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Multi-component diffusion mass transfer
in bi-functional nanocomposite matrices
with the author’s model
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Institute for Phys. Chem. & El. Chem. , Rus. A&xi., Moscow
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There is presented the generalized theoreticalystfidhe kinetics of the Multicomponent Mass
Transfer (MMT) on the basis of the numerical conepized modeling with the elaborated author’s new bi
functional Model for the contemporary selective B@omposite’s (NC): r-bead, ro-fiber, or L-membrane
matrices.
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MHoOrokomMnoHeHTHbIU AN PY3NOHHBIN MacconepeHocC
B 6U-pyHKLUMOHaNbHbIX MaTpMLax HAHOKOMMNO3UTOB
Ha OCHOBe aBTOPCKUX moaerneun

Kamnanues A.U.

Deodepanvhoe 2ocyoapcmeennoe 0100dcemnoe yupestcoenue Hayku Uncmumym uzuueckoi xumuu
u anexmpoxumuu umenu A.H. @pymxuna Poccuiickou axademuu nayk, Mocksa

B pabote npencTaBiaeHo 0000IEHHOE TEOPETHUECKOE HCClIef0BaHHEe MHOTOKOMIIOHEHTHOTO Macco
Iepenoca (MMII) Ha OCHOBE YHMCIEHHOIO KOMIIBIOTEPHOI'O MOIEIMPOBAHUS C pelieHueM Tuddy3HOHHBIX
YpaBHEHHI MHOTOKOMITOHEHTHOTO MaTepuajbHOro Oananca. /s momydenus pesyinbraroB MMII B marpu-
nax cospeMmennbix HanoKommosuros (HK) pasmuubbix cumMmerpudHbsix ¢opm (r-3epHO, FO-BOJIOKHO, L-
MeMOpaHa) HeoOxoaumMo mpuMmeHeHne Monenu mexanuzma MMII. Takas 6u-gyurxyuonanvrhas Moaens 1is
HK r,ro,L-marpur pazpaboTana aBTopoM B psifie paboT M BKIItouaeT gBa Mapupyra aist MMII ¢ xapakrepu-
crukamu: Mapmpyt | - cenexruBHoCTh (Kg) ¢ TpaHcdopmanueit Macc, a Tarke Mappyr Il - {D;}, MHOro-
KOMITOHEHTHas AU dy3us.

Jnst euzyanuzayuu pe3yabTaTOB KOMIBIOTEPHOI'O MOJICITMPOBAHUS HCIOJB30BaH (aIEKBaTHO BOC-
OpUHUMACMBIil HAYYHOH ayIUTOPHEH, U HCIBITaHHbBI B TeueHue Oosee 14 ner) aBTopckuii metox HayuHbix
Kommerotepubix Auumanuii (HKA). «HKAuumanusa» (r.e. «<HKA.avi»sugeo daiin) npeacrasiser coboi
aHMMAaNNOHHbBIE (PpEeHMBI-KAPTUHKN Pa3HOLBETHBIX MHOTOKOMIIOHEHTHBIX KOHIICHTPAIIMOHHBIX BOJIH, KOTO-
poie pactpocrpanstorcs Bo Bpemenu (T) u B npocrpanctse (r,ro,L)-marpur HK.

KioueBble cioBa: nanokommosutsl (HK), maccomepeHoc, CeleKTHBHOCTD, KOHICHTPALMOHHBIC
BOJTHBI, MHOTOKOMTIOHEHTHAST TP y3usl.

1. Inroduction

The aim of this presentation is to consider theegaized theoretical approach in-
cluding the fundamental aspects of the MulticomporMass Transfer (MMT) kinetics in
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the variousbi-functional matrices of the Nano-Composites (NC) on the bakithe au-
thor's newbi-functional NC Model[1-9]. Two theoretical key concepts are@disn the
study: (1) Author's newbi-functional NC Model for the computerized modeling of the
MMT kinetics process with n-components (n=1,2...l9ide the NC matrices of the vari-
ous symmetrical shapes: spherical r-bead, cyliating-fiber, or planar L-membrane; (2)
The fundamental well-known «Wave concept» (denateW) of the multi-component X
(distance; Time)-concentration waves (n=1,2...K) pggiing during time (T) in théi-
functional NC r,ro,L-matrices for the MMT kinetic process the k-component mixture
(n=1,2...k)[1-10]

The MMT process for the n-components of the k-congod mixture (¥n<k) is
considered for the case when the appearing, angagabing X(distance; time)-
concentration waves (profiles) move in the coursgnoe (T) inside the NC matrix from
the contact: «NC surface/external solution» int® $bparate particle of the NC sorbent of
the various symmetricalro, or L-shapes. The additional significant explanatonystita-
tions are represented in Figaiy, left ; d-f ,right).

A number of the explanatory illustrations for théviWl kinetic process in the se-
lective andbi-functional NC matrices are presented below (Section 1) véhinput J-
fluxes of the masses of the n-components (Figsl) Iacluding the corresponding propa-
gation of the concentration wavesigs) (L, T), or X (L, T) — wave’s profiles in Fig.
1b(Xnrro), @and Fig. 1e(3).

Figures 1(al) show visually the input vectoriaf Ji j,-mass fluxes of the diffus-
ing i,j,p-components with the corresponding; {E}-multiDiffusivities. The directions of
the Jo-vectors are pointed by the vectorigddial) arrows to the central core of the r-
bead (or ro-fiber) in Fig. 1la. Figure 1d shows hloeizontal vectors of the 3Jmass fluxes
for the i,j,p-components with the {p}-diffusivities in the pores of the NC L-matrix
through the planar L-membrane.

The every disturbances of the,-Zoncentration for the every n-component
(1=n<k) of the k-component mixture generate the propagaXn. o)(L,T)-concentration
waves (profiles) during the modeling of the NC t&Ex) MMT processes in the L;r,ro-
matrices. The corresponding,X-concentration waves fo-radial waves (Fig. 1b), or
Xni-planar ones (Fig.1le)) are presented schematiraiygs. 1(a,d), and Figs. 1(b,e) cor-
respondingly.

The schematic profiles of the propagating X -concentration waves inside the
NC r,(r0);L-matrices are presented appropriately in Figb,e) under Figs.1(a,d) for the
cut of the NC L;r,(ro)-matrices. In Figs.1(b,e) tingro)-radial, or L-planar X .-
concentration waves travel inside thiefunctional NC r,(ro);L-matrices along r(ro)-radius
(Fig.1b, radial Jp, to the r,(ro)-Centers), or through the L-membréfig. 1e, horizontal
Jip; right to left).

Thus the Xo)..-concentration waves are shown in Figs. 1(b,e) gpptely un-
der Figs. 1(a,d) for the NC r(ro)-matrices, (Fig),lor L-matrix(Fig. 1d) with the essential
discrepancy for the input vectorigl Fluxes in Figs. 1(deft ; dright) where the oy
fluxes are radial» (Fig. 1a), and the Jluxes are RorizontalXFig. 1d).

Figure 1c(downstairsleft) shows the obvious experimental illustrative SEM m
crography of the NC r-bead together with th&“X-radial concentration wave propagat-
ing to the r-Center (the experimentatial r-wave profile, Fig.1c) in the radial directions
of the «white» arrows (1c). Figure 1c illustratbée tpropagation of theadial X,“**
concentration experimental wave with the propagationtal (C4*/Cu’)-boundary during
the oxidation process[11,12].
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(r(ro);L-matrices): (a-c) scheme of cuts of r-sghdor ro-cylinder), and L-membrane (d,e) with
input J o(a); 1 p-fluxes(d); activgR’-«nanosites» (a,d-shaded); (b,g):Xconcentration r(ro)-
radial, or L-planar waves (along arrows); (c)-expental SEM micrography of Ctiradial wave;
(NC cut, Mé-IEx resin: C4-KU23); zero charged Cwnanocenters & «inner part» of the NC r-
bead[11,12]; (f)-two experimental SEM micrograpfyN&, (Ag’-KU23 resin) for two r-matricés
where (light dots;R%-active «nanosites») with two various displacingrag: NaS,0, (left);

N2Ha,(right).[13] Magnification: 10000. KU23 resin (Russia).

Figures 1f left, right) demonstrate the SEM micrography with the NP agglo
rates embedded into the NC r-matrix synthesized[IBE corresponding experimental
SEM micrography of the synthesized NC represemswio experimental illustrations (1f)
of the NP agglomerates (light dots) inside the N@atrix[13]. Figures 1féft, right) show
the structures for the NC «I{€W)-(KU23 resin)» including zero valent Metal NP ffu
inside thebi-functional NC r-matrix Eeealso the SEM micrography in the russian mono-
graph[13]).

The time(T)-distance(r,ro;L) behavior of the, . (distance; T)-concentration
waves for the n-components(kk) is calculated by the computerized calculationsrdy
the modeling of the MMT, NC kinetics processes. Tinenerical solutions of the mathe-
matical system of the multi-component partial difgial Eqs. (3.3), Section(Below) for
the MMT inside the variousi-functional,and selective NC r,ro;L-matrices (Figs. 1a,d)
including the r(ro)-radial, or L-planarwo). (T)-concentration waves-profiles are demon-
strated in Figs. 1(b,e).

The results of the numerical computerized mode(oigscribed in S.2,Below)
are represented by the propagation of thg -oncentration waves along the distances of
the NC r,ro;L-matrices in the course of time (THe(details are describéalow S.3-5). In
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addition the interaction (or «interference») of fhrepagating multicomponent,,ro,L;
T)-concentration waves @Erofiles in Figs.1b,e) takes place inside the Né&trioes dur-
ing the MMT kinetics process (S.3-5).

The generalized theoretical study of the MMT kiogfprocess in thiei-functional
NC L;r,ro -matrices is realized by the author’s ruital computerized modeling. The new
theoretical results of the MMT process in the NCdiam are derived on the basis of the
phenomenological approach of the non-equilibriuerniodynamics[14] by the numerical
computerized solutions of the partial differentrabss balance n-Egs (3.3;S.3) for the
MMT in the NC sorbents[1-10]. Such way of the cot@pized modeling of the NC, MMT
process should be realized via the correspondinglemmentation of the authorbi-
functional Model[1-8] into the system of the partial diffetiéh mass balance n-Eqgs.(3.3)
mentioned (in S.3).

The detailed description of the new authdsisfunctional NC Model with the two
MMT co-working (1&ll)-routes (Figs. 2a,b; S.2) exgmsing agreeably the two properties
(I,Selectivity & II,multi-Diffusivities,{D;;}) are presented for the MMT process in the
next Section (S.2)T'he main characteristics of the authdvisunctional Model are pub-
lished[1-9] and represented visually here via tbeceptual illustrations-schemes in Figs.
1(a-f)&2a,b. Figures 2a,b present the authabisfunctionalNC Model» concepts in S.2.

ia) left (b)) ragh
bi-functionality ; SELECTIWT‘I’ DIFFUSION
- g NC MODEL Concept | @ & (I {D;.p)
o R =, Rel | (1.1) |

{1 a-association —=J,14) <0)

1 - dissociation ——3,(15)>0] ‘RP - SELECTIVITY
rllm thy? @ i (I

[j (1 l[ﬂ&[} ipl ,‘m ! R
'J P P | i of mass DY st of mass oK)
(Dus } Mass Action Law: 10 R1=Kip-[Rol] (I.2)
/| —
[: D Ve MAL chem. reaction |° K=kl (L

5= — 0
&

DIFFUSION 1D; .5} Mass Transfer [11]

Fig. 2(a,b) Conceptual illustrations of thiefunctionalNC Model; route | (Select|V|ty[|)
with «masdransformationssMAL relation (1.2) (b);bi-functionalNC matrix with‘R’-«nanosites»
(dashed, a,b); multi-Diffusion co-route 11,{R}. Visual.scheme of route | (aip): (Ia)-association

(Ib)-dissociation (a,b): reaction (I.1); (Selectivity, II miid Diffusion, {Dip} in NC pores,
down); «sink»(b—)-«source»&1b) mechanism (a,b<eft-right») conditioned by Selective rOL@ I,
MMT. K=Ky, -Selectivity constant in (1.2). The inequalities f-fluxes: <0 (la —; a) ; 3>0

(—Ib; aup).

The detailed description of the experimental progerof the new Ni-functional
materials with the example: «<NC Metal-lon Exchasgencluding the review of the me-
thods of the NC synthesis has been published rgcenthe Russian monograph[13]. In
the monograph the theoretical aspects for the sgighof thebi-functional NC matrices
have been discussed in details including a largmban of the practical NC applica-
tions[13].

The micrography of the experimentally synthesized ($EM examples in Figs.
1c,f) is obtained by prof. T. Kravchenko group from Wioezh State University[11-13].
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Many experimental samples are presented as thstrdtions of the NC media in the mo-
nographincluding the additional various co-author’s jopublications[11-13]. Three illu-
strations of the SEM micrography are presented (&9 in two Figs. 1(c,f)[11-13]. In the
monographhere are considered many other experimental ifitishs and applications for
the synthesis of the NC matrices including the NR’j agglomerates (Figs. 1f, NP ag-
glomerates —«light dots»)[13

The NC material includes the numerious NanoPasgighP) (Figs. 1f) embedded
inside thebi-functionalNC matrix-medium due to the NC synthesis[13]. Teéails of the
NC synthesis with zero valent Metal (RI§P) agglomerates in the NC matrices are pre-
sented in the monograph[13

Further in the result of the computerized simulatod the MMT process with the
mathematical numerical solution of the n-compondMT system of the partial differen-
tial mass balance n-Egs. (3.3) there are obtaihedntulticomponent )xconcentration
waves-profiles propagating during the MMT kinetm®cess in théi-functional NC ma-
trices (S. 2-5). The time (T)-distance (r,ro;L) beior of the X(distance; T)-concentration
waves is analyzed and presented by the applicafidine well-known in science: «wave»
concept (named here as the «key»atncept, S.4-6) in the review[7,8].

The computerized simulation of the MMT is realized the numerical mathemati-
cal solution of the multi-component n-system of plagtial differential MMT n-Eqgs. (3.3 in
S.3) including the implementation of the authdastgunctionalNC Model (S.3)[1-9].

In the computerized modeling a number of the ac@ming relationships is in-
cluded additionally into the theoretical considenat The relations are used generally in
the irreversible thermodynamics phenomenologicak@gch: classical Nernst-Plank rela-
tionship, Mass Action Law (MA}), electro-neutrality relationships, and some aher
(S.3)[14].

The theoretical study of the NC, MMT process wtik propagation of the interfer-
ing Xy-concentration waves £h<k) is fulfilled via the well-known and widely apphble
key wave concept (VW mentioned (its short review is in S.4,5)[1-9].uBhthe wave W
concept is the second, general and very effectayedonception used for the generalized
theoretical investigation of the MMT kinetics prgses [1-10]. The first concept of the
MMT study: the author’$i-functionalNC Model[1-9]Jmentioned is described thoroughly
in S.2 (Figs. 2below). The detailed description of the key wavé-@éncept for the multi-
component (fk) mass balance partial differential MMT n-Egs.3}3is observed in this
manuscript (S.4,5eealso[1-10]).

The «multi-component Xconcentration wave», or (Yconcept is very effective in
the generalized theoretical study[1-1dd]the MMT kinetics including the author’si-
functional NC Model with the two (I, Selectivity)&(Il, multBiffusion) co-routes imple-
mented for the MMT process in the NC, L; ro, r-nes (Figs.2a,b ).

The distance(L;r,ro)-time(T) behavior of the proatigg X.(L;r,ro; T)-concentration
n-waves (W-concept) in thebi-functional NC L;ro,r -matrices (S.5) have been demon-
strated visually to the sci. audience (at many dohferences) for many variants with the
well perceivable manner via the computed multi-oedo SCAnimations (that is the
«SCA.aw video files) assembled by the authbne details of the SCA.avi»video files
applications are discussed in the Conclusion ohthauscript (S.6.2).

Further the details of the various computerized troalored SCAnimations
(«SCA.avi»video files) which show visually the propagatiohthe X, ... (distance;
Time)-concentration waves are discussed purpogefull the final CONCLUSIONS
(S.6.2).
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After the execution of the author’'s compukartran programs the numerical compu-
terized solution of the partial differential massdnce n-Egs.(3.3) for the MMT kinetics
process is presented numerically via the functitinaé dependence: Xdistance; T) con-
centration waves[2-10]. The results of the compzeer calculations for the MMT process
are presented as the multi-component numerical otatipnal tables. At this point the
theoretical analysis of the multi(n)-component catagonal tables is impossible directly.

Therefore after the computerized modeling the mobbf the multi-¥isualization»
(visual presentations for the any scientific audef8]) of the numerical results of the theo-
retical study for the MMT kinetics (and dynamicpald be resolved. In these cases the
obtained computerized results might be visualizedtive multi-colored visual description
of the behavior of the propagating multicomponeg(dkstance; T) concentration waves[2-
10]. The problem of the visualization for the MMiné&tics is solved by the author via the
visual method of the mentioned multi-colored «Stifen Computerized Animations
(«SCA.avi» video files) presented for the ,(distance; T) dependences for the- X
concentration waves[2,7,8] at the many all Russiad International conferenceseé
S.6.2).

The author's multi-colored SCAnimations are repnéseé by the video files
(«SCA.avi» which are assembled from the computerized sepastame-pictures» (for
the exampleseeFigs. 4¢b; below in S.5). The frames for th&&@A.avi»are prepared by
the author on the basis of the numerical resulth@fcomputerized modeling calculations.
The computerizedSCA.avb video files show visually the propagation of theltisompo-
nent X,(distance; T)-concentration waves, naturally mettiered ones (as in Figs. 4a,b) in
the course of time (T) inside the NC L;r,ro-matsiceia the easily perceivable SCA-
manner ¢eethe final S.6.2 in Conclusions)[2-10].

Previously the approaches for the various IEx rmooitiponent kinetic models
(though not for the NC ones) had been using dulong-time period (for around 50-60
years) starting from early F. Helfferich book[1Blough his review[16,17] with emphasiz-
ing of the STATE-OF-THE-ART-REPORT[18] till 80-8[r,8,19-25].

In this manuscript (S.4,5) there are presentedribdern new investigations pub-
lished partly in the previous author’s articlesfd}.1The corresponding theoretical results
for the MMT kinetics on the basis of the key wavé-¥dncept includes the propagating
Xn(distance; T)-concentration waves behavior in tieLl\r,ro -matrices.

The proposed postulates of the elaborated authoffisnctional NC Model give the
possibility to include théi-functionalnature of the NC matrices (I, Selectivity & II,
Diffusion {Di p}, Figs. 1a,b; 2a,b) into the theoretical computed modeling[1-10].

2. Modern author’'s bi-functional NC model, MMT kinetics

The conceptual illustrations of the contemporarthads NC bi-functional Model
elaborated recently[1-1@fe presented in Figs. 2alte(ow). The elaborated author’s con-
temporarybi-functional NC Model is assigned for the implementation irttie tompute-
rized numerical modeling of the MMT Kkinetics prosds thebi-functional NC r,ro;L-
matrices with the detailed explanations given bgl62, 3,seealsothe author’s articles[1-

9)).

In the elaborated authorts-functional NC Model mentioned it should be marked
especially the introduction of the purposeful «assmn-dissociation» MAEL reaction (
(1.1; 1.2) in Figs. 2a,b) realizing the most imgont property of théi-functionalNC Model
for the MMT process: the Selectivity one. The cqguiaal visual illustrations of théi-
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functional NC Model are presented in Figs. 2a,b with tie co-working (1&ll) co-routes
in the NC matrix for the MMT Kkinetic process.

Figures 2dgéft),b(right) show the MAIs (1.2) relation of the reaction (I.1) with the
Ks, (or Kep™, (1.2))-Selectivity constant (& route l|) in the conceptual illustrations. Fig-
ures 2a,hfp) describe visually the two mass transfer (I&ll)}routes: I-Selective «mass
transformation>yfp) & Il-multi-Diffusion,{D i }(dowr) for the MMT process see
Figs.2a, ). The details are presented ia Bections (S.2,3) including the basis of
the mathematical computerized simulation via thetigdadifferential mass balance n-
Egs.(3.3).

The {D; g}, multi-Diffusion MMT for the i,j,p-components (co-ro@ll , Fig. 2b,
down) is included into the consideration in thiefunctional NC Model together with the
property of the Selectivity (co-rou@ | , Figs.2ap). The property of the Selectivity (1) is
characterized by the corresponding Selectivity MAdctor (I, Ks=Ky," (1.2); Figs.2b,up).
The additional multi-diffusion MMT co-process, {lin the pores of thei-functional NC
matrix is__characterized by the corresponding mitfusivities,{D;;y}-factors in
Figs.2a,lﬂ.

Thus the author’s theoretical NC Model for the MMifo thebi-functional NC
r,ro;L-matrices is described by using of the twpey of the co-working mass operating
routes (I&ll), (Figs. 2a,b): mass «transformatiao>(oute 1), Selectivity MAk reaction
with k,p,m-components (reactants) together withntiti-diffusion MMT in the pores, co-
route 1l ({Dip}, multi-Diffusivities of i,j,p-components).

The first step in the creation thfe author'si-functionalNC Model consists in the
deliberate declaration and introduction into thasideration of the specific k-component:
«R%-«nano-sites» inside the NC matrix (Figs.2ap{1-9]. The (R%«nano-sitesxsompo-
nent with zero charge (and variablgRf]-concentration) is illustrated visually as the #ma
(«dashed») nanosites in Figs. 1a,b, and 2(g),b,

The fixed,and immovablgR°-component (with variable/R%-concentrations and
zero k-Diffusivity, Di=0) is introduced deliberately[1-&}llowing to the theoretical (Figs.
1a,d; 2a,b) and experimental illustrations (Figsight dots) for the activgR’-nanosites
(experimental NP agglomerates) which are embeddedhe synthesis[13] into the NC
matrices[1].

The specificiR’-component (with the variablgR%-concentration) inside the NC
r,ro;L-matrices is well represented and correlatgith the theoretical illustrations of the
«R%-nanosites (Figs.la,d; Figs 2ayhy, «dashed»). The following Figs. 3a.b; 4a.b (in)S.5
represent the corresponding propagagRgconcentration wavebfown solids) in the NC
L;r,ro-matrices.

It is «implicated» under theR%-concentration value the average, and integrai con
centration of the NP agglomerates through the physnfinitesimal small volume of the
differential mass-balance n-Egs. (3.3¥rt&k, S.3) like it is applied usually in thkeoreti-
cal continuum mechanics during the mathematicaivdeon of the partial differential
phenomenological n-Egs. (3.3) describing the MMiekic process (S.3).

Thus the specific, and fixed k-componegR’-nanosites (with zero diffusivity,
Dy=0) is declared, and introduced deliberately irte tonsideration for the theoretical
elaboration of the authorisi-functional NC Model with the fundamental inclusion of the
two co-working mass operatir@@ll) co-routes: (&xivity, 1) & (multi-Diffusion, II)
based on the conceptual illustrations in Figs.2(a& Il co-routes).

The k-component,R’-nanosites introduced into the consideration) tesithe
author's NC Model with the additional «degree afefdlom>» In the result the created
functionalNC Model includes the important, necessary, andakslity: the property of the
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Selectivity,(I). It is characterized quantitativelby the MALs, Ks-Selectivity parameter
described by (1.2) relation (Figs. 2a,b). In théhaw's bi-functional NC Model this prop-
erty is realized via the I, co-route which is désed by the «mass transformation» MAL
relation (1.2) of the association-dissociation teat(l.1). The corresponding clear illustra-
tion is presented via the conceptual NC schem&gm 2a,b.

For the reaction: p+ (R%~n(Rp’) (1.1) (Figs. 2a,b) there are realized two stages

along the route I: férward), «sorptiona—» & «desorptions—Ib»,(backward by the
MAL s «mass transformation» relations (1.1;1.2) (Figa,b2up). In the reaction (I.1) the
p,k,m-components (reagents) onto tR&-nanosites determine the change of the vectorial
Jp,nrfluxes with the corresponding relations-inequeditfor J nrfluxes via the Selectivity
co-route | (Figs. 2a,d, up). The m,k-components are fixed, and thereforg,DR= 0.

Thus the property of the Selectivity (I) is reatizer the MMT process in the NC
matrix via the «mass transformation» co-routsde(igs. 2a,b, up). During the MMT
process the k,m,p-components (reagents) entethetxassociation &)-dissociation(b)»
stages of the reaction (l.1, co-route 1) simultarsyp and together with the {[};}, multi-
Diffusion co-working MMT co-route Il (Figs. ]l[1-8] The two stages are expressed

by
ptR°=uRp) ; «association» (la —, forward)- }
(L.1)

«dissociation» (backward,~—1Ib)

Ks= Kp™ =mn[Rp]/([p]l-[kR]) . MALs 1.2)

Further the elaboratdal-functionalNC Models is implemented into the partial dif-
ferential MMT n-Eqgs. (3.3), (S. 3) via the introdion of the corresponding-dnass fluxes
along the two co-routes (I&lIl) consideration: dgfan J;p-fluxes(co-route Il ), and be-
sides additionally via the introduction of the imtal J m -fluxes (Selectivity co-route , I),
(Figs. 1a,d & Figs. 2a@ up &@ down)[1-9].

The simulation of the MMT process in thefunctionalNC L;r,ro-matrices is exe-
cuted by the numerical mathematical, and compwdrsolution of the generalized MMT
partial differential n-Egs.(3.3). The details aregemted in S.3 of this manuscript.

The clear conceptual illustration of the author&swvn bifunctional NC Model is
presented in Figs. 2a,b including the change ofvlt®us J fluxes in the MMT proc-
ess[2-9]. It is evident that both m,k-reagents. (tre associateg(Rp)"-complex, ni-
component onto thiixed (R%-nanosites) have no,R-diffusivities (D=0; D=0).

The secondR®-component (reagent) in the reaction (1.1) is declaearlier (S.2,
above, and thereafter implemented into the mass balagoations (3.3) via the internal
J-flux (S.3). The k-componerwith the variable JR%-concentration) plays the crucial
role in the formation of the Selectivity, via thecb-route ((I.1), Figs. 2aDup).

Thus for the MMT kinetics process inside thigunctionalNC matrix-medium the
two co-working (1)&(ll) co-routes (Figs. ZaE]I @) reflect the two simultaneous
processes: «mass transformation» & multi-Diffusioming the MMT kinetics. The second
() additional multi-Diffusion, {O;,} co-process occurs in the NC pores with the;{p>
Diffusivities along the second Diffusion co-route($eeFigs. 2a,b: | {p)& (1] down) co-
routes).

The conceptual illustrations Kigs. 2a,b represent and clarify the propertiethef
elaborated author’bi-functional NC Model with the all accompanying mass transfer e
ments for the MMT kinetics process[1-9]. The exaenpil the MMT, NC process with the
p", R’ m(Rp)’-components in the «mass transformation»(l.1) esgmtecbelowin S.5
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including the corresponding MAlrelation,Eq.(I.2) along the Selectivity I, co-reufFigs.
2a,b(_up).

The mechanism of the MAl«association-dissociation» reaction (I.1; 1.2) &qui
brium (co-route I: «associationa+» «dissociations-1b» , Figs. 2a,lup) retards the
whole MMT kinetics process. The dual behavior & frcomponent (reactant) capable to
the Diffusion (3>0) is combined via the two (alternative) possiig# @) or (0):

(a) p-component is immovable during the «associatgtage (— forward) when
it is fixed (i.e. included into thg(Rp)"-complex), and

(b) p-component is not fixed, and therefore capablehe Diffusion (with B3-
diffusivity). Then p-component is free and diffusilconsequently during the «dissocia-
tion» stage of thg(Rp)'-complex backward —Ib) (Figs. 2a,tJtoute).

Typical composition of the {[), }, multi-Diffusion of the NC kinetics consists of
the various types of the n-components consideraddrNC, MMT process: i.e. diffusing
(i,j,p")-ions, fixedm(Rp)-complex, and neutral substances such as zeroesharyfixed
k-componentR°-«nanosites». The example of the various n-compsr{@an<k) of the k-
mixture in the MMT process inside the NC matrix c{uding the specific, fixed k-
component,R°-nanosites) are presented in S.5 of the manustmitddition there are in-
cluded into the consideration the two immovable. fixedR°; m(Rp)"), m,k -components
(reagents) which are aroused as the consequertbe MALs «mass transformation» me-
chanism (1.1; 1.2).

The p-component, and fixed, k-componané associated with the formation of the
immovable complexq(Rp)’-component<gee(l.1) in Figs. 2a,b)Here m k-numbers of n-
components (n=1,..m,kx are represented by the left index to the compimerymbols
(examples in S. 2-GR°, w(Rp)"). The created modern author’'s NiGfunctional Model[1-

9] discussed here has common points with the pnegeapproaches published previous-
ly[15-25 especially at the end of the last century[20f@b}he selective IEx kinetics.

However, the previous kinetic models[15-2alve been applied theoretically to the
IEx kinetic processes, including the cases accormeddoy the chemical reactions in the
usual monafunctional IEx resins (and for the r-beads onl$}5 but not for thebi-
functionalNC, MMT Kkinetics in the L; ro,r -matrixes as itdene here.

The approach presented in author’s publication§ifibcluding the more detailed
description here) has not been applied previousiytiie contemporari-functional NC
matrices of varioug; ro,r -shapes. This conclusion relates especially toddwsive step
in the author’'shi-functional NC Model: the tandmark decision (for the NC materials)
with the introduction into the consideration of fii@damental k-componenméwin prin-
ciple for the NC)iR’-nanosites (with the variablgR"]-concentrations)[1-9].

TheR%-component plays the decisive key role for bidunctional NC Model[1-
9]. This introduction of the new, k-component exterithe possibilities of the NC Model
transforming it into théi-functionalone (seabovg. Besides during the MMT, NC kinet-
ics it is generated the important (and principalgw) integralR°-concentration wave
which propagates along the L;ro,r -distances incihérse of T-timegeeFigs. 3a,b; 4a,b,
in S.5). The illustrations of the integnatopagatingR°-concentration wave behavior is
presented in the computed Figs. daallKs"; b, large K<?). Besides it is demonstrated via
the corresponding multi-colored computeriz&CA.aw video files mentioned (S.1). (The
SCA animations (8CA.aw) are discussed in S.6.2 of the CONCLUSION).

In contrast to the previous publications[15-Afgntioned above the obtained theoreti-
cal results of the extensive general theoreticalputterized study for the MMT, NC kinet-
ics on the basis of the author’s NfunctionalModel[1-9]are primary and new.
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The generalized theoretical results discussed drer@btained for the first time in-
cluding in addition the consideration of the thnesious geometric shapes of the
functional NC matrices: spherical r-bead, cylindrical ro-fiband planar L-membrane
(Figs.1a,b).

The created new authorts-functional NC Model for the MMT kinetics is effec-
tively applied further for the computerized simidatof the MMT kinetics process inside
the bi-functional NC matrix of the three various symmetricab,L-shapes mentioned[1-
9]. For the illustration of the computerized modgliin S. 5) there is used the modbrn
functional NC matrix: «M@& - lon Exchanger»[13] as the real example for ththar's
modern NChi-functionalModel applications

The modern multicomponent author's NC Model witle #teybi-functional con-
cept: two co-working (I&ll)-routes for the NC, MMKinetics (see the conceptual scheme
in Figs. 2a,b) is included successfully and reallynaato the MMT partial differential n-
Egs. (3.3) with the decisive inclusion of the «sifla—)&«source» Ib) mechanism (co-
route I, reaction (I.1), Figs. 2aJol up)[1-9].

Herewith, the (1), Selectivity effect of the MAlcelation(l.2) for the «association-
dissociation» reaction (I.1) (Selectivity renIFFigs. 2a,bup) on the kinetic behavior of
thebi-functionalNC, MMT system may be crucial: the whole NC, MMifhdtics rate may
be decreased by one or two orders of magnitude.dEbesive dependence of the MMT
kinetic process on theddactor (=K,", Figs. 2a,b) of the Selectivity, | in tiéfunctional
NC will be demonstrated in S. BMariant 1, 5-components).

The generalization of the NC, MMT is realized bg thclusion into the considera-
tion of the additional internak 4-fluxes on the co-route | (Figs. 2albft-right) which are
expressed by the «sinkefward, la—)&»source»backward, —Ib) mechanism (Figs.
2a,hup|l ).

All the computerized calculations with the reswaitghe author’s simulation for the
n-component ¥ .o .-concentration «waves» (distributions) are presebtdow as the dis-
tance dependentfistance; T)-concentration waves in the coursé&-time (Figs. 1b,e;
especially in Figs. 3a,b; 4a,b, in Shejow).

Herein theras used in thdi-functionalNC kinetics the another (second) important
key W'-concept«of the X, ror-concentration waves» which propagate along thet stie
tancednside thebi-functionalNC L;ro,r -matricesThe distances are presented by the di-
mensionless valuesadius for ther-bead (ro-fiber), or thicknesdor the L-membrang0<
L; ro,r <1) (Figs. 1b,e, and Figs. 3aup),b(ro,r,down & 4a,b(Ks*?, S.5).

The computerized numerical calculations duringgleeralized simulation give the
X{distance; T)-dependence expressed in the discref ffilhe moments. Thus the func-
tional dependent Xdistance; T}-wave distributions present the results of the pate-
rized mathematical finite differences solutionghad partial differential MMT n-EQs.(3.3).

The «R%or Xyr)-concentration wave behavior has the integralattar as its prop-
agation includes the influence of all the others;jlm,.p -wave components in the MMT
kinetics process. The computerized simulation tedor the propagation behavior of the
integral  (R%distance;  T)-concentraton wave bfown solid in  Figs.
3a(p),b(down&4a,b(Ks'?) are presented and discussed in S. 5 of the mapiusc

In addition the corresponding estimations in the, MBAT kinetics are presented
further (S.5below) by using the integral CM;Disp-parameters: Center of Mass (Y
and Dispersion (Disg) of the propagating integraR’- concentration wave (of «nano-
sites»).
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3. Computerized simulation of MMT kinetics in NC ma  trices. Genera-
lized MMT partial differential equations

The generalized phenomenological approach is desthere (in S. 3) on the bases
of the non-equilibrium thermodynamics approach[¥# the partial differential n-Egs.
(3.3), which have been using together with the aeathor’sbi-functional (I, Selectivity &

[I, multi-Diffusivity) NC Model implemented. In Fg 2a,b (S.2) the conceptual scheme of
the NC Model clarifies the details of thbi-functional (I, Ks) & (I, multi-
Diffusivity,{D i;p}) NC Model which is implemented into the computexd modeling of
the MMT process[1-9].

The multicomponent set of the generalized MMT mhbatance Egs.(3.3) are
represented mathematically by the nonlinear diffloai partial differential equations with
the corresponding additional, Selectivity termg"(Bin the MMT Egs.(3.3) including the
corresponding «mass transformationa, gfluxes realized via the Selectivity co-route |
(Figs 2a,b).

The nonlinear, and rather complex multicomponesystem of the partial differen-
tial Eqgs. (3.3) with the accompanying relations4{3.10) is executable only by the com-
puterized numerical simulation with the finite @iféencesNaturally that the corresponding
boundary (3.9) and initial (3.10) conditions aré&raduced into the consideration for the
various L; ro, r-matrices of the NC materials foe tomputerized mathematical solution of
the problem, Egs.(3.2-3.10).

For the generalization of the theoretical restiits most appropriate consideration
is fulfilled via the dimensionless variables withet X,(r,ro,L; T)-concentration waves
propagating in the course of time (T) along theeathsionless length (r, ro, or L-distances)
in the course of the dimensionless T-time.

The mathematical approach is presented in thisngIBthe list of the positions:
the equations and relations considered in the ctenpgad modeling of the MMT kinetics
inside thebi-functional NC matrix containing theR%nanosites (k-component, Figs. 1a-f;
2a,b)[1-9]. The list includes the associatian@-dissociation(—|b) MALs «mass trans-
formation» reaction (I.1) equilibrium onto thR"-«nanosites» with the phenomenological
MAL srelation (1.2) (Egs. (I.1; 1.2) in Figs. 2a,b; S.2)

The diffusion mass transfer partial differentiakqs. include the additional inter-
nal terms §"in n-Egs.(3.3). These,3 -terms are described via the internah Jluxes
(the conceptual illustration in Figs. Beff),b(right)) for the partial differential n-Egs. (3.3)
of the considered multicomponent NC system whicte amonditioned by the
«sink»(lb—forward) & «sourcexfackward—lb) mechanism mentioned earlier (route I,
with the Selectivity property). Naturally that thetal balance for all participating n-
substances with the internalm}-fluxes (& m,p< k) is maintained during the compute-
rized numerical simulations by the implicit finid&ference technique with the inclusion of
the author’shi-functionalNC Model (S.2, conceptual scheme in Figs. 2a,bjHe L;ro,r-
matrices considered (S.2)[1-9].

3.1 Dissociation-association MAL reactions. Masmsformations onto thgR’-
nanosites

The association-dissociation reactions (similgi.tb), S.2) may be recorded in the
well-known general form on the irreversible therrpoamics approach[14]

Yi{mgMi} = 35 {(ng Mj}, (3.1)
where M; are the symbols of thgj-components participating in the «association-
dissociation» reaction (I.1) included in the createodernbi-functional NC Model post-
ulates ((1.1;1.2), Figs.2a,b; S.2)[1-9]. In correspgence with the MAL generalized reac-
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tions (3.1) the generalized MAl«mass transformations» Eqns. (3.2) (corresportdirige

| route in the N(bi-functonalModel, Figs. 2a,bup) bring the redistributions of the masses
of the participatingm,p,k-components which enter into the «associationp(smor)-
«dissociation»(desorption) reaction (I.1). For theher advance of thbi-functional NC
Model considered herthe equilibrium of the chemical reactions, Eqns2)3(the route |1,
considered in Figs. 2a,bp) have been taken into the consideration by udiegctassical
MAL s relationships[14,17-23,25]

I{[X]™[X]"} =Ks, s =1, 2, ... (MAl) , mg, ns (3.2)
where the expressid (i#) is the product of the dimensionless concentregifX;]™ (i=
1,2,..); ns, mgnegative or positive) are the stoichiometric cogfhts of the chemicals in
the reactions; s- is the corresponding index. Tdréiqular (specific) case of the MAlre-
lation (3.2) is presented here by the partial ch&&L s (1.2) relation in Figs. 2a,lup (S.2)
and then in S.3below).

In principle the stoichiometric coefficientsn§ ns) for the MALs chemical reac-
tions equilibrium, Egs. (3.2) might be fractionaf§21]. During the computerized simula-
tions[2-9] all thems nsvalues are assumed to be (x1). However in needhedle values
may be easily used in the contemporbifunctional NC Model[2-9], as fractional, or
more than one (unity).

The particular case of the general MAEQs. (3.2) used here for the author’s con-
temporarybi-functionalNC Model has the simple form (in (1.1), (I.2)agbns), Fig. 2a,b

ptR°=uRp) ; «association» (la —, forward)- }
(L.1)

«dissociation» (backward,~—1Ib)

Ks= Kp™ =mn[Rp]/([p]l-[kR]) . MALs 1.2)

with the corresponding Selectivity MAlrelation (1.2) presented in the conceptual illastr
tions (Figs. 2a.bup, route | ). The MAIs, Ks-Selectivity constant of the chemical reac-
tions equilibrium (1.1) is depended on the ratestlnd «association>gl —,forward)-
«dissociation»l{ackwards-Ib) stages (Figs. 2a.b; S.2).

The MALs reaction equilibrium of Eq.(I.1) onto the N@R’nanosites (route|l |
Figs. 2a,b) are introduced mathematically in tHegs- (3.3), (S. 3.3) by the corresponding
internal &,Jn,J-fluxes (Figs. 1a,d; 2a,b) for the MMT process. Tasulting phenomeno-
logical mathematical description of the MMT processthe bi-functional NC L; ro,r-
matrices is deduced with the implementation inte thathematical consideration of the
created author’bi-functionalNC, MMT Model[1-9].

The modern approach with all mentioned postulates equations of the created
contemporary authorii-functionalNC Model[1-9] has been realized by the computerize
numerical modeling. The numerical solution of thelttomponent generalized partial dif-
ferential MMT n-Eqs. (3.3) mentioned together witle corresponding boundary and ini-
tial conditions (EQs.(3.9), (3.10)) has been apb(\@a the finite differences) for the com-
puterized modeling with the numerical calculatioofsthe propagating r,ro,L; T)-
concentration waves mentioned (by using the keyewdi/-concept for thevisualiza-
tion[2], seeS.5,6).

The numerical technique is based on the implinitdi difference formulation (with
the sweeping procedure) for the generalized pai@lpaltial difference diffusion n-Egs.
(3.3) with the iteration technique including theltm@omponent (mathematical) matrix cal-
culations approach, and the multicomponent (mathieadpmatrix inversions[2-9,14,21].
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The set of the author’'s corresponding compé&tatran programs has been com-
posed for the simulation of the various MMT, NC édics processes in the n-component
systems.

The X,(distance; T)-waves behavior is the result of the computer &iian via
the elaboratedFortran programs for the propagation of the multicompongg(tlistance;
T®)-concentration waves along thao,r-distances in the course of the discretdiffie[2-

9].

The behavior of the multicomponent NC, MMT systeans described effectively
on the basis of the conceptual wavé-spproach describing the multicomponent propagat-
ing waves with X L0,(T)-concentration profiles in the NC matrices. 8r6 there is con-
sidered the nonselective IEx MMT kinetics as theiplecase of the generalized NC, MMT
process).

The NC MMT approach is in the connection with tiheniework of the various
considerations based on the waié-concept. Previously the multicomponent «wave»
theoretical approach has been used especiallytigtgcfor the dynamic (chromatograph-
ic) systems[26-36].

Thus, the computerized investigations of the NC, MKihetics with the influence
of the MALs (Ks-Selectivity) parameter (1.2) of the reaction (I(tpute I, Ks or K™ ;
Figs. 2a,b) have been realized in cooperation wiéhco-working multi-Diffusion influ-
ence (co-route Il with the {[p,}-Diffusivities) in the pores of the matrices fdneti,j,p —
components. The MMT, NC kinetics inside the varibirunctional NC matrices (Figs.
2a,b) are investigated for the NC of the three swgtnical shapes: L-membrane, ro-
cylinder, r-sphere (illustrated in Figs. 1(a-f)hélre are included into the consideration the
new properties of the elaboratedfunctionalNC Model[1-9] with using the effective key
wave W-concept.

The mathematical realization of the multicomponBiftusion (D;;,) NC kinetics
together with the relations for the chemical MAieactions equilibrium, Egs. (1.1;1.2) are
based on the approach of the modarfunctionalNC Model (conceptual scheme in Figs.
2a,b). As it is marked abovedrein S.3) there are no difficulties in the generalian of
the MALs reactions according to the generalized MAglations (3.2)geeabove.

Besides there is used the same simple relatiothé@MAL; ij-reaction in the pores
of thebi-functionalNC matrix including the arbitrarny j, ij-diffusing components with the
concentrations:i], [j], [ij].- The corresponding simple scheme in the NC posesl for the
simple reactioni +j = ij is represented by the simple MAtelations for the monovalent
components:i[<[j] = Kj «[ij]. The results of the computerized modeling denratsithat
the simple reactiont + ] = ij (in the NC pores) don'’t influence the effect ot thi-
functional NC Model with the main Selectivity property (cadte | in Figs. 2a,b)[7-9].
Therefore (as it is shown in the results of the potarized modeling)[7-9] the influence of
the MAL reaction (in the NC pores)#+ j=ij is in minority and will not be considered fur-
ther.

Nevertheless the influence of the minor MAK;) reaction ({]+[j] = Ki; «[ij]) is al-
so included in the author’s computesrtran programs with its introduction in all samples
of the mathematical modelinghe results of the computerized simulation show tha
influence of the MAI; reaction (with the i-constant) is not essential (in comparison with
the Ks-Selectivity effects) in all the computed cases|.7-9

In the theoretical discussion of the MMT procesghia bi-functional NC Model
the behavior of the p-component should be notedraggly. For the p-component in the
bi-functionalNC matrix it is realized the specific case of doenbined «dual» behavior of
the diffusible p-component, B0 (seeS.2). During the MMT process it is transformed
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permanently into the fixeg(Rp)'-complex {orward,Ja—&backwards-1b) via the reaction
(1.1) for the «association-dissociation» stageggF2a,lyp).

In the n(Rp)'-complex state the p-component is fixed as thegezaro diffusivities
for the both fixed k,m-components (i.e. fixed k&mngponents give P Dn=0). So there
is the dualism in the p-component behavidree p-state during the dissociatior)Istage,
and reversefixed p-state in the,(Rp)™-complex due to the associatiom)(bf the n(Rp)'-
complex (I.1) (S. 2, Figs.2a,b).

Meanwhile due to the such specific dualism for paponent behavior it partici-
pates in the MAE association-dissociation transformation (I.1))®m(Rp)’, together
with the following «transformation»(l.1) of the mkpcmasses»séeFigs. 2a,b)lt will be
shown (S. 5) that due to thefgrwvard»la— )&(— Ib «backward) p-component «trans-
formation» (I.1) onto theR° -“nanosites” (Figs. 2a,b) the two formedRp)*, R’
concentration waves propagate in tii€unctional NC matrix (though k,m-Diffusivities
are zero: Ry=0, seeFigs.4a,b(Ks"?), S. 5) with the propagatingR’-concentration wave,
brown solids).

In this manuscript the X ~concentration waves behavior (on the basis of the
W*-concept) is presented for the multicomponent ditfa NC, MMT kinetics including
the property of the NC Selectivity (co-route |, &2g,b). The difference and similarity in
the concentration waves behavior between the twdskiof thedynamic(in chromatogra-
phy), and NCkineticsystems is described in S.5 (Table 1), and inCa6¢lusions)[7,8].

In the excellent monograph[2@fe dynamic behavior of the ,»oncentration
waves in the chromatographic column (filters) isa#ed in the multicomponent chroma-
tographic, and ideal dynamic systems. In such idasés (without the dispersion factors in
the chromatographic filters) the problem is consdefor the dynamic pconcentration
waves with the multicomponent competitive Langnsorption or IEx isotherms for the
constant separation coefficients[26,28,32-34].

The mathematical theory of the hyperbolic partidledential equations with the
application of the mathematical h-transformatioprapch (or in other mathematical ter-
minology-Rieman invariants) is effectively used dnythors[26] for the description of the
propagation of the multicomponent ideafeoncentration waves (on the basis of the wave
concept)[26].

The visual X(distance; T)-concentration kinetic waves behaguoth the example:
sVariant 1, k=5, in S.5) for the NC, MMT Kkinetics procesgluding the waves interfe-
rences are presented in S.4,5 on the basis ohdoedtical computerized simulation for the
multicomponent Diffusion {[} x} bi-functionalNC kinetics (in S.5)

3.2 Main Mathematical Formulation with Partial [iféntial MMT, NC Equations

The kinetic X(distance; T)-concentration waves are generatehl tivé subsequent
propagation along the short distances: r,(ro)-dfar Ly-thickness) inside thebi-
functional NC matrices in the course of time (T) during theltiriffusion {Di,,} NC,
MMT process.

The multicomponent diffusion X0 (T)-concentration waves with their propaga-
tion (along L;ro,r -distances), and the interfeeot the X0 (T) -waves inside th®i-
functional NC L;ro,r-matrices play the decisive role in thesdription of the diffusion
MMT, NC kinetics process. Therefore additionallytte short reviewabovethis well-
known and widely used «wave» approalbré,wave W-concept) in the multicomponent
NC, and IEx systems[1-10,19-23,25-36] is shortlgstdered in S. 4elow

The extended ability of the NC materials is spedifby thebi-functionality of the
NC L;ro,r-matricesgeethe conceptual s Figs. 2a,b with the two combirniédo-routes).
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Naturally that the multicomponent diffusion.o)(T)-concentration waves may
propagate in the pores of the usual IEx mediumtdube such driving forces as the con-
centration gradients with the additional effecttté general electric field gradierréd @)
in Egs.(3.4) with the {B y}-coefficients as the multi-Diffusion factor (see&(3.6, 3.7)
for the nonzero n-Diffusivities, 20, (however, with keeping in mind, that,Dy, = 0).

For the MMT, NC kinetics there is one identifyingafure concerning propagation
of the X,_wo)r (T)-concentration waves in thm-functional NC L;r,ro-matrices[1-10]. Due
to the «mass transformation»: the «sink&source»haeism (Figs. 2a,b, rou@ |, Eqgn.
(1.1)) the fixed k-component in the NC matriR’-«nanosites» will be included into the
transformation by MAE (1.1; 1,2) relations into the another m-compong(®Rp)’ in the
NC bi-functional matrix (eeFigs.2,a,b in S.2) with the corresponding charfgthe,R"-
concentration. Therefore in the result of the «m@anssformation» Egs. (I.1; 1.2) the
kROL(ro)r -concentration wave is changed permanently angagated along the distances
(L;ro,r) in the NC matrices (the examples are pneeeb visually in Figs. 3a,b&4a,b in S.5
below).

Such propagation of the integraROL(m)r(T)-waves (though with the fixed-
componentD=0) represents the feature of the NC, MMT kine(sx=e the Table 1 & S.6,
Conclusions). Thus the two variokBOL(m)r(T)&m(Rp)L(ro)r(T)-concentration waves propa-
gate along L;ro,r-distances really (via the «maassformation» mechanism (l.1) of the
Selectivity |, co-route inside the NC matrix foetMMT kinetics process. The details are
explained visually in S.5 for the 5-component exkyYariant 1.

The propagation of thQROL(ro),(T)&m(Rp)L(,o)r(T)-concentration waves in the
course of T-time for the NC, MMT process is demoated visually fosVariant 1, below
(Figs. 4a,b (k' in S.5). The mass transformations via the rowdth the Selectivity
property including the influence of the «sinla)fsource (b)» mechanism (Figs. 2a,b)
enrich and complicate the multicomponent diffus{@y; ) MMT kinetics process in the
bi-functionalNC L;ro,r-matrices.

As it was mentioned earlier the «sink)(ksource (b)» mechanism is implemented
due to the introduction of the additional interdaln,J-fluxes terms (see (3.3) n-Egs., and
Figs.1la,d&2a,b) describing decrease of a mass (vagative term &0 for the «sink») or
increase of a mass (with the positive tegDJfor the «source», Figs. 2a,b)[1-9].

The detailed description of the MMT kinetics by thMT n-Egs. (3.3) with the
corresponding relationships (3.4-3.10) is giverobelAccording to the MMT diffusion
kinetic partial differential mass balance-ggs. (n=1,m,i,j,p,.. k) (including the additional
S.\"-terms) in the course of T-time with the L;ro,rtdisces are usually presented in gene-
ralized form as follows[1-9,14,21]

Xy T = - div{ Jn} + S n=1,mijp.k (3.3)
"‘—Y—" ey —
Change of mn-mass [Diffussion term,@ route] (Selectivity term_.[] route) (Figs.2a.b)

The NC kinetics MMT partial differential n-Egs. 83.have the mathematical dis-
tinctions which in respect to the various NC matskapes (r-sphere, ro-fiber; L-
membrane) are conditioned in the distinct matherabéxpressions for the differential op-
erators: grado 1 (Xn), and div o 1 {Jn}. The rather simple physical sense of the gereelli
MMT n-Egs. (3.3) is explained and illustrated vigpan author’s publications[7-9].

The additional §" terms in Egs.(3.3) are expressed via the interafilides (co-
route 1) reflecting the mechanism of «sinkefl; J<0,}<0,3,>0) & «source»-Ib; J>0,
J>0,J:<0) in Figs. 2(a,bwith I&ll co-routes).[1-9]The «sink»-«source» mechanism ex-
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presses «mass transformation» of the correspomkgig-componentssgethe conceptual
bi-functionalscheme in Figs. 2a,b).

Besides in the computerized simulation[2-9] there ased the fundamental
Nernst—Planck-relationships (3.4) for the diffusion vectorig| ;3fluxes in the n-Eqgs.(3.3)
for the each diffusingi,j,p,-components with the constant multi-Diffusion coeff
cients:{D  o}- Diffusivities. The classical Nernst-Plank retatiship for the ij,-fluxes of
thei,j,p-components[10-22] describes the diffusion noydat the charged,j,p- compo-

nents but for the not charged ome<0) also:

%=J" + &= - Defgrad Xe+ (F/RT) X grad® }, e=i,j,p (D=Dy=0) (3.4)
where J are fluxes for the multi-Diffusion of thecomponents (with {B }-diffusivities;
Dijp >0).

The Diffusion Je-fluxes (3.4) (Figs.la,d) for thecomponents are composed from
the two characterizing termsa)(%” is the vectorial flux with the driving foraenditioned
by the X-concentration gradients{s grad %), and b) J is the additional vectorial flux

with the driving forceconditioned by the electrical potentiab) gradient: -R(F/RT) zXe
gradd.

Due to the MAIg(l.2) reaction (I1.1) (co-roufg) | , Selectivity, Big2a,b) the p-
component forms thg(Rp)*-complex with theR°-nanosites mentioned earlier. Therefore
the corresponding diffusiod-fluxes are abseng =0, though nevertheless the propaga-
tion of the X, Xmn(distance; T\waves exists in the NC matrisdethe visual example in
Figs. 4a,b (K9 in S. 5).

In result the classical Nernst-Plank relations X3ogether with the second,"s-
term in the MMT patrtial differential n-Eqs. (3.3¢stribe the diffusion MMT for the afi-
components. The second additiongl8rm in Egs. (3.3) is conditioned by the «mass
transformation» (1.1) reaction (with thest€Kyp")-Selectivity factor, (1.2)) participating in
the NC, MMT kinetics (Figs. 2a,b).

The movement of the propagatia@OL(ro)r(T)&m(Rp) Lroy(T)-concentration waves
exists really due to the combined behavior of themmponentgeeearlier in S.2 ) with its
participation in the Selectivity reaction (I.1) &iger with two others components (with
[m(Rp)'],[«R]-concentrations) in the reaction (I.1; I.2p€Figs. 2a,b).

Thus the interesting phenomena take place duriegiT, NC kinetics (marked
in Table 1): the tWQROL(rO)r(T)&m(Rp)L(ro)r(T)-concentration waves propagate in the NC
matrix though the corresponding diffusivities absent (R ,,=0). The reason of this effect
is conditioned by the combined behavior of the prponent $¢eeabove in S. 2,3.).

The material balances in n-Egs. (3.3) for the mathponent kinetic NC system
should be supplemented by the two additional coordit
for the electroneutrality condition

SUM, (z.Xn) = 1, (3.5)
for the condition of the absence of the electricent
SUM, (z,J,) =0 (3.6)

The NC (and IEx in S.6) systems described by the E21)-(3.6) may include a
various n-components:ions, m-complex, neutral substances including @apg (zero
charged specific k-componenR®-nanosites), and in addition th¢éRp)*-component with
the charged, but not diffusing (i.e. fixed), (as thffusivity Dy,Dn,, =0, seeabove, S. 1-3).

As usual, due to the known algebraic transformatheninfluence of the gradient of
the electric field (grad) is expressed mathematically[14,21] via the surthefother X-
concentration gradients by using the absence okbbetric current relationship (3.6)[1-
10]. Then in the result the Xluxes (n=1,2,...) are described by its own gratl{gnad X,
with the addition of the multicomponent superpaositof X-concentrations gradients (grad
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Xi) (3.4),(3.7)[1-10,14,17-23]. Such well-known sypmsition of the gradients (3.7) ob-
tained by this method of exclusion is called thdfusion potential» in the theory of the
irreversible thermodynamics[14]

- (F/RT) gradd = SUM (Diz; grad X)/SUM; (DizX; ) , i=1,2... (3.7)

The fundamental Nernst-Plank relationships (3.flcethe dependence of thg J
fluxes from the concentration gradients togethehwhe integral co-influence of the elec-
tric field gradient, (grad), Eqn.(3.7).

The relationship (3.7) gives the possibility torghate formally (mathematically)
the gradient of the electric potentiab)(from the mathematical consideration[14-21] by
using the two (3.5), (3.6) relationships, with fimal result

k= Jex + JeeI: - De{grad X+ SUM; (DiZi grad X)/ SUM, (DiZiZXi) } (3.8)

In result the first terme in the Eq. (3.8)s conditioned by the individual diffusion
D, of thee-component, and the seconfl ummand represents the influence of the electric
field gradient (gradb). Thus the second term in Eq.(3.8) shows thefertences of the X
concentration waves propagating in thdunctional NC matrix due to the common elec-
tric field (@ is the electric potential).

For the computerized solution of the MMT, NC (&Ii#xS. 6) system the problem
should be completed by the accounting of the boyn(9) and the initial (3.10) condi-
tions:
boundary (, rop,Loand r, ro,1>0) conditions atg; rop,Lo= 1 ; X, = X",

and afr, ro,L>0 ;  (8X./ or )>0; ro( 6Xi/ 6 ro) > 0; (8 Xi/ oL)=0 (3.9)
initial conditions : at T =0 ; X= X, ° (3.10)

The electro-neutrality condition (3.5) should bé#ilfled also for the boundariesg,r
roo, Lo=1, or 0 (3.9), as well as at the initial (T=0) ddions (3.10).

The obtained results of the computerized simula{itb) on the basis of the
created modern authortg-functional NC Model (conceptual scheme in Figs. 2a,b) with
the MMT n-Egs.(3.3) are presented via the well-knplieey «multi-component concentra-
tion waves» W+-concept mentioned[2-9]. The shortene of the description of the wave
W*-concept with its applications is presented belowhe S.4.

4. Concentration wave W *-concept in the multicomponent bi-
functional NC, MMT kinetics

The obtained results of the computerized simulatiorthe basis of the created au-
thor's contemporary multicomponeht-functional NC Model[1-9]are presented via the
well-known multicomponent «concentration wavess; \doncept[17-19,21-23,25-39]

The X,(distance; F)-concentration waves arise and propagate alongli$tance
(r,(ro)-radius, or L-thickness; dimensionless) diesithe NC L;ro,r-matrices during the
MMT kinetics process. The multicomponeni(#istance; ) waves with their propagation
in the bi-functional NC matrix play the decisive role in the descriptaf the MMT, NC
kinetics (S. 5). Therefore this well-known and wjdesed «wave» Wapproach (especial-
ly in the theory of multicomponent chromatograpBg)36] is shortly reviewetelowin-
cluding the next S. 4.1.

The key wave Wconcept of «multicomponent waves» is widely usethe theo-
retical description for many scientific fields dfet MMT for various kinetic and dynamic
systems. The «multicomponent waves»-8ncept has wide area for the applications in
such research fields, as percolation processes]R6A3echanics of liquids, gas dynam-
ics[37], theory of burning and even street traBit33,38,39]. The term «wave» (here,
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W-+-concept) has been used in all these publicdtien8,17-20,22,23,25-36] including the
mentioned excellent monograph[26], and the book8[B39] concerned with shock
waves, car traffic, and kinematic waves. Therepdmenomenological concepts potentially
common to all filtration processes, which can dscextended to a whole series of migra-
tion phenomena such as chromatography, sedimemtalectrophoresis and some oth-
ers[26-39]

The review[34] and additionally the presentatioBs8] published by author in
cooperation with W. Hoell (Karlsruhe Res. Centegri@any) include the application of the
wave concept in the multicomponent dynamics (chtography) with the description of
the SCT (Surface Complexation Theory) Model. Th& $del for the multicomponent
IEx equilibrium had been elaborated by prof. W. Hgeoup at the end of the last century
(seeRefs. in the review[34]).

In this manuscript the described postulates of itaghematical modern N@Gi-
functional Model created (S.2, Figs. 2a,b), and MAklations for the chemical reactions
equilibrium[1-9] have been implemented into the mmeatatical description of the
MMT,NC kinetics process together with the all redaships including the mass balance
partial differential n-Egs (3.3), electro-neutnalitondition (3.5), classical Nernst - Plank
equations (3.4) for the duxes of the n-components (S.3).

All the computerized calculations have been obthibg using the dimensionless
values, including ¥concentrations; Rdiffusion coefficients; K-constants of chemical
association-dissociation MAlreactions (I.1; 1.2). The MMT Kkinetics in the-functional
NC Model include the multicomponent,¢oncentration waves propagation along the di-
mensionless distance: L,(ro),or r in the coursthefdimensionless time (Tsx02)[1-9].

4.1 Coherence state of the multicomponegtéhcentration waves

The coherence conditions for thg-goncentration waves define a special regime in
the propagation of the multicomponent concentrati@ves in the chromatographic, dy-
namic systems in which all the,Xoncentration waves of the n-components mixturgeno
synchronously[26]. The concept of the coherencerdess the states of the chromato-
graphic systems which they tend to attain similéolyhe way that closed system tend to a
state of equilibrium, while open system with a @ixeoundaries and constant boundary
conditions tend to attain stationary states[26-33].

The concept of coherence was developed, and gemeerdly F. Helfferich[27-30].
This concept makes it possible to treat qualitétivend to calculate in principle quantita-
tively the multi-component concentration waves iohaomatographic systems under the
arbitrary initial and boundary conditions. On the Tondeur opinion[29,30], «the cohe-
rence is one of the most deep reaching and poweofudept in process dynamics, at least
as far as the multicomponent systems are concei3@d»

More generally coherence is considered as a stateaather dynamical regime to-
ward which a dynamic system will naturally tend whelaxing after a finite time[26-30].
However, coherence not only refers to the end sthtelaxation after a perturbation but
also to the relaxation occurs the way in whichramoherent perturbation breaks up into the
coherent modes|[27].

The global concept of coherence[26-30] indicatesdinection in which the devel-
opment of the multicomponent system advances tathie final coherent state. The cohe-
rence definition with its physical sense has begiagned by F. Helfferich clearly[27].

4.2 Interference Effects for the multicomponeptc§ncentration waves

Previously the multicomponent Woncept (for the Xdistance; T-time)-
concentration wave) has been considered not omlyhto NC, MMT kineticsmass trans-
fer[1-9] (see this manuscript) but for the massgfardynamicsin the sorption, and lon
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Exchange (IEx) systems also (sometimes even witlyttod results)[26-36]. Therefore the
propagating multicomponent,¥swancéT-time)-concentration waves with the key wavé-wW
concept should be considered. It should be stremsede of the main feature of the MMT,
NC kinetics in this manuscript (in S.5 & S.6).

The difference between the propagation of the wrwitiponent XqyistancdT)-
concentrationwaves in thekineticsand dynamicsof the MMT systems is rather evident
though the travelling multicomponent Xqistanc§ T)-cONcentration waves are originated in
both cases. However in addition, there are thenéissealifferences for the comparing of
the Xydistancé T)-concentration waves behavior in the IEx MMiynamicsand kinetics
systems:

a) In the IExdynamicssystems, as a rule, the travelling concentratianes (espe-
cially in the theory of the multicomponent chrongtphy[26]) used to reach the stage
named as «coherence» (which is introduced by Hfd#lieh[27]). This important genera-
lized concept is discussed in many publicationsj2p{seealsoabovehere). In this case
the linear sizes in the chromatography syséeenlarge. Therefore for theynamicsthe
multicomponent X-concentration waves achieve the so called «cohstate»[26-30]. In
the coherent state the,Xhulticomponent waves are separated by the coratenirpla-
teaus and move synchronously[26-33].

b) In the diffusion multicomponent MMTKineticssystems (like in the multicom-
ponent NCkineticsconsidered here), the behavior of the%)(T)-waves and its interpre-
tation differ in the presence of the diffusion pberenon (even in the absence of the chem-
ical reactions (I)). Due to the shoit;lo,r)-distances the propagation of the diffusion
XinLiroyr(T)-concentration waves takes place in the NC MNiTekcs systems without the
formation of the concentration plateaus betweenXhegqq)(T)-waves[1-9,22,23,25]. In
this case, due to a limited small size (like: Lryaf the various matrices the;Xoyr-
concentration waves are unable to disperse withfdheation of the concentration pla-
teaus.

Therefore, th&eoherentstate (or else thgtationarystate) might not be attainable in
all NC&IEXx kinetics variants of the MMT process dieethe short distance covered by the
Xnp-waves in the MMTKinetics systems[16-18,20-23,25]. However, it is naturdigt in
the case of the MMT, NC(&IEX) kinetics, the effedtthe interference of the multicompo-
nent diffusion kinetic %-concentration waves takes place[1-9,16-18,22,234bthe re-
sults of the computerized MMT, NC(or IEX) kinetisisnulations show the essential mean-
ing of the Xnto)r(T)-concentration waves interference in the coofdeme (T)[1-10].

One of the main result of the computerized modehitf the author'si-functional
NC Model approach is presented in S. 5. It has sbewn that the basic properties of the
NC, MMT Kkinetics process inside the multicompondmfunctional NC system (NC
L;ro,r-distances) aranalogousto the characteristics of the MMT dynamics prodesthe
theory of chromatographgé¢eTable 1, S. 5)[5-9].

5. NC, MMT kinetics. computerized simulation of the multi-component
Xn-concentration waves behaviour

During the computerized modeling the numerical sotuof the mass balance dif-
ferential n-Egs. (3.3) for the MMT, NC kinetics g&vthe multicomponent ordered numeric
array of the Xnor(T)-dependences for theno-concentration waves. Then the results
of the mathematical finite differences solution-ralig should bevisualizedinto the
computerized pictures with the propagating multipoment X q-concentration waves
(distributions): X (o) (T°) in the course of the discreté&-ime moments.
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The calculated )]{(ro)r(TS)-concentration «waves» (expressed in the numerical
tables) are necessary to transform («visualize®)tiee computerized calculated «pictures-
frames» (thevisualizatior), which illustrate quantitatively the propagatioiithe computed
XnL(ro)r(TS)-concentration waves in the course Gftifne.

This illustration is visual and fairly good undenstiable Then the calculated «pic-
tures-frames» are assembled in the author's Sfien@omputerized Animations:
«SCA.avi»video files (seedetails and comments i8.3; S.6.2 also). The multblored
«SCA.aviiles show clearly the propagation of the diffusimulti-component }&(ro)r(TS)-
concentration waves for theaomponents in thbei-functionalNC L;ro,r -matrices for the
NC MMT kinetics.

The problem of theisualizationof the results of the computerized modeling fa th
MMT kinetics is solved successfully via the applioa of the visual multi-colored «Scien-
tific Computerized Animations» video files €A.awp). The author’s multi-colored
«SCA.aw files have been generated after the processafdmputerized simulation. The
detailed description and estimations of the «mudtored SCA» method with the
«SCA.avixtheoretical applications and advantages are prexd@mthe conclusive sections:
S.5&S6(CONCLUSION).

Such type of the computerizedualization i.e. transformation «multicomponent
numeric array»>into the sequenoaf the «multi-coloregictures» gives the two possibili-
ties for the study and for the presentations ofrésailts:

a) the illustration of the study of the MMT kinegivia the visual distance-time pic-
tures of the propagation of thaqgﬁo)r(TS)-concentration waves in tha-functional NC
(S.5) L;ro,r -matrices;

b) the further improvement of the presentatiothef MMT kinetics process inside
the NC (S.5) matrices via the construction of théthtolored video file (8CA.avi)with
its subsequent execution (during the oral presentin the any sci. conferences and se-
minars).

Thus the obvious visual advantages of\lseializationof the computerized results
into the visual X(distance; T)-concentration waves propagation enbidisis of the multi-
component waves Weoncept with the follow-up application are ratleident. The crea-
ture of the oral computerized presentations byirtiementation of the multi-colored pic-
tures showing the propagating multicomponeptdiétance; )-concentration waves be-
havior with the additional attaching of the cormsging author’'s 8CA.avi»multi-colored
video files are especially impressive. The executbthe multi-colored SCA.av»anima-
tion video files permits the adequate perceptiothefpropagation of the multicomponent
X,(distance; T)-concentration waves. The visual travelling mautilored XneoylT)-
profiles are demonstrated for the sci. audienddencourse of T-time during the compute-
rized oral lecture-presentation.

For the 5-component example (n=1,2Bariant 1, S.5.1.1) there are presented in
Figs. 3(ayp;b,down) & calculated Figs. 4(amallKs'; blarge Ks%) the movements of the
Xn(L,ro,r; T)-concentration waves.

The propagation of the Xo)(T>)-waves in Figs. 4a,b@&?) includes the motion of
the integral CM-"(T)-characteristic parameters: «triangles» on theci@sas:L(up);
ro(middlg),or r(down. The integraLROL(ro)r(T)-waves broadening during their propagation
are characterized by the corresponding PS(T)-time dependencies (dashed curves)
which are presenteldelowin the calculated Figs. Safiall Ks'), barge K<) for the two
Selectivity Ks"*values.

The three CM""(T)-time dependences for the integeBP, o) (T)-concentration
waves are also presented in the calculated Figb. (Salid curves). It is seen from Figs.
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5a,b (KM) that both integral (T-time dependent) charadterisparameters:
CM - (solids) & Disgp-""(dashed) in Figs.5ft), b(right)) are determined essentially
by the Selectivity K"*values (K'=36,a)<<k’=398,b)).

The multicomponent Xqo-Waves propagation occurs to theft side (where
L;r,ro=0) from theright side (wherd.;ro,r =1) of the L;ro,r-matrices along the black arrow
with the visual illustration in the Figs. 3@@;b,down&calculated Figs. 4a,b®?. The
illustrations in Figs. 3a,b&Figs. 4a,b show additily the computerized graphical pictures
of the propagation of the integr&ROL(,O)r-concentration waves which describe effectively
and obviously the kSelectivity influence in the computed Figs. 4a 8%

The qualitative Figs. 3bfup);b(ro, r-down) in comparison with the two «com-
puted» Figs. 4a,b@?(for L;ro,r-distances) show the same NC kinetics process Xth
Lroyr(T)-waves propagation along the three varidyso(r)-distances.

The movements of the all X0 (T°* or T%)-concentration waves occur to et
sides from theight sides of the NC L;ro,r-matrices (along the arrovdsection) in Figs.
3al),b(ro,r). In the computed Figs. 4a,b{l€) the same NC, MMT process occurs along
the L-up; ro-middle r-down (Ks',a),or (Ks%,b) for the two various Selectivity valuesnall
Ks'(a), orlarge KS(b).

5.1 Generalized example of the five (5) componeaste&n of the NC, MMT kinet-

ics

Figures 3a(,up), b(ro,r,down&Figs. 4a,b(k"?),(for L;ro,r), or the computed Figs.
5a,b(Ks"?) demonstrate visually in the S. 5.1;5.2 the rasoftthe computerized modeling
for the generalized example of the 5-componexariant 1) MMT kinetics in thebi-
functionalNC L;r,ro-matrices. These Figures 3-5 includedkscription of the behavior of
the integrakR®, o) (T°)-concentration wave (Figs.4a,kxK) with the [R%-concentrations
of the «nanosites» (Figs. 1a,d; 2a,b). The exaiaplariant 1) is represented by the k(5)-
component system with the one dissociation-assonidALs Selectivity reaction (1.2)
(conception scheme of tiefunctionalNC, Figs. 2a,b)[3-9].

The computerized modeling for the examfi¢hesVariant 1 describes the sorption
of the n-components {k=5) of H,SOy-acid including the integraJROL(ro)r-concentration
waves behaviorbfown color in Figs. 3d(up),b(ro,r,down, and in the computed Figs.
4a,b (K9, (for L;ro,r-distances) during the MMT, NC kinetidn thebi-functional NC
L;r,ro-matrices. For thgVariant 1 the list of the n-componentsptions, incliding fixed k-
component R°, and m-component,(Rp)") participating in the MMT NC kinetics
process[5-9inside thebi-functionalNC L;r,ro-matrices are presented in S.5.bdldw).

Figures 3a(lyp),b(ro,r,down) demonstrate visually the idealizadhlgative illu-
stration of thgVariant 1 with the propagation of thenegm)r(To'z)-concentration waves dur-
ing the n-component NC, MMT kinetics process in¢barse of T-time: 0<T<T?,

The multi-colored illustrations in Figs. 3a(p),b((ro),r-down facilitate the per-
ception of the NC, MMT Kkinetics process of the magmnents in the NC matrices, which
is illustrated quantitatively and visually for tkiarious NC L;r,ro-matrices in the computed
Figs. 4a,b ("% with distances: (lup, ro-middle r-down) for the two various K-%(a,b)-
Selectivity values.

For the L-membrane the propagation of the planaraves occurs along the ho-
rizontal L-thickness (Figs.1d, S. 1). The direction of thg-Waves horizontal propagation
is denoted by «black==arrows for the three figures: Figs.Bafp),b((ro),r-down), and
the computed Figs. 4a,b &&); for L-up; r-middle, r-down

For the (ro),r-matrices the propagation of the.-waves occurs along the radius
(Figs.1a, and Figs. 3b(rogdlewr) & 4a,b(Ks'?) for ro-middle r-down The «total ro,r —
direction» of the X.r-waves propagation is denoted by the «blasss=arrows
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(Figs.3bdown and Figs.4a,b (& for (ro),r-shapes). The two «blacks==arrows de-
note the same «(ro)r-direction» for thg-waves motion separately for the two various
Selectivity Ks"*values: Figs. 4a,b#?).

a) up. L-membrane; Ny TP2)-waves ; 0=L<1
ip ¥

eft (L=0) direction right (L=1)
T2 T 10
-/
0< L <1 0< L <1 0< L <1

left (ro, ¥=0) direction right (ro. 1 =1)

[V — L8

0< r <1 0 < r <1 0 < r <1

Fig. 3a(,up);b(ro,r down). MMT, NC kinetics, five (5)-component system. Con

ceptual qualitative explanation via illustrativea scheme. Propagation of.X

A(yellow)&sRC o) (T°)(brown)-concentration waves in course of imé£T>"9: (a) NC,
L-membrane (cut); (b) NC (ro),r-matrices (cut ai-{iber); r-bead). Qualitative analog
with an ideal illustration (propagation of¥vaves) of MMT computerized modeling (pre-
sented in computed Figs. 4a,b). Mixture afXvaves (yellow); integralsR>-wave;
L,(ro)r-directions of X oy-waves propagation alongarrows: toeft
(L,(ro)r=0)===from right (L,r(ro)=1). T°=T%0),T", T% n=1-4; 5. &L(ro)r <1.

The qualitative MMT, NC kinetic process in Figs.I8as idealized: for the sim-
plicity of the perception all the diffusion ([3=0) effects are not included. For the simplic-
ity of the perception the movement of thep€oncentration waves from the 5-componennt
mixture is illustrated by the one («yellow») color Figs. 3al-up);b(ro,r-down. The
integral 5R°L(ro)r-waves brown color) are moving to théeft (L;r,ro=0) in the course of
T “timewithout the diffusion «broadening» effects as ia itieal casesR° o) in Figs.
3al-up);b((ro),r-down).

The real computed profiles of thgi %y (o)-waves (colored four concentration pro-
files) including besides the integrﬁOL(rO)r-wave brown solids profiles at $=11) are
shown inside thebi-functional NC L;(ro)r-matrices in the Figs. 4a,b{#é) (with the
kROL(m)r- concentration waves moving to tledt (CL; ro,r =0)[3-9].

Furthermore for the explanations it is used theimis/analogy between the qua-
litative ideal Figs.3d(-up),b(ro,r-down) MMT process, and the computed (via the simula-
tion) real MMT computed process in Figs. 4a,8(K L-up; ro-middle r-down for the
adequate perception of the computed results of MMET kinetics in the NC, L;ro,r-
matrices obtained during the modeling in Figs. Bt#&s'%)[2-9]. Figures 3a(p),b(down
&Figs. 4(a,b, k"% show the propagations of the multicomponente-concentration
waves which occur equally (with the exception & iroadening effects in the idealized
Figs. 3a,b).
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The five (5)-componentsYariant 1) bi-functional NC, MMT process (described
via the I&Il co-routes in Figs. 2a,b) in thiei-functional NC matrix (with thesR’-
«nanosites», Figs. 1a,d) is accompanied by theM#hb s relations: (one with minor influ-
ence) and another with the essential reaction (ealzing the main Selectivity reaction
(1.2), (1), co-route (Figs. 2a,lop for the NC, MMT).

The additional diffusion co-route (ll) is describeglthe three {PsosD3nsosDan}-
multi-Diffusion, co-factor Il (Figs.2a,dpwn) for the three diffusible e(1,3,4)-components:
Figs.4a,b ("% with the colored X.sy (oy-waves &R’ o-waves (brown, k=5).

The integrakR%-wave propagation occurs as the effect of the @atofs in the NC
matrix:

) the MALs (1.2) Ks -Selectivity reaction (1.1); (I, co-route; Figsa,B &Figs. 4a,b
Ks™%) with the «mass transformation» for theH-component, onto thgR’-«nanosites»
(Figs. 1a,d) with the corresponding fixed k-compunéD=0), i.e.paH" + kR’ m(RH)";

II) the ({D1s04D3nsoaD4y>0}-multi-Diffusion factors where the propagatiohtbe
Xan(p=4) concentration wave plays the key role (dugh® combined behavior of the
p=sH-component-reactant: (l,co-route)& pDiffusion(ll,co-route) in pores (Figs.la,d;
2a,b).

The «mass transformation», MAI(.2) of the diffusible;H*™-component (p=4) in
the (I.1) reaction) together with the simultane@ug-diffusion propagation of thgH"-
concentration wave brings the change of the%fconcentration distribution for the
integral (R%-wave (S.3). Consequently the MAL(Selectivity) «mass transformations»
(1.1), together with the combined 4{’)-behavior (markedbovein S.3) conditioned the
propagation of the integraROL(m)r-concentration waves, (though the-diffusivity is zero,
i.e. D=0) for thesVariant1in thecomputed Figs. 4a b g?).

The Disp"""(T),(Dispersion) T-time dependence describes trengé of the ef-
fective width of the integradR’,()-concentration waves (in course of the discrete T
time) with the computerized calculations as in Figm,b(ks'*)&5a,b(Ks"?) in correspon-
dence with «the Dispersion» physical meaning.

Naturally there is the direct and clear coincidemantioned between the NC kinet-
ics processes depicted by the ideal qualitative.RBg(p),b(down) and quantitative (com-
puted) Figs. 4ab (2. The straight comparison of the qualitative
(Figs.3al),b(ro,r)&computed Figs.4a,b (fdc-up,ro-middier-down clarifies the entity of
the MMT, NC kinetic process.

Thus due to the qualitative, ideal (Figs.L3ap),b(r,ro,dowr)) and computed Figs.
4a,b(Ks"%L-up (ro-middlgr-dowr) modeling the propagation of the integi@’ oy
concen-tration waves with the two integral chanasties (2x3 in the computed
Figs.5a,b,k"?): CM"™"-movement & broadening Digp®" for the integraliR% oy
concentration waves is perceived visually and Ihextent.

For the instant ¥moment Figs. 4a,b &% L-up;(ro-middlg,r-down) show the
calculated X, o)-concentration wavedfown profiles) which propagate (according to the
scheme in Figs. 3a(L),b(ro,r) ) in the course 3tifhe (0<T°<15) during the computerized
simulation (S.3) of the MMT process in th®-functional NC L;(ro),r-matrices. The
CM, - _positions are shown by the «triangles» on theiasac Lup, ro-middle r-down
for the two various Selectivity &%values in Figs. 4a,b @&?), where K'<<kK<J3-9].

The calculated (S.3) integrgIROL(m)r-concentration waves in the k(5)-component
NC, MMT system (with the Xs;-concentration wavesyVariant 1) are represented by the
smooth curves of the integraéROL(ro),-wave distributions Krown, solids) in Figs.
4a,b(Ks™?). The integral CM"(T)&Dispi- " (T)-characteristics calculated in Figs.
5a,b(Ks"?) are applicable (with the strong computerizednestion) to the integralR% oy
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waves behavior (fogVariant 1) considered as the wave profiles computed foririe@ant
point of time (=11) in Figs. 4a,b(K"9.

il o A T2 - concentration waves
{aysmali Kel(363 ILaft (b) largs K2 (398, Right
lefi([0) dirsciion righi(l} ‘ =t () direction right (1)
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Fig. 4aémallKs' Left); b(arge K<, Right). sVariant 1, XnLoyr-concentration waves

for NC matrices. Fiv§s)-component NC, MMT system: anig®O;* (red,dashed-dotted);
,RH"(blue, dashed);HSQy (greendotted);,H*-(pink solid); integrabR° oy-wave prown
solid). Comparison of propagating integgla?L(m)r-waves (with @=0!) in bi-functionalNC

matrices: L-membranef); ro-fiber(middle; r-bead@own. «Triangles» onlL(;ro,r)-

abscissa show C#M™" positions in NC L;ro,r-matrices.dhsoi~0.0085<0Qs0+~0.01

<D4y=0.03. Propagation along arrows.
Time moment °=11): (a),Ks'(36) << K*(398), (b).

Figures 4a,b(K"?) represent the visual example (for the discretdimie) one of
the «frames-pictures» which compose (after assegiblhe computerized, and multi-
colored author's SCAnimationc§CA.avi»video files) mentioned. The SCA applications
are described in the final S.6.2,Conclusions. Tdraposed multi-coloredSCA.aw video
file presents the results of the modeling of the MMIC kinetics, i.e. the obvious visual
propagation of the computequ){o),r(TS)-concentration waves inside thefunctionalNC
L;ro,r-matrices. The multicomponent computerizeditraolored «SCA.aw video files
method used by author have been characterized iandsded in the manuscript (S. 1,3,
and finally in S.6.2).

The SCA video files{SCA.avi¥» constructed are used further for the introduction
into the oral scientific presentations. The purpaofséhe multi-colored 8CA.avi»video file
implementation is to demonstrate obviously andaliguhe results of the numerical multi-
component calculations of the propagating,&(},RO)L(ro)r-concentration wavesuring the
computerized modeling of the MMT, NC processes[B-10

On the basis of the wave Woncept the propagation of the multicomponent
5R°L;ro,r(TS)-concentration waves for the MMT process in the N,r-matrices is per-
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ceivable easily by the sci. audience during the prasentation of the propagation of the
X.&sR(distance; F)-concentration waves (including in particular firevious studies for
the theory of multicomponent chromatography)[2,8b(8or the exampleseeS.6.2).

For the example of 5-component MMT kinetics in thidunctional NC matrices
(k=5, sVariant 1, L;ro,r-distances) the results of the numerical modelimgpesented vi-
sually by the «frames-pictures» as in the exampligs. 4a,b(k™? with the inclusion of
the propagation of the smooth intege®’, ., -concentration waves together with the
integral CM-""(T)&Disp-""(T) dependences in Figs. 5a,k{H).

Besides it will be showielow (S.5) that there is very productive to use the -com
bined approach based on the wavé-&incept together with the well-known «integral
concept»[40] by using of the two integral P (T)&Dsp " (T)-parameters depending
on T-time. These two statistical parameters[40]caieulated easily during the compute-
rized numerical solution of the MMT n-Egs.(3.3) rtiened.

The integral CN(T), Disp(T)-parameters characterize effectively the behagfo
the integraIkROL(ro)r(TS)-concentration waves along the (L;ro,r)-distancethe course of
the discrete time () during the simulation of the MMT processes. Thigtime depen-
dences in Figs. 5a,bgk® describes the movement of the integRl o) (T%)-waves along
the L;ro,r-distances in the NC matridesthe r,ro-Center, (and to theft side of the L-
membrane, where L;ro,r=0).

These results of the computerized investigatio®$[Gve the possibility to analyze
and estimate the ,o.(T%)-concentration waves behavior for the NC, MMT kicg The
estimations concern especially #ealogyfor the R’ 1, (T)-concentration wave behavior
between the multicomponent NC, MMT sorption kingtand the theory of multicompo-
nent chromatography (MMT in filters, see Table 1&KCLUSIONS in S.6).

5.1.1sVariant 1. Five (5)-component MMT NC kinetics: Soop of H,SOs-acid
ions inside the bi-functional NC matrices

sVariant 1. NC, MMT kinetics of HSOy-acid for 5-componenbi-functional NC
System.[5-8]The list of n-componeni@®-numbers,indices are placed here to the lefhef t
nSymbols) with the corresponding diffusivitieg:D

SO -acid anions (sulphate®jffusivity (D;=0.01) in the NC pores , (Figs. g,

Il route, Figs. 2a,b);

»(RH")-immovable 2%-component, /RH)"-complex D,=0), formed by theR’-
nanosites, by association with the acid catighE)( Selectivity, reaction (1.1), (MA& I-
route(Rp)’, Figs. 2a,b) ; m=2; p#;

sHSQ, -anion of acid (MAL-reaction (1.1;1.2); DiffusivityDs=0.008) inside the
NC pores;

4H" - cations of HSOs-acid with the diffusivity (Q4+=0.03) in the NC pores (Figs.

la,d);

sR%- zero valent, fixed nano-sites£D), | route, xR° (Figs. 1a,d; 2a,b).

The MMT, NC system (I routeabk ;~—Ib) is characterized by k=5 components,
three diffusion coefficients (in pores)1dd4 Dansos4 Dane+ including the minor MAIs reac-
tion in the NC pores (seabovg, and the most important MAL«essential» Selectivity
reaction (1.1) at the actiwR® «<nanosites»sigeFigs. 2a,bgp)).

The computerized numerical modeling shows thatiriffieence of the MAL reac-
tion in pores is minorsgeS. 3), and therefore practically may not be takém account in
the theoretical consideration. Nevertheless in @se of the computerized modeling the
MAL relations in pores are included into the authdfortran computer programs de-
signed.
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The principal, main influence of thestSelectivity factor for the calculateli-
functionalNC, MMT Kkinetics is included via the MAI(l.2) Selectivity reaction (1.1) pre-
sented visually, and discussed in details in SoBdeptual scheme in Figs. 2a,b) reaction
at the activgR%-«nano-sites»R° + 4H" = ,RH", (1.1)

MAL s, Ks Selectivity factor fRH'] = Ks+[sR%+[sH'] , (Ks, MALg) (  1.2)

The MALs relationship in Eqgs. (1.2) are presented by thellMAelation with the
Selectivity Ks-constant. The Kkfactor (I.2), of the «association ad forward)»-
«dissociation lfackwardsIb)» mechanism (Figs.2ayp) in the MALs reaction (1.1) is
realized along the I,co-route, (Selectivity) via tintroduced specific, keyR’-«nanosites»
component for the authorts-functionalNC Model geeabove S. 2, conceptual scheme in
Figs. 2a,b).

The creation of the author's SCAnimations (compw®CA.av video files with
the «*avi» extension) for the NC, MMT kinetic process menéd earlier (S. 3-5) is the
best way to demonstrate the results of the comgeteMMT simulation (via the numeri-
cal solution of the partial differential n-Eqgs. 3B. (The details are presented in S.6,
CONCLUSION).

5.2 MMT, NC Kinetics Process. Description via theegral,R’>-waves behavior in
thebi-functionalNC matrices

The results of the theoretical generalized numkenuadeling are «calculated» on
the basis of the author’s elaborated ndvdlnctionalNC modern Model (S.2, 3)[1-9] by
using the key concentration wave \8bncept. The numerical solutions approach includes
the author's computerized modeling of the MMT, N§Stem with the solution of the par-
tial differential n-Eqgs. (3.3) including all thea@mmpanying relations ((3.2-3.10) in S. 3).

The analysis and association of the qualitativaragve and visual explanation in
Figs.3a(p),b(down) together with the computed Figs. 4(a,k"& show the results of the
computerized modeling of the NC, MMT kinetics ftiet5-components systemSQ,?,
LRH":3HSQ,:4H":sR%) inside the NC matrices which contain initiallyt (B=0) only sR’-
«Qanosites»(Figs. la,d), where the initial conegioins [R%-0=1, (Figs. 3a,b(ro, r);
T°=0).

At the first sight the integraJ=5R°-concentration wave is diffusion immovable in
the NC matrices as th&°-component diffusivity is zero (30). However it is seen (in
Figs. 4a,b) that thﬂ?OL(ro)r-concentration waves propagate along the L,rofadces tdeft
(L,ro,r=0) fromright (L,ro,r=1) along the black arrow.

The reason for the propagation of gﬁ@L(m)r(T)-waves with the fixe#-component
is presentedbove(S.3.1 ). The physical sense of the reason fosRflevave propagation
IS in the «mass transformation» of the p-compongntge |, Figs.2a,b) due to the MAL
(1.2) Selectivity reactions (I.1) onto thR"«nanosites» (see also S. 3.1;5.1).

There is shown the comparison of the propagagﬂ?g(ro)r(T)-concentration wave
(k=5, brown, solids) with the comparative influences of the tits"*selectivity constant
values in Figs. 4a,b@=36)&(Ks=398). The integrakR’ oy (T)-concentration wave
propagates to thkeft (L(ro)r=0) for the small value ga.gK=36) faster than for thiarge
(b,Ks?=398) value (in Figs. 4a,b): GM"(Ks)<CM - (K.

For the dispersion (Digp value the inequality is reverse (Figs. 5a,b):
Disp- " (Ks', a)>Disp-" (K2, b). In other words theR% (o)-concentration waves prop-
agate slower with the wave profile, which is sharfme the large K<*value (Figs. 4b,
Righ®) in comparison with tthOL(ro)r-concentration waves for tramall Ks'-value (Figs.
4a, Lefi).
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Besides, Figs. 4a,b illustrate (froop (L) to down (r)) the influence of the three
various geometricalL;ro,r-shapes of the NC matrix on the integr&kOL royr(T)-
concentration waved®fown solid) behavior for the two varioussialues: (4a,b g(l :

Comparison of the propagatigl@oL(rO)r-concentratiomvaves in Figs. 4a,b (up ;ro-
middle r-down) shows that for r-bead the integel’,(o)-waves is the fastest in the NC
matrix than for two others NC shapes (L-membrané, m-fiber), i.e. CM(T) > CM°>
CM'(T). The corresponding comparison of the &' -positions in the pictures of Figs.
4a,b(fromup to down confirms the indicated inequalitieBhe same results for the various
L,ro,r-shapes are even more obvious via the comparisaheofM- -values for the
CM"(T) &Disp-""(T)-dependences in Figs. 5afik with 5b(Ks?), and besides espe-
cially obvious and visual via the authorS&A.aw video files scanning.

Figures 5a(K!left)&b(K Z right) illustrate especially clear the influence of the
Ks'?Selectivity value in (1.2) for CM(T)&Disp,-"(T), i.e. the increase of thesk
increases the completion time "ty for the kinetic process: obviously that
Tfm(a, l%l)<-|-fln(b’ KSZ)-

The same joint general effects (reaction equdiori(l, Selectivity) & (I, multi-
Diffusion) are represented analogically in the tlyeaf chromatography (in column filters)
by the two terms also: multi-component isothermrsefiquilibria (), and set of the broaden-
ing factors for the concentration waves in colurgis(Table 1below).

Factor (I) is described in the theory of chromatography ke bitual effective
HETR, -parameters for the chromatographic columns[1-8Z8The analogyof the two
MMT (NC kinetic and IExdynamic,or chromatographig)rocesses is summarized in the
Table 1.

The Section 5 describes mainly gv&ariant 1: MMT of the 5-components in tho-
functional NC matrix with the Selectivity, | associatioa(ddissociation(h) MAL s (Ks)
reaction (I.1) onto theR’-«nanosites» (see the conceptual scheme, Figsir28,2). The
influence of the first factor (co-route I, reacti@rl), Ks-Selectivity factor) is determined
by the Ks-Selectivity value: the more isdk” the less is the Digpof the integrakRC (oy-
concentration waves. In other words the width @f &’ ;oy-wave profiles becomes more
narrowing (Figs. 5a,b(&) for thelarge (K<?) Selectivity value (Disp dotted lines).

The same dependence for R, o-wave widths (Figs. 4a,lKs"?) is obvious
from the comparison of the widths for tI‘kxEOL(ro),-waves in Figs. 4a(&:36)&Figs.
4b(arge Ks*=398).

Besides, the comparison of the )-curves (Fig. 5aeft, solids,Ks'=36) for the
small Selectivity (a) with the CM-curves (Fig. 5bright, solids, K?=398) for thelarge
Selectivity (b) shows (from Figs. 5akto Figs. 5b,kK?) that the more kSelectivity is the
slower is thesR°. ;o -concentration wave propagation. The same conclusidfollowed
from Figs. 4a,b (K% obviously (brown «triangles» dnr,ro-abscissa, Figs. 4a,b).

It should be emphasized here the non-trivial, Sjpeeifect for thebi-functional
NC system (marked previously in S.2,3): there isdiffusivity for the integralsR"-
component wave (£0), nevertheless the propagation of the integ?&l(ro),-waves takes
place (Figs. 4a,b(&?)& Figs.5a,b(Ks'?); seealso Table 1).

The physical reason of such propagations is hoDiadiffusivity (as Di=5=0) but
the MALs «association-dissociation» reactighl) influence. All the effects bring the re-
sulting mass transfer of the p-component @seve S.2,3). It is conditioned consequently
the propagation of thgR’-concentration wave (Figs. 4a,k¥) of the fixed k-components.
The remark concerning the combined p-componentwehédue to mass transformation
in (1.1)) during NC, MMT process supports the poad conclusion gee alsoS. 2,3
above).
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One more interesting result with the evidence efdbove marked analogy can be
seen from Figs. 5a,b. In these cases it takes piecéypical behavior of the Dispersion,
Disp " (T)-parameteiin the course of Time (T, absciss@hich is known for the Dis-
persion due to the favourable isotherms in the mhed chromatograph6,32,33]).

The Dispersions, of the integrgiR® ;o-wave tend asymptotically (Digp®"(T)-
dashed curves) to the permanent value (shown s Beb) at the end of T-abscissa (see
the dashed curves behavior along the abscissa (T).

The Dispersion curves-Digf®"(T) (dashed) behavior in Fig. 5a,kfi) show visual-
ly, and distinctly the Selectivity effect for theidpersions of the integr@ROL(,o)r-waves:
Disp<"’r°‘r(T) values are narrowing with the asymptotic tréndhe permanent Di§g""
values. (The influence of the second factor (ll4icomponent Diffusion) gives, as usual,
the widening of tthOL(ro),-waves with the increase of the §}-multi-Diffusivity.)

a, (left) ; small Ks* (36) b, (right) ; large Ks* (398)

(Duﬂ T - - ro Lt
;: small Ksﬁ:' = 36 2_: !.\ farge Kstz} =398
e g 56

e
e e o o

4 5 5.2 '--5 M ] 4 E-u 1 .2 1 5 2‘6 2; 26 ; 32
r - ~ 2
(L, 1, ro) T=Dgt/ly 10 0" dimless (L, . ) T=Dpt/L. ”-—02' dimless

Fig.5a(left); b, (right). sVariant1: NC, MMT kinetics. Time (T) dependences for
the integral parameters: GM™ '(T), (solids); Disg“"”"(T), (dashed). Propagation of
integralsR%-concentration wave ibi-functionalNC matrices: L-membrane (brown), ro-
fiber (grey), r-bead (green). Ordinate axes: dstanom matrix boundary @sroy=ro =1)

till «zero» point (L=ro=r=0): 8r(greer),ro(grey);L(brown<1. D;s0+0.01;
D3ns04#~0.0085; Dy=0.03. T"(b) =1.5T™(a); KM =36 (a) <<k'® =398 (b).

The reason of the differences in tJIFé’L(ro)r-waves propagation (Figs. 5a,b) is geo-
metric: for the r-bead the diffusion occurs in tewer volume in the course of time, T. For
the ro-fiber the change in the volume (~rdr) foe thulti-Diffusion is smaller (not so ab-
rupt) than for an r-bead(r). For the L-membrane the change of the volunti.Yfor
the multi-Diffusion of the planar L-wave is linedn. Figures 5a,b () the dependencies
for the integral parameters: GN©" (T),(solids) & Disp-"™"(T), (dashed) are presented
visually for the integrajR-""-wave gVariant 1, with Ds=0) for the various shapes of the
bi-functionalNC matrices: L-membrane; ro-fiber, r-bead.

Figures 5a,b(k"?) represent the time dependent estimations of tMTMNC ki-
netics for the three variods(ro)r-shapes of théi-functional NC. The completion time
(T"™) of the kinetic process corresponds to the cdterithe amount of sum (GM

+Disp<)L’r0’r=1. It means, that the distancevered by the integragR%-concentration wave
to the moment ' is equal to the length of the matrix: LO(thicknessp(radius of cylind-
er) orrO(radius of sphere)[6-8].

In other words the completion timé'—nl'corresponds to the «crossing» of the two
curves (with the same color) in Figs. 5a,8(R: CM-""(T),(solids) with Disp-""
(T),(dashed). In accordance with this criteriorwafossing» [6-8] it is obvious from the
both Figs. 5a,b(K?) that for any conditions the kinetic MMT processthe NC L;ro,r-
matrices is the fastest one inside the r-bead hadlbwest one inside the L-membrane.
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The ro-fiber has the intermediate position in thig: T,"<T,o"<T.™ (compare also the
pictures in Figs. 4 a,b @?9[5-8].

The conclusions, and the relations are obviousfalhw visually from the com-
parison in time (T) for Figs. 4a,bg?. The relations (f'<T,,"<T.") are especially evi-
dent from Figs. 5a(iks™?). The computerized simulation of the MMT kineticsite the
bi-functional NC matrix (S. 5) discovers the cleanalogiesof the multi-component NC
kinetics[2-7] with the main theoretical basis o€ ttheory of nonlinear multi-component
chromatography[26-33].

Table 1.Analogyfor MMT processes: (1), NC kinetics &)( Theory of chromatography

DIFFERENCES & FEATURES
(1) ~(2): ANALOGY MMT, WAVES (W' ]
(1) NC MODEL, KINETICS ~ 2) THEORY of CROMATOGRAPHY 7 CO\'\,'V(;E/'}'ETSRAT'ON
(DYNAMICS) PROPAGATION
(1) (1)
" 1) NG MODEL  MmT | MOVEMENT of ALL
MMT KINETICS | EQUILIBRIUM 0 \VES DISPER- | dWAV(')ES .
BI-FUNCTIONAL RSE?CP?N SION Includes:R’, m(Rp)"-
electivity - waves
NC MODEL (I, Ks, MALg) | Multi- DIFFUSION | 0 o DiffusivitieDy
Dokl
L Jo Dm=0
o @) @ 2
2 SORPTION THEORY of CRO-
MMT DYNAMICS, | EQUILIBRIUM MATOGRAPHY MOVEV'vAE\'/\‘ETSOf ALL
THEORY of (1) BROADENING (HETR + SORPTION:
CHROMATOGRAPH WAVESDISPERSION " (0 S0 ) oo
(Set of Isothermp HETR Effect(ll)

Theseanalogiesconcern the multi-componesR’, o -concentration waves beha-
vior in thebi-functionalNC matrix[1-9].

The physical sense meaning of the reasons forxpkmation of the propagating
X(distance; T)-waves behavior (Figs. 4a,R & Figs. 5a,b(Kk"?) is described by the
joint influence of the two co-working (I&Il) facter Selectivity,(I) & multi-Diffusion,(II)
with the conceptual schemes in Figs. 2a,b (S.2).

In the theory of chromatography the same effectte Dispersion takes place for
the X,-concentration waves, when the favorable isothexriof () used to compensate the
un-favourable influence of the broadening HETP dexi|l) for the concentration waves
(profiles) in columns: i.efavourableequilibrium (I) compensatethe widening of the x
waves with the same type of the asymptotic tenddacythe dynamic wave’s Disper-
sion[26,28-33].

5.3 Discussion. Results of Computerized Modelin§iGf MMT Kinetics

The modern author’'s NGi-functional Model for the MMT kinetics process in the
novel NC materials has been created[1-9]. The ptppd the bi-functionality of the NC
Model supposes the two co-working 1&ll-routes foetNC, MMT Kkinetics process: the
«mass transformation» (1.1;1.2) for the p,k,m-comgats (I, Selectivity, kconstant) &
multi-Diffusion (Il, {Di;p}) MMT Kkinetics is specified. The details of thethar’s bi-
functional(co-routes I&Il) NC Model are described in S.2 @:ig@a,b) of the manuscript.

The corresponding N®i-functional Model elaborated is implemented into the
computerized modeling of the nonlinear multi-comgaibi-functionalNC, MMT systems
(S.3). The numerical mathematical computerizedtsmiwf the MMT partial differential
n-Egs. (3.3, S.3) brings the new results descrilbieg behavior of the multicomponent

Kalinitchev A.l./ Cop6uuonnsie i xpomarorpadudeckue nponeccst. 2016.T. 16.Ne 6



777

XnL(ro)r-coNcentration waves propagating and interferinghabi-functional NC matrices
for the three various NC shapes: L-membrane, rexfior r-bead (S.5). There are obtained
the corresponding conclusions concerning co-infteeof the two MMT co-routes (1&Il)
inside thebi-functionalNC matrices (conceptual Figs. 2a,b).

The quantitative estimations of thg-§_,ro,r; T)concentration waves behavior are
obtained by using the two integral parameters: {(§&(Dispx)} (S.5) characterizing the
integral sR° o) -wave distributions for the k-componeqR{-«nanosites» with,R% con-
centrations).

The larger is the main Selectivity MAlparameter (K) in relation (1.2) the steeper
is the integrakR® ¢ -concentration frontal wave in the NC L;ro,r-megss (-sVariant 1,
computed Figs. 4a,b@? ). The behavior of the generalized width (Q)spf the integral
«R%-wave is described by the same rule as in the yhefochromatography: in the course of
T-time the Disp tends asymptotically (for &>1) to the constant Digpvalue (Figs. 5a,b,
dashed lines). This final Dighvalue depends on the MAlSelectivity factor (co-route I,
Ks) with the multi-Diffusivity (co-route Il, {B;p})-values. The analogy just mentioned
between NC, MMT Kkinetics and theory of MMT in muatimponent chromatography is
marked in details in the Table 1 (S.5).

The key productive concentration wave-\doncept (S.4) is used in the mathemati-
cal multicomponent computerized simulation. Thé-&incept brings the clear, effective
and understandable treatment of the MMT, NC kisepicocess in thei-functional NC
matrices of the various shapes: L-membrane, raosfibebead (Figs. 4a,b&5a,b);
Ks'(a)<Ks’ (b), S.5).

The multi-component concentration «wave»-géncept is very effective in the
study of the MMT, NC kinetics in thiei-functional NC matrices with the two determining
factors: 1) MAlLs reaction (I co-route, 1.1;1.2) onto the actiR®-«nanositesfKs, Selectiv-
ity) including in addition 2) the co-route II, ({i}, multi-Diffusion) in the pores of the
NC L;ro,r-matrixes (Figs. 1a,d ; 2a,b).

The understandable and visual treatment of theiconiponent propagating, and
interfering X qoy(T)-concentration waves behavior during the MMT qa®s becomes
possible for the NC, MMT kinetics inside the L;rmatrices. The influence of the two
crucial factors: Selectivity (& co-route 1) & multi-Diffusion ({0}, co-route Il) is dem-
onstrated visually and well perceivable via thensoag of the author’s «multi-colored
«Scientific Computerized AnimationSCA.avi video files) described detailed in the final
Section 6.2.

6. Conclusions

The new generalized theoretical (computerized nmiogeresults of the MMT ki-
netics in thebi-functionalNC r,ro,L-matrices (S.5) are determined by therfetence of
the propagating multicomponent{distance; T)-concentration waves on the basisief t
fundamental key wave, Ytoncept. The wave Wconcept unites all the three subjects of
the theoretical investigations in the manuscriggMMT, NC kinetics (S.5 with 6.1 Con-
clusions); and (b)isualizationof the MMT NCKkinetics (S.1,3,5; with S. 6.2, Conclu-
sions).

6.1 Selective MMT kinetics in the bi-functionalKk; I1.{D ,}) NC matrices

A. The computerized propagating(¥istance; T)-concentration waves behavior is
determined by the decisive influences of the twarabteristic parameters combined inside
the NC matrices:
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I. MMT co-route (I) with the equilibrium parametens$ the MALs reaction (Selec-
tivity, Kg);

II. MMT co-route (Il) with the multicomponent {i}-multi-diffusion effects during
the NC, MMT Kkinetics process. The marked analogyT@ble 1, S.5) of the multicompo-
nent X, (T)-concentration waves behavior is assigned aprealy, in the analysis (S.5) to
the both MMT cases: (1) th®-functionalNC, MMT kinetics, and2) theory of multicom-
ponent chromatography.

B. The propagation of the integral and spegii®-concentration wave in thai-
functional NC matrix of the R«nanosites»(Figs. 1a,d) takes place, althoughctees-
ponding Q-diffusivity is zero (=0, Table 1, S.5).

Such atypical ynusua) concentrationR’- concentration wave behavior has the
clear physical meaning. The diffusion propagatifithe integralR%wave is determined
by the “dual” behavior of the p-component whichliuges the combined p-participation in
the two co-operative processes: i.e. in the p-«mrassformation» (via the co-route 1) in
the combination with the multi-Diffusion in the Ngdres (via the co-route I, B0, Figs.
2a,b). The corresponding conceptual scheme (Fagb; 3.2) displayed distinctly the com-
bination of the two (I&ll) co-routes.

6.2 Visualization of the results by the author'sA®@nations (&CA.avp) method

The variants (S.5) of the MMT kinetics processeside the NC(in S.5) r,ro,L-
matrices with the new theoretical results are \ligad and provided obviously by author
via the contemporary method of thisualizationof the results of the computerized model-
ing, i.e.via the multi-colored computerized caltathSCA animationghe «SCA.aviwid-
eo-files.

The computerize&kSCA.aviwvideo files are assembled (by the author) sequbntia
via the separate «frames» (arranged in coursetwhd for the MMT process): «pictures»
(as in Figs. 4a,b for NC) in the usual «animatiattgrn». The computerized SCAnima-
tions scanning are executed via tHeCA.avi»multi-coloredvideo files. For the manu-
script considered the computerized SCAnimationsalestnate the propagation of the mul-
ti-component (& «multi-colored») af)-concentration waves in spatial coordinates (Lsro,r
distances) in the course of T-time during the MMifekics processes inside thii-(
functionalNC) r,ro,L-matrices.

Such multi-colored calculated SCAnimatid®dJA.avj video demonstrations of the
MMT processes during the oral computerized presentgat many international confe-
rences in particular) are well perceived and urtdadable by the sci. audience. The SCA
method has been used permanently for the implem@mtaf the &CA.avi»into the vari-
ous oral thematic presentations by the author efmtflanuscript during a long-continued
period of time (more than 14 years) for the denratisin of the results of the presented
theoretical studies (on the basis of the fundanhéwa wave W-concept) in the multi-
component kinetics & dynamics (chromatographyhef MMT systems[2,34-36 ].

SCAnimations (as the prepare8&A.aw video files) have been used by the au-
thor with the permanent experienoethe effective and visually perceptible preseatet
of the MMT Kkinetics (and dynamics) processes[2-B8%#in many International Confe-
rences (including in particular the ConferencesX«IE004, 2008, 2012», Cambridge,
UK[2, 35,36]).The interferences of the,€oncentration waves have been shown visually
during the MMT dynamics and kinetics by the authamulti-colored SCA animations
(«<SCA.aw) for a number of the International Conferences seminars

The visual demonstration of the-functional NC, MMT kineticsare prepared via
the SCA.avi»yideo files) as the results of the computerizedhaiatatical modeling with
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the propagating and calculated,>€oncentration multi-colored profiles-waves obtaine
for the successive time Yimoments[2,35,36].
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