
tional internal Jnk- mass fluxes which are expressed by the «sinfoswérd,
la—)&»sourcexbackward, —Id) mechanism for thd,-mass flux along the co-route
(Fig.2). Figure. 2 displays the sinla (left)—sourceld (right) source- mass transfer me-
chanism, where th& i— the all mass fluxes.
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Two theoretical basic, and key common conceptaisee in the study of the both,
MMT k®[6,7], andk®—selective combined (selective sorption anidl, multi-Diffusion)
NC systems here with the obvious advantage ofkt@(6)- I, NC system mentioned
(I,selective sorption anidl,multi-Diffusion).

The fundamental well-known (in the irreversible rthedynamics, [1-4,12-14])
«Wave concept» (denoted here and previouslWagL-8,10,13]) of the multicomponent
interactive X-concentration wavesi€1,2,.. k") propagating in théi-functional NC L-
rrzgtrices for the MMT Kkinetics process of tkél’z)-components mixturengl,2,3,4,5,
k'“'=6).

In this publication there is considered the MMT, N@cess for the advanced
k®=6-selective combined system inside the planar NC emfranes. The NGAMT
process for the any-components of the®-component mixturenc1,2,..,5,k®) is consi-
dered for the case when the appearing, and inieeacK,(L-distanceT-time)-
concentration waves propagate in the course of {ill@nside theNC matrix from the
contact: AC surfacéexternal solution» (Fig.1lb, on théght) into the separate selective
route ()at the NC sorbent L-membrane (see also Figs. 38, 4B), i.e. %(L;T9-
distributions;S.4). The additional significant explanatory compizied visual results with
the illustrations (Figs.3A and 4B are representdws in S.4).

The multi-component XL,T)-concentration waves for the MMT selective NC
combined systemdq(,; Il routes for the mass transfer process) propagdteifull analo-
gy with the MMT in the theory of multicomponent ftal chromatography. The difference
between the two variants of the MMT processes raeatl concludes in the availability of
the linear velocity for the column chromatographlge difference between the character of
the particular 1,2« -waves in the NC MMT process and the usugcéncentration
waves in the multicomponent chromatography wilbszussed later.

Figures 1b display the input vectorial external fudifon Jsasp j5- mass
fluxes(Fig.1b, white arrowsjght) together with the interndk -mass fluxes (Figs.1b, co-
loured vertical arrows) of the masses of theomponents of the new MMT advanced
k®)(6)-selective NC combined (selective sorption antl, multi-Diffusion) system.

Figure 2 displays visually the details including tiesultingly i n-mass fluxes of the
mass transfer «sink-source mechanism» (Figlon) which explains its action during
«desorption» @) and «adsorption» ) stages (Fig. 2 in theniddle). The extended de-
tailed explanation in the text are presented byHilge 2 in the last recent publications [1-
4,10].

Displacement Development in Concentration Waves Behaviour for
combined NC Sorption System

There were included all the Equatior8.3) for the 6™-componentNC MMT
k®X6)- 1, selective sorption andl,multi-Diffusion -sorption system previously pressh
including the two principal components, namely twncipal «sorption-desorption» rela-
tions (1),(2) (R°P)"ma 2, (Myfixed and in diffusible «complexes» wherg,D,=0), and
besides two principal (£%>0)-diffusible «free» principal Rz 4-componentsThe sorptive
power of the bi-functional NC for the" B, srsorbate components are characterized by the
two component Selectivity {K(3);Ks%(4)}- factor according to the two MAJ relation-
ships (3),(4) determined at Fig).

The numerical technique is based on the implioitdi difference formulation (with
the forward andreverse mathematical sweeping procedures) for the genedhlzarabolic
partial difference diffusion mass balanté&gs. (3.3)[8, (3.3)] with the iteration technique

Kalinitchev A.l. / Cop6unonssie u xpomarorpaduueckue npoueccst. 2019.T. 19.Ne 5



519

including the multicomponent mathematical matrixcakations approach, and the multi-
component mathematical matrix inversions.

On the mathematical basis [1-8] of tHEORTRAN) computer programs were ela-
borated and arranged for the numerical schemesimathsion of the partial differentiadl-
Eqgns. mentioned and the MMT combined NC process wenstructed [1-8]. First the
simple combined MMT process on the basis‘Gf¥ariance NC Model was modeled [5-7].

For the considered case of the new advahé@)-NC Model the new advanced
computerized program have been modernized. Theomippate numerical computerized
solution of the MMT partial differential Eqns (3[8) was carried out for the six compo-
nent k®=6) in the NC matrix with the inclusion of thBiffusion relationships for the con-
centration {X} and electrical {b} fields influence [5,11].

Usually as a rule the «Displacement» effect iswudised widely as the chromato-
graphic one for the sorption phenomena [13,15-17].

It is known that the DD chromatographic effecthe tesults of the interference of
the two propagating sorption {¥concentration waves, namely the second- X
concentration wave displaced. The-cbncentration wave (for the less selective 2-
component with the ¥-selectivity) is displaced by the more selectivec¥ncentration
(«displacer») wave of the more selectite(Ks')-«displacer» mcomponent (where
Ks™>K&?)in the sorption medium.

Figures 3,4 display visually the DD effect with thiel of theL-spatial propagation
of the X 2L, T*%-concentration waves in the courseTdf-time. The part of the calcu-
lated new results of the author’'s numerical modgisnpresented in Fig8A and 4B.

The presentation of the propagation of the commadr{X,(L,T)}-concentration
waves may be presented additionally (includingpfreious modeling author’s results [1-
8,15-17]) in the more acceptable and visual pregiem mode named here as Swentific
ComputerizedAnimations-video files. Such visual approach (orother words as the
computer-generated imagery «S@Ax»-video files) is used by the author of this pudlic
tion [2-5,15-17].

The picture frames in the SGHi video files are represented by the computerized
multi-colored multi-component X,}-frames positioned in the ascending order Tot
times (T<T). The visual examples of the computerized sévermture-frames» (used for
the «SCAavi» video-files) are displayed here in Figs. 3Al&B. The explanation of the
meaning of the multi-component (multi-colored) waxgcture-frames» (in Figs.3And
4B) is givenbelow. The «SCAavi» examples are included and used permanently by the
author during the oral presentations at many i@tgsnal conferences and seminars [1-8,
15-17].

The visual demonstration of the-functional NC, MMT kinetics during the oral
author’s presentations are prepared via the «8@Avideo-files as the results of the com-
puterized mathematical modeling via the propagafig}-concentration multi-colored
waves calculated finally. Then the calculated fraraee arranged for the successive time
moments(T) in the «SCAavi» video-files produced [1-8,15-17]. The correspandi
«SCAavi video files» demonstrated clearly are perceivethieysci. audience [1-8, 15-17]
easily.

Here (inS.4) the computerized results are displayed in tbeersimple manner (as
the multi-colored «picture-frames», in Figs.3A at) than in the visual KCAnination»
method mentioned above. The complete set of theratptwo {X,(L, T*%} multi-colored
«picture-frames» display the behavior of the adednpropagation of the §(L,T)-
concenration waves (for the curreéft*time moments). The propagation of the multi-
colored Xma.2, Xke)(L, T 3)}-concentration waves happens (franght, L=1,T" to left,
L=0,T°) for the two various A,B-variants (Figs.3(A:3 and 4B, T"%). The A,B variants
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differ in the various values of the two componelt{K<’}-Selectivity factors (Figs. 3A,
and 4B).

The each of the computerized A,B-variants are tafed and displayed visually
(Figs.3, variant A, and Figs\variant B) for the following parameters introducedmely
two component {K':Ks?-Selectivity factor; three{D 4 §-Diffusivity values and then the
set of the input {)°-waves concentrations (examples in Figs captioh&igs.3A and
4B). The propagation of thearticular multicomponent Xi.¢(T3)-concentration
wavegwhere{D; » 4=0) are displayed in the course of the discieté-times values in the
ascending order i.e[°=12(left); T*=3(right); at Figs 3A andr>=18(left); T'=6(right) at
Figs. 4B.

Figures 3A, and 4B display the direction of the gamgation of the advancing
{X1,2¢-concentration waves across th€ L-membrane from itsight side (=1) to its
left side (=0) (see Figs.1b, and Figs.3A;4B). Thus Figs.3Adiplay the propagation of
the three particula¥; » dL,T)}-concentration waves in the NC L-matrix for theed and
indiffusible my,,, andk®(6)-components (with zero Diffusivities,.B¢= 0).

These propagations of the m k(z)(6)-waves through the L-membrane occur to the
left side £=0, Fig.1b) from theight side (=1)(see the black arrow to L= in Fig.1b).
The direction (to théeft side from theright side of the L-membrane) for the all {&,T)}-
concentration wavesi€1,2,...k'?(6)) is displayed by thélack arrows =) in Figs3A,
and 4B.

One of the most principal andtegral Xs-concentration wavedash-dotted) de-
monstrates the typical «S»-shape during its prapayésee6-curves in all Figs3A; 4B).
The particular anéhtegral (R%-wave characterises the particular, and fixeg=(@ k®(6)-
component («nanosites», Figs. 1a,b).TkkH)R°-component was deliberately declared and
introduced at the initial (and key) stage of theation of the authorsiC Model elabo-
rated for theNC MMT k*2-sorption combined systems. The corresponding refioarthe
significance of the(e)Ro-component («nano-sites») is presented especg)y]-8].

During the mathematical computerized modeling ef MMT NC process with the
results displayed in Fig8A, 4B there was calculated the well knoimtegral parameter -
Centre ofMass (orCM(T?)) for theintegralgR%-concentration distribution of tHe?(6)-
wave. During the computerized modeling 1G#&1(T)-values calculated are close to the
Ln,>-positions for the concentration maximun6(T13)at any currenT**times val-
ues.

Thus theCM (Centre ofMass) of the integraR°-concentration wave supports its
physical meaning. Th&€M-value of theintegral k(e)RO—concentration wave (varianve,
k®=6) is close to thé,'«positions» of the concentration maximumg*XT) of the dis-
placing 2-principal mrcomponent-complex. Consequently during the MMT PiGcess
the CM-values are almost equal to thg-positions. In such a way ttietegral CM(T *%)-
values «indicate» the results of the DD-Effect, abmhe L, -positions in Figs. 3A and
Figs 4B.

Let us look at the propagation to theit (L=0) 4=m from theright (L=1) of the NC
L-matrix (see the wave’s propagation along the lblatcow at Fig. 1bup) of the specific
Xm@,2rconcentration waves for the fixed, pcomponents, Fig. 3A ¢e12>T>T=3), and
Fig.4B (T°=18>T>T'=6).

Thus it is obvious that the NC MMT kinetics proces$ig. 3A (large K=400) is
much faster than the kinetics process at Fig. 4Bderate K'®=320). The same depen-
dence takes place for the DD effect value"{X peakamplitudeof X,-concentration),
namely(compare Figs.3A and Figs.4B):

X2a™{(Fig.3A, Ks)=0.65 > 0.52=%"(Fig.4B, Ks'®), where k'*>Kg'®
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Inside the NC matrix there are presented the figethponents (such as free
«integral» nano-sit%)RO-wave profile (6-curve) which have zero Diffusivitys=0. Na-
turally that the immovablelROR)+m(1,2)- fixed «complexes» have no diffusion mobility
(D(1,2=0) also.

Nevertheless the particulat{; » and Xe}-concentration waves propagate in thie
functional NC matrixes.[1-8]. The distinguishing feature oé thn -waves consist of the
«(kROPi)”’m(l,z)-in diffusible «complexes» (with zero DiffusivitieBm,2=0).

The influence of the two component §kk <-Selectivity factor on the propaga-
tion behavior of the {Xg-concentration waves displays here in Figs. 3Ad 4B. Both
Figures 3Aand 4B illustrate the influence on the {Xs}-concentration waves behavior of
the various sets of the determining factors, narBlys}-Diffusivities; {X .’}- input con-
centrations values. The particulaxXzr-concentration waves interference includes the DD
effect displaying the peak with the,;X(L.m)-dependence for the X“maximums of 2-
component concentrations (Figs.3A; 4B). All the §XL,T)-concentration values are the
results calculated by the computerized modelingtoetd.

The DD effect occurs as the result of the interieeebetween the twparticu-
larX; --concentration waves. Thus the-2oncentration wave is displaced by theursion
of the another xconcentration wave of the «displacer» (nameiwave of the 1-
component-displacer with theskSelectivity). The DD-effect is determined by thveot
component {K,Ks%-Selectivity factor in the MAIs relationships ((3),(4), and Figs. 1b, 2
(with the large Selectivity «&”=400» for the «displacer», andsk=50 for the 2-
component displaced, Fig3A. FiguresAB display the influence of the moderate displacer
«Kg1°=320» in two componer8electivity®{K s'®=320, K®=40} factor.

The comparison between the variouss:400, Figs.3A), and K¥®(320, Figs. 4B)
values (where K*>Ks'®) shows in details the more essential influencéhefDD -effect
for the large K'*(400)-Selectivityvalue (see Figs, from T*(l&ft) to T3(right) in compari-
son with the influence of the moderate'&(320)-value in the case of Figs.3 (comparison
between Figs. 3A and Figs. 4B).

T3=12 : X,™=0.58 =3 ; X,"™=0.61
T3=12; X,™=0.58 T'=3; Xym=061

% S

——— e
Ty | 6 oTs LN

el
TEXEEX ¥ < EEEEEEEELT:
(left, T°=12); Lom=0.32; (right, T'=3); Tom=0.65

(Ieft, T°=12); L,=0.32 ¢ight, T'=3); Xo;, =0.65

Fig. 3.(T>-T%) VariantA(K s?"=400;50. DD effectfor X, ,6(L,T)-concentration waves in NC
L-membranei-displacer, (dashed:displaced,(solid);3,4-thin lines:«integral» wave, R’-(dash-dotted).
(horizontal movement df-6-concentrationwaves (to left, T3=12)< (from right, T*=3, see Fig.1b) for kinet-

ics displacement through NC L-membrane, dependintyvo governing factors: Selectivities {§& and
input concentrations {% J}-values: Ks'(400)*>Ks'(320). Diffusion coefficients{ D3=0.1;

D,=0.055Ds=0.02}*E. All values are dimensionless®=118 ; X,™=0.50 T=6 ; X,™=0.52

The DD effect is well known as the chromatograpgffect. The reason of the DD
effect in theory of chromatography is the differefetween the &*-Selectivity values.
The analogy between the NC MMT kinetics and Thexrthe Multicomponent chromato-
graphy is especially emphasized in the author'dipatiions [1-4, 15-17].

Therefore it is important to consider the detaiishe DD effect in theNC MMT
kinetics investigation here. Figures 3 and 4 gineopportunity to present tHéz)(G)- NC
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Model for the investigation of the details of th® Bffect in the MMTk®(6)- NC sorption
systems.

L Xy =0.50 Ti=6; Xymx=0.52
K| Y - 18 * % N T -«IN

.

T T T T T T |n/! lr‘l-.r:':'

4 0 { é . 3 04 05 06 OF 08 03 i
(left, T°=18); L.m=0.55; (right, T'=6); Lom=0.

(left, T°=18); L,r=0.55€ (right, T*=6); L,x=0.71

Fig. 4. (P-T%) VariantB. (K s*?®=320;40)DD effectfor X, , {L,T)-concentration waves in NC L-
membrane: 1-displacer, (dashed) ; 2-displacedds@i«integral» wave K- (dash-dotted). (horizontal
movement of 1,2,6 wavego left, T°=18)< (from right, T*=6, see Fig.1b), for kinetics displacement through

NC L-membrane, depending on two governing facteleGivity’s (Ks"?) and input concentration £X;}
values: K'(400Y*>Ks!(320¥. Xi@,4(L,T)-waves are omitted (to make the pictures gleaif the values are
dimensionless.

The propagation of the distinctive; Xs(L,T)-waves for the MMT NCk®(6)-
system (see Figs. 3A;4B{Teft; T*right) is determined by the main characteristic parame-
ters of the MMT NC kinetics:1) two component {K":K<?}-factor, for the fixed m
principal components and

(2) multicomponent {B.s}-Diffusion factors for the mobile principal ‘R5.4r com-
ponents, and finally

(3) - two input concentrations {(2,(,4)0, L=1} at the input of the L-membrane (at1,
right, Figs.1-4).

The remaining input concentrations data are detexuinby the conditions of the
(1),(2)- NC sorption equilibriazX1 2 for the (R°P)";1 «complexes» due to the tibAL s
(3).(4)-relations, and due to the condition of the stancy for the initial k(e)Ro-
concentration inside the NC L-matrix:

[6R]°+ [(RP) ma] °+ [(RP)" mal =1 (4.1)

The remaining s)-co-ion Xjs)-concentration is determined from the obvi@lec-
troneutrality  condition:  [(%)]"PVEX T H[X P The  diffusion  {X4g-
concentrations waves are calculated during the otenged numerical modeling men-
tioned but not displayed in Fig8A and 4Bknowingly for not encumbering the main re-
sults concerning the propagation of the partic{ilr,2)Xs}-concentration waves.

The part of the results of the computerized modedind investigation is calculated
and presented visually by the frames-pictures @6.F3A and 4B. The various governing
parameters for the combined MMT NC processis{# together with the input {% 2}-
concentrations of the combined MMT kinetics procass presented at the Figs. captions
3A and 4B.

Conclusions
Displacement Development (DD) concentration waves during multi-
component Mass transfer in Sorbents-NanoComposites

1. The computerized results for the propagation of ffeticular{X,g-
concentration waves is determined by the decisifleances of the combination for the
two MMT routes, namely; 2-, Selectivity, andl -multi-Diffusion -parameters:
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11 -SelectiveMMT Route. {Ks"K’}-Selectivity effects (MA for sorption at the
«R%-nano-sites;two Selectivity parameters for the twerincipal m; -components-«m-
complexes»{xRP;) m,2) route, 1, (Fig. 2).

Il -Diffusion MMT Route. {Dj 4y, Djs}-multi-diffusion effectsDs 45: diffusible P;
3,4)- principal components, including co-ions dlfoSI(DB-(dlfoSIngJS'CO ions).

2. The propagation of the speciaitegral k(G)R -concentration wave in thbi-
functional NC matrix in the course of-time takes place, although the correspondirg
diffusivity is zero Dge)=0). The two particular Xa,rconcentration waves propagate in
the same way (where;=0) Ilkek(e)R -wave. All the results of the computerized modeling
(S.3,4) are displayed visually by the picture-franoéshe SCA.avi animations (Figs.3a,b
and 4a,bS.4) taken from the computerized «SCA.avi» videedil

Such atypical nusual) integralR°-concentration wave (Bj-curve,dash-dotted,
Figs.3and 4), including the tw&Xm 2rconcentration WaveSl(Z-curves) behavior has the
clear physical meaning. The diffusion propagatiénhe integral \R%wave, and the par-
ticular Xm(1,2rconcentration waves are determined by the combedavior of the diffus-
ible P; 3.4y principal components which includes ttembined P @.ayparticipation in the
two co-operative processes: namely in thgdy «mass transformation» (via the co-route
[1,2) in combination with the{D 4}-multi-diffusion in the NC pores (via the co-routi,
D;,3.40)-

The corresponding author’s conceptual schemeshbitfunctional NC k®(6)-
Models (Figs. 1a,b; S.2) displayed distinctly tmenbination of the two MMT co-routes
(1&11, see comments here (above).

Visualization of the propagating concentration waves behavior by the
SCA.avi animations

The computerized variants of the MMI?(6)-sorptionNC system including the
new theoretical numerical results for tharticular{ X2 (L,T)}-concentration waves be-
havior arevisualized by the author via the contemporary method of theputerizedsisu-
alization of the simulation results, namely via the multieced computerized SCA
animations (i.e. «SCA.avi» multi-colore@leo-files).

The «SCAavi» video files are assembled sequentially via the regpamulti-
colored «pictures-frames» arranged in coursel gfime. Such separate frames of the
«SCA» are displayed in Figs. 3A, and 4B as the lusar@mation pattern» [10]. The scan-
ning computerized «SCAvi» files are executed within the many oral authoresgnta-
tions for the MMT NC process. For the publicatiamsidered the computerized S@#
video-files demonstrate the Displacement Developgni@b-effect) during the animated
propagation of the multi-component (and «multi-cetb>) {X,}-concentration waves in
spatial coordinated_{distances, Figs. 3A; 4B) in the courseTotime during the MMT
NC processes for the modern advant&@ Model of thek®(6)- multi-variance sorption
combined NC system inside thefunctional NC L-matrix.

Such multi-colored SCAlemonstrations (via the «SGHi» video file) of the
MMT NC processes are well perceived during the ocethputerized presentation (at the
conferences and seminars in particular). Thesgalizations are perceived, and well un-
derstandable by the sci. audience. The consideé3€RA@vi»method of visualization has
been used permanently for the implementation okdB€Aavi» video-files into the vari-
ous author’s oral thematic presentations of the MNAO kinetics and dynamics process in
thek™?-sorption systems.[1-8]

The multi-colored computerized SGAi animations (as the «SG#vi» video files
prepared) have been used by author of the mantsatipthe permanent experience in the
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effective and visually perceptible presentationgh&f NC MMT kinetics processes|[1-8]
(and of the MMT dynamics previously [15-17]) in nyamternational Conferences (in-
cluding in particular the well known Conference&XI2004, 2008, 2012», Cambridge,
UK).[15-17]

Highlights: a. Computer simulation by the mass balance Eqrdudas the advanced recent Nano—
Composite (NC) Models. b. Results of the numerxxahputerized solution bring the propagating mode of
the multi-X,(L,T)concentration waves inside NC. c. Phenomerioidgvave W-concept is extended to a
sorption transport phenomena in the NC (NanoCongsjsisorbent. d. Calculatedsual animations
SCA,avi video-files show the interference of cortcation waves for n-components. e. Simulation ttssul
showvisually the chromatographic Displacement Developments (iDE)e NC via the wave W—concept.

e. Displacement Development occur during the meassports visualized for the sci.audience via the
«SCA.avi» animations constructed by a computer qarog f. The MMT transport through the bi-functional
NC matrix leads to the propagation of the partic@l@, k(«nanosites»)-concentration waves behavior.
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