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L. PUPUNAT, G. M. RIOS* and R. JOULIE
LABORATOIRE DESMATERIAUX ET PROCEDES MEMBRANAIRES (LMPM)
UMR 5635, CC 024-UM 2

PLACE E. BATAILLON, 34095 MONTPELLIER CEDEX 05, FRANCE

Copyright © 1999 by Marcel Dekker, Inc.

ABSTRACT

Electronanofiltration (ENF) isanew membrane separation process that uses an ad-
ditional electric field between the permeate and retentate sides during nanofiltration.
A recently published pioneering work gives the performance with single and mixed
ionic solutions containing one monovalent cation and one or two anions (mono-
or/and divalent). It appears that the electric field leads to a net increase of cation flux
and a decrease of anion permeation at the same time if the cathode is placed on the
permeate side. In relation with the well-known dependence of solvent flux on trans-
membrane pressure, these data open up potential applications of ENF for new inte-
grated operations of ion separation/concentration. In this paper a semiempirical
model accounting for permeate and ionic fluxes is proposed. Based on the
Stefan—Maxwell approach, a simple set of linearized equations is developed that fits
experimental data at various transmembrane pressure (AP), electric fields (AU), and
concentrations (C).

Key Words.  Nanofiltration; Electrophoresis; lon transport; Modeling

INTRODUCTION

Nanofiltration is a new membrane separation technique intermediate be-
tween reverse osmosis and ultrafiltration for pore diameters around 1 nm and
applied transmembrane pressure in the 5-30 bars range (2) that appears more
and more attractive for the treatment of ionic solutions. This is especially

*To whom correspondence should be addressed.
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1948 PUPUNAT, RIOS, AND JOULIE

when electric charges present on membrane materials strongly interact with
specific charges of ions and thus control rejection performance. If organic
membranes ordinarily present a fixed charge, inorganic materials exhibit
changing behaviors that mainly depend on pH and ionic strength of solutions
due to their amphoteric nature (3). In the past few years much research has
been devoted to the study of inorganic (4) or organo-inorganic (5) elements
which can work with strong basic or acid solutions.

In a previous paper (1) we presented a new application of an organo-inor-
ganic nanofiltration membrane that consists in applying an external electric
field during nanofiltration. The same idea had been presented earlier for elec-
troultrafiltration with a view both to increase solvent flux by preventing po-
larization and fouling, and to control macromolecule rejection. In some cases
a selective separation of different species had been observed (6-8). With
nanofiltration, the function of the electric field is to control ionic movements,
the solvent flux mainly depending on transmembrane pressure. Thus simulta-
neous ion concentration/separation may be imagined, unlike asimple nanofil-
tration process (where the electric effects control permeation of salts rather
than of individual ionsin order to preserve solution electroneutrality) or elec-
trodialysis (where there is no solvent flux). As an example, with ssmple or
mixed solutions of NaCl and/or Na,SO,, a net increase of cation concentra-
tion in the permeate may be observed while the anion permeation is lowered
by using an external cathode.

A few works devoted to modeling fluxes during nanofiltration of charged
species have been published recently (9-12). The Stefan-Maxwell approach
that sets equilibrium conditions between the various driving and friction
forces acting onionsisusually used asabasisfor equation design (13, 14). In
this paper, following the same idea, we endeavor to elaborate a set of semiem-
pirical linear equations that correctly account for the influence of transmem-
brane pressure (AP), external electric field (AU), aswell asthe concentrations
and compositions of salt solutions.

MATERIALS AND METHODS

Because we will use previously published data (1), we will only briefly re-
call the experimental conditions.

Experimental Set-up

The membraneis an organo-inorganic tubular element made from an a-alu-
mina macroporous support, an intermediate mesoporous titania substrate, and
avery thin microporous film of negatively charged nation (pore diameters, re-
spectively, of 200, 10-15, and 1.2 nm) (5, 15).

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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MODELING ELECTRONANOFILTRATION 1949

The experimental set-up is a classical nanofiltration plant equipped with
two stainless steel electrodes connected to a D.C. electric power supply unit.
The anode is arod located on the axis of the tubular membrane. The cathode
isacylindrical wire netting stuck on the ceramic support.

Solutions

Single salt and mixed solutions of Na,SO,4 and NaCl were studied. Most of
them presented a constant counterion concentration—[Na*] = 10 mol-m—3—
and different values of a« = [Na,SO,4]/[NaCl], the salt concentration ratio. In
a few runs the influence of the total concentration was checked by making

[Na'] =50mol-m2ata = 1([Cl7] = [SO37]).

Operating Conditions

Permeate and retentate were continuously recycled to operate under con-
stant bulk concentration. The cathode was placed at the outside of the mem-
brane in order to promote a “pumping effect” of Na* through the porous
medium.

Special attention was paid in thiswork to the effect of pressure and electric
field, the two main driving forces (1) of performance. Thus, various trans-
membrane pressures and voltages ranging between 5-30 bars and 0—7.5 volts
were tested.

On the other hand, the temperature was fixed at 303 K and the fluid veloc-
ity at 3 m-s— 1, which guaranteed a turbulent regime.

Notations

J (m-s™1) and J; (mol-s -m~?) are the solvent and ionic fluxes respec-
tively. R (%) isrejection of thei species:

Ji = JCpi (1)
R = 100 (1 - g"f) )

with C,; and C;; the concentrationsin the permeate and retentate, respectively.

PRINCIPLES OF MODELING

What Does the Stefan—Maxwell Approach Predict for
Mass Transfer through Pores?

Each ionic species moves in the pores of the membrane at a velocity v,
(m-s™ 1) under the simultaneous action of driving—chemical, electrical, and
pressure—and friction—with the other species—forces.

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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1950 PUPUNAT, RIOS, AND JOULIE

In the case of dilute solutions, the activity g is roughly equal to the con-
centration C;, and the driving forces (m~*) may be written:

Composition:
1 dG
G dz (3)
Pressure:
_ v dpP
RT dz (4)
Electric:
Fz do
RT dz ©)
with z the space variable (m) and v; the molar volume of i (m*-mol ~%).
With dilute solutions, the friction term reduces to
U Y
—+ — 6
o, T T, (6)

with 6; thefreediffusivity of i inwater and I'; the friction factor with the mem-
brane. For simplicity a unique “hindered” coefficient, D; (m?-s~ 1), which ac-
counts for both 6; and I';, isused in what follows.

Thus at steady-state:

D GCd R & R d ¥

For the calculation of ionic fluxes, J;, aterm uC; must be added to the term
1 C; because of the convective transport of solvent due to AP. Ordinarily sol-
vent fluxes are expressed as regards the total surface of the membrane Srather
than the total open surface of pores S,. Thus:

Ji = (v + u)G (8)
with
u = u(S,/S)

Thediffusional part of thetransfer in poresis small with the membrane used
in this work, as previously demonstrated by Rios et al. (13). Moreover, the
pressure term may be neglected due to the low specific volume of solutes. As
a consequence;

D,CiFz dd)
RT dz ©

Ji = U,Ci —

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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MODELING ELECTRONANOFILTRATION 1951

By integrating this equation on the membrane thickness, e, the following
expression of J; may be proposed:

- « AdF

J =UC; — wizC; W

with w; = D;/eand C' the i-average concentration.

(10)

Toward Simple Semiempirical Equations for ENF

Starting from Eqg. (10), arelationship easier to work with may be obtained
by introducing:

« C,instead of C{". Infact, C; representsthefeed solution concentration that
can berelated to Ci by a partition coefficient.

* The permeate flux J rather than the solvent flux u’, the two values being
connected by a membrane—solute interaction (or “reflection”) factor.

* [—AU]Ttheapplied voltageinstead of Ad, the actual transmembrane volt-
age. Thedifferenceis mainly dueto electrochemical reactionsthat develop
in the immediate vicinity of the electrodes.

Thisleads to the general equation involving two coefficients K’ and K"

’ " A F
Ji = JK, Cri + ZiKi Cri % (11)
According to this equation, ionic transport through membrane pores is
made up of two parts. Thefirst, J/, mainly relates to the transmembrane pres-
sure through J, and the second, J{’, is directly dependent on the applied elec-

tric field:

Ji = Ji’ + Ji” (12)
with
Ji’ = JKi’Cri (13)
" " A F
J' = zKiGCy % (14)

Itisworthrecalling at this stage of the presentation that the membrane used
in thiswork is constituted of two parts acting in parallel: a microporous part
through which both cation and anions are able to flow together by convection
and migration, and a dense part negatively charged through which only cation
can move under an electric field as in electrodialysist (Fig. 1). This model
looks like ones aready presented by Gierke and Eisenberg for electrodialysis
membranes (16, 17), but the water contained inside fixed clusters, embedded

TAU > 0 with an outside cathode.
FDiffusion will be neglected due to the very small thickness of the polymer layer [lessthan 1 um
(5, 15)].

MAaRrcEeL DEkkER, INc.
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Feed < » Retentate
s
Dense Water and o Ony Porous part
part ions cations ¥, = 0,6 nm)

(Nafion™)

Permeate

FIG.1 Schematic representation of ENF membrane behavior (bicompartimental model).

in the dense material according to these authors, is here replaced by solvent
moving through pores.

Asaconsequence, it will be necessary to distinguish clearly between anions
and cation, especially when regarding J;”. For anions, K{" will just account for
the transport through membrane pores. For cation, by extending the use of Eq.
(11), it will aso cover migration through dense material.

In this presentation, following a classical assumption, the polarization ef-
fect is neglected due to low ionic concentrations (C < 10~2 mol-L %),

MODEL IDENTIFICATION AND DISCUSSION

Permeate Flux, J

The clear dependence of J on AP may be checked from the data points re-
portedin Fig. 2. One can also observe that flux slightly decreaseswhen AU in-
creases. Thereisaso avariation with Cyg (1).

Starting from the classical relation J = K AP, the assumption is made of a
linear variation of K asafunction of AU and Cyz in the range investigated:

K = E + FCna AU (15)

By calculating the average values of K for nanofiltration (AU = 0 V) with
aconstant Cyz- concentration (10 mol-m~3), and (K — E)/(CnaAU) at AU #
0V, E and F may beidentified as follows:

Jeae = (171 X 1076 — 2.7 X 107° Cngr AU )AP

For a = 1 (Fig. 2), the relative error between calculated, Jeqc, and mea-
sured, Jnes, Valuesisless than 10%. ﬂ

Copyright © Marcel Dekker, Inc. All rights reserved.
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J (106m <1 Experimental points Calculated curves
(10%m.s") . AP = 30 bars
70 -
A AP= 20bars — —
60 ® AP= 10bars — — —
[ | AP= Sbars . - - -

10 - -—--0-_-__EKE____BR___.~1

0 } : . !
0 2 4 6 75 AU (volt)

FIG.2 JversusAP and AU. a = 1; AP variable; Cpat = 10 mol-m™3,

Other datareferring to other o values confirm these trends and also indicate
that, even above AU = 4V, thereis acontinual decrease of Jvs AU, in good
agreement with model predictions.

J’ Component
At AU =0V, K = Eand Eg. (11) reduces to:
J = J = EAPK/C,; (16)

In Table 1 the average values of K{ = J,/EAPC,; are reported for each ion.
Thereisonly asmall gap between values obtained at Cp = 10 mol-m~3 and

TABLE 1
Average Vaue of K{ (—) with a Variable, AU = 0 volt, Cna+
Variable (mol-m~3)

Copyright © Marcel Dekker, Inc. All rights reserved.

a CNa+ NajL Cl~ 8047
0 0.8 0.79 —
1 10 0.59 1.15 0.24
4 0.42 1.09 01
o 0.2 — 0.3
1 50 0.78 1.07 0.52

MAaRrcEeL DEkkER, INc. ﬂ
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K'Na+
- ““(-)SB IS/CNa+ = 1.73  when K7, =0
slope : - 0.93
.59 7
042 -
0.20 + a T~
t 1 [s/ONar
1 133 144 1.5
a=10 a=1 =4 = W

FIG. 3 Kjat+ versusls/Cyat.

Cna = 50 mol-m~3with o = 1. To order to express the steeper variation ver-
sus composition, the ratio |1 s/Cyng Of ionic force to cation concentration* has
been chosen. For simplicity, the assumption has been made that the variation
of Ki" versus | s/Cng asreported in Fig. 3islinear. Thus, smoothing data for
the threeions gives:

Ki\la+ = 173 - 0-93|S/CNa+
K’C|— = _007 + 085| S/CNa+
K’SO4_ = 129 - 0.66|S/CNa+

TheK{ terms measure the selectivity of the membrane asregardsi-speciesinthe
same way as reflection coefficients do in nonequilibrium thermodynamics.
Thus the following equations result for J' :

Jha = Crna (1.73 — 0.931 5/Cra)

X (1.71 X 1078 — 2.7 X 107° Cnyar AU AP
Jor- = Cra-(—0.07 + 0.851/Cna)

X (L.71X 107°% — 2.7 X 107° Cyy+AU)AP
J50z = Crs02(1.29 — 0.6615/Ca)

X (1.71 X 107 — 2.7 X 10" °Cpg AU AP

J” Component

Asindicated previously, J” will be dealt with separately for the cation and
anions.

*For fixed «, thisratio does not depend on Cya- .

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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}"ﬁa + {10%mole.s™ . m?)

AP = 5 bars
/s

4 400
AP = 30 bars

-

4+ 200 -~

A - I —

0 2 ‘%4 6 7.5 AU (volt)

AUmini

FIG.4 Cdculation of AUpn. « = 1; AP = 50r 30 bars, Cya+ = 10 mol-m™3.

Cation

Experimental data, such as those reported in Fig. 4, suggest that the as-
sumption of alinear variation of J{ 5 versus AU may be done above a nearly
constant boundary value AU, = 3.4V (Table 2).* Below thisvalue, J{ s re-
mains close to zero. Thisleadsto

Ja = 0, if AU < AUpjini (a7
AU — AUnin)F .
Ia = Zna KNa Crna ( RT mini) , if AU = AUnini (18)
TABLE 2

Calculation of AUpini (V) with
o Variable, AP Variable,
Cnat = 10 mol-m~3

o AP AUmi ni
0 10 348
30 34
1 5 3.36
10 3.48
20 391
30 3.66
4 5 321
10 3.35
20 32
0 10 321
Average = 34

* At Cnar = 50 mol-m ™3, AUpini is slightly lower.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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Figure 4 also indicates that the slope of J{ s versus AU is not the same at
different AP: it is steep for low AP and drops when AP increases. Thisvaria-
tion may result from a slight deformation of the microporous polymeric layer
under the effect of pressure. That is why we propose to write

K[,\’|a = ANa"’ + BNa+AP (19)

well in agreement with the data of Fig. 5.
From athorough investigation of the experimental data, it follows that

Ang = 2130 X 10 9°m-s?
BNa = (60 — 70.2IS/CNa+)1O_1Om-S_1-bar_l

IS 10 FAU
Cna RT

with Ang = Owhen AU <34V, Ang = 1 — 3.4/AU when AU = 34 V.
By summing the electrochemical standard potential of water (1.23 V), as
well asthe oxygen oxidation and hydrogen reduction overvoltages at the anode
(0.8 V) and cathode (0.3 V), respectively, atheoretical value of the minimum
voltage for electrolysisis obtained (2.33 V). It is aways lower than AU ini,
the practical value at which water hydrolysis takes place at the electrodes.
Abovethislimit the voltage actually applied between the two limiting surfaces

W = zNa+CrNa+[213O + (60 — 702 ) AP} X 10~ Ana

K"+ (10%msh
i
03+

ANB.J‘_

0,2 7
A stope = By, +

0,1 +

{ t t +—w= AP (bar)
0 5 10 20 30

FIG.5 Calculations of Aya+ and Byg+. o = 1; AP = 10 bars, Cna+ = 10 mol-m™3,

MAaRrcEeL DEkkER, INc.
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of Nafion strongly increases, leading to an improved migration of Na*
through the dense part of the membrane. As already explained, this phe-
nomenon will depend on AP.

Finally, it appears that

I
Inacale = Crnar (1.73 —0.93 C S )
Na*

X (1.71 X 107°% — 2.7 X 107 %Cna AU)AP + Zna Crna

IS —10 FAU
X [2130 + (60 70.2 Con )AP} X 10 RT Ana
As an example, data points and model curves corresponding to Cyg = 10
mol-m~3 and o = 1 are reported in Fig. 6. It may be observed that the esti-
mation is acceptable within =25%. For other values of composition and/or
concentration, it is always acceptable within less than =40%.

Anions

The same procedure as the one previously described for J{ 5 was also ap-
plied to J¢&- and Jgoz-. However, with anions the variation of ionic fluxes
with the electric field are smooth (there is no marked change in the transport
mechanism around AU i), SOthat Ag- = Asoz- = 1. K- and Kgoz- values

+ . .
Na' (104 mole.m™?.s™)

450
400
350
300
250
2
200 . . .
o /A/ . Experimental points Calculated curves

150 - .//,’ 3 AP = 30 bars

100 ° Pl A AP = 20 bars — —

-—-__r__/ - ® AP= 10bars — — —
504 0 L - = AP = 5hbars - - =
0 } } } i
0 2 4 6 7.5 AU (volb)

FIG.6 Jya+ versus AP and AU. a = 1; AP variable; Cna+t = 10 mol-m™~3,

MAaRrcEeL DEkkER, INc.
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Ixpenimental points Calculated curves
* AP = 30 bars
i 7 A AP = 20 bars - —
"CH{10Y mole.m™.s™) ® AP = |0 bars — — —
150 [ | AP = Abas . . o -

*

0 ) 4 i 75 AU (voly

FIG.7 Jg- versus AP and AU. « = 1; AP variable; Cya+ = 10 mol-m™3,

seem to depend on AP in the sameway asdoes K (5. The same physical mean-
ing asthe one already proposed for the cation may be put forward. Thusthe ex-
pression K{" = A; + B;AP holds. The identification of A and B values leadsto

Ag- =164 X 10 Pm-s?

Asoz = —27 %X 10 m-s?t
and:
Bcr = 8 X 10710 + 10710 IS/CCI* m°371°baril
Bsoz = —24 X 10719+ 910 1°1g/Cgpz- m's -bar™?
As a consequence:
Iy =20 Cogy [164 4+ (8 + =5-)AP] x 10720 -F- AU
Cl Cl r Cl CCF RT
" I - F
J&02- = Zsoz-Crsoz- [—27 + (—24 +9 Cs; )AP] X 10 1°ﬁAU
Experimental points Calculated curves f%
. AP = 30 bars g
JSO4'2_ (10 mole.m™.5) A AP= 20 bars — — %
100 e AP= 10bars — — — g
. [ | AP= Sbars - --- £
50 e
0
0 2 4 6 7,5 AU (volt) 2
FIG.8 Jso? versusAP and AU. a = 1; AP variable; Cya+ = 10 mol-m~3, _
270 Madison Avenue, New \‘;s;\l\R(NEIu? \E(ETERI()I(;II(() ﬂ
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500 - Flux (10 mole.mZs™)

400
= J'
aoJ
J

300

200

100

&\\\\\\\\\\\\\\\\\\\“

it

B ;
PR A EE ez
—T

Cl- S04--

-100 -
lonic species

FIG.9 J,J,andJ".a =1, AP = 10bars, AU =75V.

and

Is
CNa+

Joi-cate = Crc|(—0.07 +0.85 )(1.71 X 1076 — 2.7 X 107° Cng AU AP

! 10 F
+ 2c-Cra- [164 + (8 + CC—S;>AP} X 10 1°ﬁAU

Is
CNa+

X 107 %CnaAU)AP + Zs0; Crsoz-

Jsoz-cac = Crsoz- (1.29 ~ 0.66 )(1.71 X 1076 — 2.7

Csoz- RT

Figures 7 and 8 clearly show that anion fluxes decrease when AU isincreased
as aconsequence of improved migration of negatively charged speciestoward
the central anode. The gap between measured and calculated valuesis larger
for divalent than for monoval ent anions, probably dueto lower fluxes and thus
aloss in precision with sulfate. As a whole, the estimations are acceptable
within an average of *+30%.

In Fig. 9 it can be seen that whatever the ionic species, there is a net trans-
port of ions through the membrane: the sum (J;) of convection (J;') and mi-
gration (J{") terms remains positive.

|
% [—27 + (—24+ 9—S )AP} % 10720 F Ay

CONCLUSIONS

The bicompartimental model developed in thiswork considers the microp-
orous Nafion membrane to be made of two parts. a dense part negatively
charged and only permeable to a cation under the influence of the electric

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016
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field, and a porous part where al species can move by convection or migra-
tion. This model, which gives a good account of experimental data obtained
during ENF of single or mixed ionic solutions, represents a good compromise
between those classically proposed for NF with microporous membranes and
ED with dense layers.

Asdeduced from the Stefan—Maxwell approach of mass transfer, the model
equations state that ionic fluxes may be written as the sum of two terms: one
that linearly varies with J (the permeate flux) and another that is mainly de-
pendent on the electric field. The permeate flux is controlled by the trans-
membrane pressure.

In agreement with the idea of two cells acting in parallel, the second term
does not have the same meaning and expression for the cation and anions. In-
deed, for anions, flux varies smoothly with AU while for the cation thereis a
clear change above AU, the practical value of voltage at which water hy-
drolysis takes place, thus modifying the distribution of electrical resistances
between el ectrodes.

The use of linear approximations for more complex phenomena leads to
guite easy-to-userelationsonly valid for the range investigated. But it isworth
noting that the general pattern and ideas proposed for modeling in this study
can be easily extended to other areas.

SYMBOLS

ion concentration in permeate (mol-m~3)

ion concentration in retentate (mol-m~3)

i-average concentration in the membrane (mol-m~3)
diffusivity of i (m?-s™%)

Faraday number (C-eq™?)

ionic strength of the solution (mol-m—3)

solvent flux (m-s™ )

ionic flux (mol-s~*m~?)

membrane permeability (m-s™*-bar—1)

gas constant (J-mol ~1-K %)

ion rejection (%)

membrane surface (m?)

total open surface of pores (m?)

absolute temperature (K)

fluid velocity referred to the membrane surface (m-s™%)
fluid velocity referred to the total pore surface (m-s™%)

T.

- -

TOQOO

(7]

(S

POVIIXE

c c -

~
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Ui velocity of i referred to the membrane surface (m-s™%)
z Space variable (m)

Z; ionic valence (—)

Greek

o salt concentration ratio (= [Na,SO4]/[NaCl])

I friction factor of i with the membrane (m?-s™1)

AP transmembrane pressure (bar)

AU voltage (volt)

0; free diffusivity of i in water (m?-s™ 1)

i molar volume of i (m®mol %)

A, B, E F K/, K/’ empirical coefficientsin various model equations
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