BicHuk XapkiBcbkoro HaLioHanbHoro yHisepcutety Ne1131, 2014 181

VIIK 519.6

Competitive diffusion of benzene-hexane mixtures in microporous
medium: mathematical modeling and parameters identification

J. Fraissard', S. Leclerc’, D. Mykhalyk®, M. Petryk®
1 — LPEM-ESPCI ParisTech and Université Pierre et Marie Curie, France
2 —UMR7563 Laboratoire d'energetique et de mecanique theorique et appliquee,
University of Lorraine, France
3 — Ternopil National Ivan Pul 'uj Technical University, Ukraine

B crarbe mpencraBiena sddexTuBHas mporenypa HISHTHOUKANHE KO PHUIIEHTOB
KOMIIETHTUBHOM MU Py3un IBYyX ra30oB (OEH301a U TeKcaHa) B IPOCTPAHCTBAX MEKIY
YaCTHUIIAMM M B YacTHILAX CPEbl, PEalN30BaHA C HCIOJBb30BAHHEM TI'DAJUCHTHBIX
METO/I0B, pa3pabOTaHHON MAaTEMaTHYECKON MOJIEIHN JUIsl IIPOLIECCOB KOMIIETUTUBHOU U
MoHO mudy3un u pesynsraroB SIMP-ananmsa pacnpeneneHuit ancopOHpOBaHHOM
Macchl KaX/J0H M3 KOMIIOHEHT B LIEOJIUTHOH cpexe. Pactpenenenust ko3¢ GuIrieHToB
muddy3un MoTydeHsl Kak (YHKIUHM OT BPEMEHH Ui Pa3iIMYHBIX MOJIOKESHHUI BIOIb
UcCIeyeMoil 1eonuTHO# cpeabl. [locTpoeHsl MojenbHble MNPOGUIH H3MEHEHHS
KOHIIGHTpaluyu OeH30j1a M TeKCaHa B CpeAe BO BPEMEHH Ha OCHOBE IIOJYYCHHBIX
ko2 urrentoB auddy3nun n pazpaboTaHHON MaTEMaTHYECKON MOJIEIIH.

Kniwoueevte cnoea: rkomnemumueHas oupgysus 2azos, aocopoyus, mamemamuyeckoe
Modenuposanue, KodpGuyuenmvl ougpgysuu, Mukponopucmas cpeod, epadueHmiuvle Memoobl
udenmuurayuu

B crari mpencraBmeHa edexTWBHa mpouenypa ixeHTHdikamii koedilieHTIB
KOMIETUTUBHOI aAndy3ii ABoX rasziB (OeH305y Ta rekcaHy) y MiKYaCTHHKOBOMY Ta
BHYTPILIIHLOYACTUHKOBOMY IIPOCTOPAX, pealli3oBaHa 3 BUKOPHCTAHHAM IPaJli€eHTHUX
METO/B, PO3POOIICHOT MaTEMAaTHYHOI MOJIEINI JUIsl MPOLECIB KOMIICTHTHBHOI Ta MOHO
mudysii Ta pesynpraTtiB SIMP-aHamizy po3nominiB amcopOoBaHOT MacH KOXHOI 3
KOMIIOHEHT B LIEOJITHOMY cepenoBuii. Poznoainu koedinienTiB audysii oTpuMaHo
K (yHKIIT BiI yacy MU Pi3HUX IOJOXKEHb Y3/OBXK IOCITIKYBAaHOTO IIEOJITHOTO
cepenoBunia. [loOymoBaHO MojenbHI MpoduI 3MiHH KOHIEHTpamii OeH30dy Ta
TeKCaHy B CEpeIOBUINAa B Yaci Ha OCHOBI OTpHMaHHMX KoedilieHTiB mudysii Ta
PO3pOo0IICHOT MaTEMATHIHOT MOJIEIT.

Knrouosi cnosa: xomnemumugna ouysis easie, adcopOyis, mamemamuine MOOeI06aHHs,
Koegiyicnmu ougysii, mikponopucme cepedosuwye, epadichmui memoou ioenmugixayii

In the paper we propose new effective identification procedures for competitive
diffusion coefficients of two gases (benzene and hexane) in intra- and inter- crystallite
space. This procedure is developed using high-speed gradient methods, mathematical
models of competitive as well as monodiffusion, and NMR imaging of adsorbed
masses distribution for each component in zeolite crystallite bed. Distributions of
diffusion coefficients as functions of time were obtained for different positions along
the microspores. The benzene and hexane concentration curves as functions of time
were built at every level of crystallite bed for inter crystallite space, based on
identified coefficients and developed mathematical models.

Key words: Competitive diffusion of gases, adsorption, modeling, diffusion coefficient,
microporous zeolite bed, intra- and intracrystallites space, gradient methods of identification.

1. General problem

Knowledge of the co-diffusion and co-adsorption coefficients of reactants and
products is essential when a heterogeneous catalysis reaction is performed by means
of gases flowing through a porous catalyst bed. It can be even more important in a
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fluidized bed where the contact times between the catalyst pellets and the reactants are
very short, which means that one hardly ever knows whether the pellet is used
completely or only superficially. Under these experimental conditions the system is
never at adsorption equilibrium. The distribution of the various reactants adsorbed on
the catalyst is very heterogeneous and, moreover, it varies greatly from one reactant to
another. However, calculations on the kinetics are generally performed by assuming
the ideal case of a homogeneous assembly, both for the totality of the catalyst and for
the distribution of all the reactants, which makes these calculations, even when they
are mathematically rigorous, rather approximate as reality regards.

Mass transfer in catalysis is a rather complex process involving several parameters
which are seldom defined by a single technique. Nuclear magnetic resonance (NMR)
has provided much information about these problems. It can be divided into two parts:
conventional NMR and Magnetic Resonance Imaging (MRI) [1]. With the first one,
measurements characterize the entire sample without spatial resolution. Its application
to the study of the diffusion of an adsorbat most often concerns self-diffusion
measurements on species in adsorption equilibrium.

Unlike the known research on diffusion of separate gases for the adsorptions
catalysts, this project includes research of kinetics and development of methods of
kinetic parameters identification for competitive (compatible) diffusive transfer and
adsorption of two hydrocarbon components in macro- and nanoporous of
heterogeneous catalysts.

Many researches in this area of problem mainly concerned molecular transport of
certain substances in the porous medium and considered mass transfer at the macro
level without significantly influence the effects and characteristics of micro- and nano-
porous of particles itself. But this kind of masstransfer are limiting and determining
factor in overall diffusion kinetics of such type of mediums [2]. Another unexplored
aspect is co-diffusion of two or more components in the same time or so-called
competitive diffusion [3]. It is therefore essential to clarify mechanisms and factors of
competitive diffusion kinetics of microporous mediums and to identify each of
interacting components.

2. Mathematical model

The presented mathematical model is similar to biporous model [4, 5], with a
system of complex competitive masstransfer between two diffused components
(benzene and hexane) in a heterogeneous media (crystallite bed) of porous crystallites.
We suppose that diffusion process causes two types of mass transfer: diffusion in the
macropore (intracrystallite space) by the space between particles and diffusion in
micro- and nanopores of crystallites (intraparticle space).

A cylindrical bed of microporous zeolite crystallites, assumed to be spherical
(radius R), is exposed to a constant concentration of adsorbate in the gas phase. One
face of this bed is permeable to the two gases (benzene at hehane). In this case one can
consider that two gases diffusion is axial in the macropores (z direction along the
height, 1, of the bed) and radial in the micropores. We assume that the crystallites
zeolite bed consists of a large number N, of very thin solid layers of thickness
Al =[ -1 _,, perpendicular to the propagation of the gas in the z direction. In the

proposed mathematical model we assume that: (i) during the evolution of the system
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towards equilibrium there has to be a concentration gradient in the macropores and/or
in the micropores; (ii) the effect of heat is negligible; (iii) diffusion occurs in Henry’s
law region of the adsorption isotherm; (iv) all solid particles are spherical; (v) all solid
particles are of the same size; uniform packing through the crystallite bed is assumed.

4

Diffusion in macropores
Length of the bed: /

Characteristic position of the layer: [, k =1,n+1
Thickness of layer k: Al = Iy, -l , k=1Ln+1
Intercrystallite diffusion coefficient

in k™ layer: Dy -

Corresponding characteristic time: 7.«

=1

Diffusion in micropores

Crystallite radius: R

Intracrystallite diffusion coefficient
ink™ layer: Djyyrqx

Corresponding characteristic time: 7, &
[>>R 5 Dinler,k >> Dinlra,k 5 k= Ln+l

Fig. I The scheme of diffusion
completive in crystallite bed

The mathematical model of gas diffusion kinetics in the crystallite zeolite bed
(which we consider to be a heterogeneous and multilayer porous medium) is defined
in domains Q, by the solutions of the system of differential equations [6]

. 2 .
oCs (t,Z)_DlnterSm 0°Cs,, . P Dmtrasm 00, (1)
= B 2 nter, s, 2 ?
ot l o4 R ox
X=1
D: 2
00, (1.X.2) _ Pintrag, 0705, 2
ot R’ ox?

Domain: Q, =(0,7)xQ,, (Qm Z(Lm_me),m:LNJrl,Lo =0< <..<Ly, :1)-

With initial conditions
Cs, (1=02)=0; Q5 (t=0,X,Z)=0; X€(0,R),ZeQ,, m=LN+1, (3)

boundary and interface conditions for Z coordinate:

oCy,
Cs, (t.L;)=1, 7(%220):0, te(0,T); 4)

¢y, (2)-Cy, (t,z)}Z:Lm 0, m=1N
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o
0z
and boundary conditions for X coordinate:

0 [
7Qsm (t.X=02)=0;0 (tX=12)=C; (t.Z), ZeQ,, m=LN+1.  (6)

| Dintery, ) Com1 (42)=Dintery €5, (12)]  =0.16(07) ()
—m

Here
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R C. q.
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eimerm = 1— ~ K ; eimra,,, =1- eimer,,, > Ksm = .
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1
QY(I,Z)szS (I,X ,Z)dX - average concentration for s™ adsorbed component
0

(s =1,_2 ) in microporous of crystallite; ¢,, g, — adsorbent concentration in macro and
D

inier, — diffusion coefficient in micro- and

micro porous (molecule/cmS)' Dintra >

macro porous (m?/s); K, — adsorption equilibrium constant, &

inter p0r051ty,

inter
porosity coeficient; R — partical radius (m); ¢ — thickness of working area of catalytic
media (m).

3. Analytical solution
To find the analytical solutions of direct problems (1)-(6) we used the Heaviside
method according to procedure originally used by Leniuk & Petryk [9]. As result we

obtained functions C,, and N, in theform:
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where 6, are roots of transcendent equations:
m

il k=T, (9)
AL

3 ALZ inttra, ein en R2
e 22

R* D 3 D

inter; intery, intrag,

Vs —,Bcotﬂ+1]:

4. Identification of diffusion coefficients.
Assuming, that coefficients of competitive diffusion in intracrystallite space D,

interg

and inter crystallite space D,

1ntra ’

5= 1,2 (s=1 — corresponded benzene and s=2
corresponded hexane) are unknown.

Taking into account mathematical model (1)—(6), the identification problem can be
formulated as: to find unknown functions Dy €y Dy €Y
(Do, >0, Dy >0,5 =1,2), when absolute absorbed masses for every point Y CQ,

of m-th crystallite bed segment satisfy the condition:
€, (62)+0,, (t2)]| =M, (t7) . s=125 7,<Q
m m Vm mn Tm

According to paper [8] and using errors minimization gradient method for
identification of competitive diffusion coefficients as function of time for

=L

‘m ml

(10)

m97m

intracrystallite space D,

mt ra

(mycro level) and intercrystallite space D.

nt erg,

(macro

level) of s-th diffused components (s=1 -benzene and s=2 - hexane), we obtain
regulation expression for (7 +1)™ identification step:
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Where:
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J (Dimers s D, )— error’s functional of model solution from experimental data

(observation traces) on v, €Q :
2

T
J (Dm ,Dmm)zéj C;’H(T,Z,Dmta;m,Dmm%)+()l() N, (z,Z,Dmm ,%,D%J—Mm o | dr,
0 X

Sm

Vi
Y, €€, m=LN+l. (13)
Here:
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2 I 2
Vi, @ =[5, ()] a,
0

functional gradient;

(¢) are errors’s functional gradients J (Dimers oD, );

T
VI b (t)Hz = I[VJZ (t)J2 dt - norms of
m ° intery m

M, (t,Z )|7 - data vector of experimental distribution (observational trace) of

absorbed mass in macro- and micro porous on surface area y, — € as results of

NMR-analysis (Fig. 2a — experimental data for benzene, Fig. 2b — experimental data
for hexane).

The technology of calculation of each component in case of monodiffusion based
on the works optimal control theory [7] and is described in paper [8] in details.
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961 Hexane
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Fig. 2. Distribution of the benzene and hexane concentrations in time for different sample
layers (experimental curves and approximations).

5. Numerical simulation and analysis.

According to proposed methodology of parameter identification based on optimal
control theory [7] and using experimental data approximations (fig.2) the distributions
of diffusion coefficients were obtained. The identified benzene diffusion coefficients

Dintray and Dimen,k are presented as functions of time for the five coordinates

thickness positions: 6, 8, 10, 12, 14 mm in fig. 3, 4.

Dintra
1,01E12
—— Bmm
8,10E-13 -
——8mm
6,10E13 -
—— 10mm
4,10E13 -
=< 12mm
2,10E13 - —— 14mm
1,00E-14 +
0 50 100 150 200 250
time (mn)

Fig. 3. Diffusion coefficients profiles D;

intray in intraparticle space

for benzene in time for different positions in catalytic bed
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Fig. 4. Diffusion coefficients profiles Dy, eny i interparticles space for benzene in time for

different positions in catalytic bed

Competitive diffusion coefficient curves for the intraparrticle space are of the
pseudo exponential nature and in a case of benzene varying in the range from 1.0 e-12
till 5.0 e-13. Since the diffusion time t = 80-100mn relatively gentle picture of changes
in their values is observed testifying the diffusion approximation toward the
equilibrium level.

The diffusion coefficient distributions (fig. 4) are of more gentle nature and
changed in the range of 6.0 e-6 till 1.0 e-6. Since the diffusion time t = 130-140 mn
also relatively gentle picture of changes in their values is observed testifying the
process of convergence to equilibrium.

Dintra

1,00E11 -

8,00E12 - ——6mm
——38mm

6,00E-12 -
—— 10mm

4,00E-12 | =& 12mm
== 14mm

2,00612 ‘ ‘ - > )

0 50 100 150 200 250
time (mn)

Fig. 5. Diffusion coefficients profiles D

intray in intraparticles space

for hexane in time for different positions in catalytic bed
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Fig. 5 and 6 show similar results but for hexane. Identified competitive diffusion
coefficients distributions as functions of time for the same positions of coordinates
thickness (6, 8, 10, 12, 14 mm) change in time in the range of 1.0 e-11 till 1.0 e-12.
Since the diffusion time t = 75-90 mn a slight decrease in their values of time is
observed.

4,00E05
Dinter

3,50E-05
3,00E-05 - —=—6mm
2,50E05 -

——38mm
2,00E05 -

——10mm
1,50E05 - \
1,00E05 - —9 =< 12mm
5,00E-06 - == 14mm
0,00E+00

0 50 100 150 200 250
time (mn)

Fig. 6 Diffusion coefficients profiles D; in interparticles space

nter

for hexane in time for different positions in catalytic bed
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04 4 ——10mm

03 - 12mm
0,2

01 - == 14mm

0 T T T T 1

0 50 100 150 200 250
Temps (mn)

Fig. 7. Diffusion concentration distributions in the intercrystalites space in time at different
positions of the catalytic bed for benzene
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The hexane diffusion coefficient distributions in the macropore (fig. 6) vary in the
range from 2.7 E-6 till 1.0 E5. Since the diffusion time t = 70-80 mn also relatively
gentle pattern changing of their values and slightly higher at the end of diffusion is
observed.

Hexane
—&— 6mm
0,40 -
—e— 8mm
—— 10mm
0,20 §
12mm
== 14mm
0,00
0 100 200
Temps (mn)

Fig. 8. Diffusion concentration distributions in the intercrystalites space in time at different
positions of the catalytic bed for hexane

Fig.7, 8 shows concentration curves calculated for benzene and hexane in
intercrystallites space with taking into account identified diffusion coefficients both
for intra- and inter particles spaces. It is easily noticed that model distributions are
very similar to experimental data approximations.

7. Conclusions

In this paper we propose the new effective identification procedures of diffusion
coefficients for both diffused components (benzene and hexane) in intra- and inter
crystallites spaces. Procedure implementation are achieved with using of gradient
methods of the complex multi-component systems state control, mathematical models
of competitive diffusion and mono diffusion in porous zeolite mediums and NMR
imaging of the adsorbed masses distribution for each component in the zeolite
crystallite bed. As result we obtain distributions of diffusion coefficients as a function
of time for different positions along the microspores medium.
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