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Why mathematical modelling?

Nl n any speci al doctrine
much proper science as th
(Immanuel Kant)

A Formalization of knowledge, its formulation in a
concentrated and exact form
A Knowledge transfer

A Better understanding of natural phenomena

A Simulation and Optimization of complex systems

F. Helfferich, lon Exchange, McGraw-Hill, New York, 1962
H. Strathmann, lon-Exchange Membrane Separation Processes, Elsevier, 2004
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Plan of presentation

A Membrane bulk properties

Irreversible thermodynamics approach

Structureproperties relationships

Concentration dependence of IEM bulk properties (conductivity, diffusion
permeabllity, ion transport numbers)

Challenges : effect of the presence of nanoparticles in pores; taking into
account of chemical reactions (ampholytes, formation of scaling and fouling

o o Do Do

A Effect of surface properties on membrane behavior

A Dependence of overlimiting transfer on membrane surface properties: degre
of hydrophobicity and electric heterogeneity of the surface, chemical nature
fixed sites. Attempts of optimization

Overlimiting transfer modelling: how electroconvection enhances mass tran:
Search of novel possibilities of electteembrane processes intensification anc
optimization
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Irreversiblethermodynamicsapproach 4@%

Fluxes In a microheterogeneous medium.

Conjugate Fluxes anéorces coupling between driving
forces of one type and fluxes of another type

Onsageequationsand phenomenologicatoefficients
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KedemKatchalsky equations and practical coefficients
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Relationshipsetween Onsager and
KedemKatchalskycoefficients

kK=(ZL,+L)F
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If we know L;, we can calculate the practical coefficients, and inversely
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<= lon-exchange membraneanostructure.
-0 Possible simplifications and physical models O

Space Charge Capillary Models

[A. G. Guzman-Garcia, P. N. Pintauro, M. V. Verbrugge. ) Fluid velocity
L UL AIChE J 1990; A. Yaroshchuk et al. Langmuir 2009; profile
o)
| . .
Crr—gF—CFy A. Szymczyk et al. J Phys Chem B 2010].
0 Array of parallel

cF—cF80®  channels with charged walls \_/>w EFRG

Fixed ions

/ ﬁ/—“\ [ = fe) j
: Effective medium approach
=,

'm  Microheterogeneous model g T, (x +dx)
Intergel solution %

Egt%r:c Gel phase J

+H,0 €« dx >

V.I. Zabolotsky, V.V. Nikonenka]. Membr. Sci79 (1993) 181

K.D. Kreuer,J. Membr. Scil85 (2001) 29
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Structure-propertiesrelationships C
7 0 bridgethe irreversiblethermodynamicsand microscopic descrlptlon{:)%

Microheterogeneous model
(development of TMS model)
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Space Charge Capillary Model

. F B, L
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W v =L por v B c=foer ¢ =Q &
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U i * _ :IJ
f =-F(zC, +2C,)Dj L =(f1 “ +f2|_ia) "
No-slip condition V(O,y,t)=V(h y,1) =0 Q : lon-exchange capacity

Kp: Donnan constant;
f, and f, : volume fractions;
a : phase disposition:

It is possible to calculate L;* when knowing D and D : diffusion coef

A charge surface density (if knowing exchange

capacity) When a is not too far from O
A pore radius K= %
A dielectric permeability gk” = f,Ig k #,lg ke€onst fig

A diffusion coefficients

[E.H. Cwirko, R.G. Carbonell. 3 Membr. Sci. 1992] [V.I. Zabolotsky, V.V. Nikonenko, J. Membr. Sci. 1993]



Concentration dependence of IEM
~20 conductivity in strong electrolyte solutions
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AMX 0.10
AMX-SB 0.11
AX 0.12
FTAM-EDI 0.15
FTAM-E 0.15
Ralex AMH-PES 0.16
MA-40 0.18
MA-41 0.21
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= = Application of the microheterogeneous E
. model O

Not only the conductivity, but also electrolyte permeability and
transport numbers can be described by using one set of structural
(f,, f,, @), static ( @, Kp) and kinetic (D;, D;) parameters

Electrolyte uptake Membrane conductivity

*
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Application of the microheterogeneous |
model 8&@

Not only the conductivity, but also electrolyte permeability and
transport numbers can be described by using one set of structural
(f,, f,, @), static ( @, Kp) and kinetic (D;, D;) parameters

Diffusion permeability Counterion transport number
11 -
l _
f 0 CM2 KCl
11,5 0.98 A ~ Model
. A A MK-40 NaCl
a
D 15 —— Modell
ke O CM2 KCI Exp < 0,96 -
——Modell
- ] © CM2 NaCl Ex
12,5 P 0,94 |
——Modell
log (C)
_13 T T T T T 1
0,92 T T T ]
2 415 1 05 0 05 1 0 1 5 3 4

C (mol/L)
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=\ = Challenge 1: ampholyte containing solutions:
" unusual concentration dependence of IEM

transport properties
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solutions Prague MELPr2014

11



- Challenge 2: effect of nanoparticles on IEM
transport properties

Membrane conductivity and
permselectivity  increase  and
diffusion permeability decreases
when immobilizing some types of
nanoparticles in Nafion-type
membranes

Safronova E.Y., Yaroslavisev A.B.
Solid State lonics. 2012. uv. 221. 4. 6-10

PragueMELPra2014 12
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i1 ¢ Challenge 3: long-term behavior of IEM in
e organic acid containing solutions, effect on
structure and transport properties

1

i
@ Organic acids may form colloidal
particles within [EM pores. In

= /\ 1

Cy N several conditions the
T nanoparticles effect is the same as
: when they are introduced specialy:
Macropores Nanoporous medium .
] nembrane conductivity and
l permselectivity increase, while
1 iﬁ, diffusion permeability decreases.
2
Q ?—.
O

Organic colloidal particles

R. Ghaloussi, W. Garcia-Vasquez, € V. Nikonenko, et
al., J. Membr. Sci., 436 (2013) 68; W. Garcia-Vasquez
et al., J. Membr. Sci. 446 (2013) 255 PragueMELPr2014 13



Role of surface parametersg
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Main masstransfer mechanisms in overlimiting
current modes

A 4 A 4
‘ Water splitting \ ‘ Current induced convection \
A 4 A 4 A 4 A 4
lons H, O Exaltation effect Gravitati
complementary xafiation eree ravitaion Electroconvection
transport of charge convection
suppression of

extended space

charge
pOTSZ?b[Qﬁf)'(rgl]eralt Electroconvections Characteristics of
ions in EDs the main mechanism membrane su.rface
proportional to its whichallows affect dramatically
concentration enhancmg the saIF ion development .of
transferin ED of dilute electroconvection

solution »
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Contributing factors
- Degree of surface hydrophobicity

|

_ UNNianans CaEraabs
{ ......;.# e\

- Catalyticahctivity of ionexchange

groups

/| - Electrical heterogeneity

Mechanism of
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2 principal modesof electroconvection

(H.-C. Chang, E.A. Demekhin, Bkelistoy Competition betweerbukhin's
and Rubinstein's electrokinetic moddéays. Rev. & (2012 046319

1.0

In the systemwvith curved or
electrically heterogeneous
surface tangential component
of electric current flowing within
the space charge region can
producestable electroconvection

[S.S. Dukhin, N.A. Mishchuk, Unlimited increase

in the current through an ionite granule,
Kolloid. Zh. 49 (8) (1987) 1197; N.A. Mishchuk,
Electro-osmosis of the second kind near the
heterogeneous ion-exchange membrane, Colloids
Surfaces A: Physicochem. Eng. Aspects 140

(1998) 75]. Two components of E are
needed: normal to produce extended
SCR and tangential to move fluid

along the surface

Surface heterogeneity is not the necessary condition for rising
electroconvection. A characteristic feature of this system is its
hydrodynamic instability at sufficiently high voltages. kubinstein

and B. Zaltzman, Electro-osmotically induced convection at a permselective membrane, Phys.

Rev. E 62 (2000) 2238]
PragueMELPrd2014
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Overlimiting transfer features found

experimentally

Voltammetry: Voltammetry &mpedance
A 1 initial linear region,

A 11 more or less smooth inclined plateau, dit — Jim Z
A 1ll: rapid increase in current, growing oscillations ° .0 ™

&

o

»

_éIJ-U tot 6 qUtot steady CVC
< . 0 .
¢ H o di

Nafion-117

Voltammetry data

Impedance data

i, mMAcm 2

I-V curvesfor different membranesin 0.02 Differential resistanceof a Nafion 117 ¢ 0.02
M NaClsolution The curvesare obtained M NaClsystem found from impedanceand
by voltammetrywith the currentsweeprate  voltammetrymeasurements

1 mAs, the pc_)ints are ob.tained from ChP Differential resistance decreaseswith i in
curvesat sufficientlygreattimes the interval from 2.5to 3.5 mA/cm2
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