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ABSTRACT
The negative effect of the concentration polarization layer on the membrane separation is well known. How the
mass transport parameters of the membrane matrix, e.g. the solubility coefficient, membrane Peclet number, can
affect the concentration profile of the boundary layer, and consequently, the separation efficiency is not investigated
in detail yet. This paper gives the suitable mathematical expressions, in order to predict the well known parameters
as polarization modulus, enrichment factors, etc., taking into account the transport parameters for both the
concentration boundary and the membrane layers, and analyses the concentration distribution and the polarization
modulus. It has been shown that the transport properties of the membrane layer have significant effect on the
concentration profiles of the boundary layer and thus, on the polarization modulus, enrichment factors, etc., as
well. Thus, the well known equations, e.g. the polarization modulus, enrichment factor given in the literature [see
e.g. Equations (2) and (3)], could be considered as approaches.
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1.0 INTRODUCTION

The negative effect of the stagnant concentration
boundary layer on the mass transport through a
membrane has been investigated for a long time.
It was proved that this layer can be a major
limiting factor in various membrane separation
processes [1]. Two main types of the concen-
tration polarization layers can be distinguished,
namely the membrane separation can lead to an
accumulation of the retained species (Figure
1(a)) or a depletion of the preferentially
permeating components in the boundary layer
due to its permeation through the membrane,
adjacent to it (Figure 1(b)). The polarization can
essentially reduce the overall efficiency of
separation, it can severely limit flux and
selectivity. Number of paper analyzed the effect

* Correspondence to: Endre Nagy & Gabor Borbély (email:
nagye@mik.vein.hu, borbély@mukki.richem.hu)

of the concentration polarization and defined the
well known equation to its prediction [e.g. 1-8].
Almost all earlier studies [1-2] consider the mass
transport equations in the boundary layer, only,
defining its Peclet number (Pe; = vé/Dy), but do
not discuss that in the membrane layer and its
effect back to the concentration polarization layer
and on the efficiency of the membrane separation.

“This can practically mean that the membrane

concentration gradient is regarded to be zero as
limiting case of the Peclet number, namely
Pe,,— (Pe,, = v8,,/D,,) as well as that it does
not alter the concentration profile in the boundary
layer. In the most cases, the diffusion coefficient
of transporting species can be 1-2 order of
magnitudes lower than that in the continuous
liquid phase and consequently, the Pe,,>>Pe;
can easily be fulfilled. But, considering the other
variables, namely the thickness of the membrane
and that of the concentration boundary layer, the
value of §,, can often be much smaller than that
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Figure 1 Concentration profiles in the concentration boundary layer and membrane layer

of the concentration polarization layer, 8. As a
consequence the above inequality of Peclet
numbers does not fulfill anymore. This fact proves
that the effect of the membrane Peclet number
on the well known separation parameters (e.g.
concentration of the solute at the membrane
interface, C* [S,,C" = C,,’], concentration pola-
rization modulus, I, enrichment factor, E, intrinsic
enrichment, E,, etc.) should also be discussed and
analyzed. This makes possible to get more general
equations between the separation parameters
which contain the effect of the membrane layer,
as well. The method used has also been applied
for three-layer mass transport (concentration
boundary layer, gel layer and membrane layer) as
well (not discussed in this paper).

2.0 BRIEF REVIEW OF THE PREVIOUS
WORKS

At steady state, the sum of the convective
(continuous arrows in Figures 1(a) and (b) and
diffusive transport (dotted arrows in Figures 1(a)
and (b)) in the boundary layer equals the amount
permeated through the membrane:
dc
vC-D % =0, (1)

where v is the convective velocity, D is the
diffusion coefficient, C, is the permeate con-
centration at the membrane interface on the
downstream side. The Equation (1) is valid for
both the increasing (dC/dy > 0, Figure 1(a)) and
the decreasing concentration (dC/dy < 0, Figure
1(b)) in the concentration boundary layer. After
integration of Equation (1) with the boundary
conditions (aty =0, C = Cp,aty = 8, C = C")
one can get [2-4]:

c'-c,
Cy-C,

1/E,=1 _
1/E-1

exp[vg]z exp(Pe.) (2)

where the concentration terms are replaced by
an enrichment factors, namely by E defined as
C/Cpand intrinsic enrichment factor, £, obtained
in the absence of a boundary layer defined as
C,/C". The ratio C'/Cy,is called the concentration
polarization modulus and is a useful measure
of the extent of concentration polarization.
For Equation (2), this quantity can be written as

[4]:

E exp(Pe; )
E, 1+E,[exp(Pe )-1]

C#
Te— =
= ©)

Equation (3) allows the prediction of the
concentration polarization modulus as a function
of Pe; and the function of the intrinsic enrichment
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factor, E,. The concentration polarization
modulus should be larger than unity if the per-
meating compound is depleted in the membrane
(Figure 1(a)) and less than unity if the permeating
compound is enriched in the permeate (Figure
1(b)) [4].

The above model does not contain the mass
transport properties of the membrane layer. It can
be said it is considered as a black box that has no
any influence on the concentration of the
boundary layer. Baker et al. [4] as well as She
and Hwang [7-8] have analyzed the effect of the
boundary layer on the separation of dilute flavor
organics applying pervaporation process. They
combined the concentration polarization equa-
tion [Equation (2)] with the solution-diffusion
model of the membrane transport, taking into
account of the diffusive mass flow (Jp) through
the membrane, only. Thus, the membrane Peclet
number, Pe,, is regarded to be infinitely low, i.e.
Pe,, — 0. If you accept that, according to the
continuity equation, the convective velocity of the
continuous phase in the membrane should be
equal to that in the concentration boundary, the
assumption of Pe,, — 0 is fulfilled only when
&/D; >>6,,/D,,. This inequality is very rarely true
to our opinion.

Pressure-driven membrane process as ultra-
filtration is widely used for separation of macro-
molecules or colloidal particles from liquid. In
this case when the permeate flux are larger than
the diffusive flux in reversed direction (dotted
line Figure 1(a) in the boundary layer) the macro-
molecules starts to deposit on the membrane
surface building a cake (gel) layer on it [9, 10].
In this paper the fouling will not be discussed in
details. Because of its importance in the
separation, it will be discussed in our conference
lecture.

3.0 THEORY

Applying a composite (or asymmetric) membrane
with a very thin active layer, the value of
Pe,, = v; §,/D,, can be comparable with that in
the concentration boundary layer. In this case
dc,,/dy # 0, thus, the effect of the Pe,, should
also be taken into account. The concentration

distributions of the membrane- and concentration
polarization layers are illustrated in Figure 1(a)
and Figure 1(b). The differential mass balance
equation, perpendicular to the membrane inter-
face, for the concentration boundary layer and
the membrane layer is, according to Equation (1),
is as follows:

dc, d*C;

UTy* I dy?

=0 withj=L,m (4)

where indices L, i denote the boundary layer and
membrane matrix, respectively. After integration
of Equation (4), the concentration distribution
of the boundary layer and the membrane layers
can be given, respectively, as follows
(Y = y/6):

Cr=Tre™Y +qQ, 0<Y <1 (5)

Gy = Tme(Pemé./fim))’ +Q, 12¥Y2148,/8 (6)

The boundary conditions to determine the
values of T;, Q;, T,,, Q,, parameters are as
follows:

T +QrL =Gy v=0 (7)
QL:QIH Y =1 (8)

S (ﬂ,epgl e QL) = PI—;”GP&,,S a3 QnY=1 (9)

nlepe,.,(na‘/&,.,) +Qu=84Cp Y=1+8,/8 (10)

where Pe; = v&/D; and Pe,, = v8,/D,,

The value of C, is here the equilibrium con-
centration of the component transported, on the
downstream side of membrane, thus, C,D < Cyin
the case of constant solubility value.

The values of Q; and Q,, gives the overall mass
transfer rate (the sum of the diffusive and con-
vective flow), as it is given later [Equation 14],
while S, denotes the solubility of the transported
compound in the membrane layer. If the solubility
is negligible then S,, = 1. The values of para-
meters Ty, Q;, T,,, Q,, in order to predict the
concentration distribution in both layers, are
listed in the Appendix. Here some important
variables, enrichment, E concentration pola-
rization modulus, I = E/E, are given.
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C* (1 _ e'['.?,,, )epﬁ + Smﬁ‘e—lle,,, (BPEL _ 1)

I=—=
Cy 8% g 4] 8,
(11a)
e e i
Co SmeFe" P R S — SmEoe_Pe'“ (EPE" - 1)
(11b)
G _ E(Sne™ —ePn +1-8,)
o (l — g P )BPE"' ~SuEe Fem (ep"’- = 1)

(12)
Knowing the value of I and E,, the enrichment

factor E can be calculated from the expression of
E = IE, as follows:

E, (1 _ g Pen )e[’ez.

) e -~ = D,
Sne™ —e % +1- 8, + SuEpe "o (1-Pe )

(13)

where E = C,/Cy; E,=C,/C" §,C =C, .

Values of I, given by Equations (11a) and
(11b), are perfectly different form that given by
Equation (3), due to the different boundary
conditions. Let us compare Equations (1) and
(10). According to Equation (1) Q,, = C, while
Equation (10) can essentially differ from this
equality. Values of the concentration polarization
modulus or enrichment factor can easily be
obtained by means of Equation (A1) to (A4) and
Equation (5) or Equation (6).

3.1 Mass Transfer Rate

IKnowing the concentration distribution in both
the boundary layer and the membrane layer, the
overall mass transfer rate, namely the sum of the
convective and diffusive flows, can easily be
given. Recently Nagy [12] has analyzed the mass
transfer rate through catalytic membrane layer.
He obtained that the overall mass transfer rate
can be given as follows:

]=UC—D‘;—C=UQ

- withi=L,m (14)

Equation (14) is valid for both layers. Taking
into account the Q; (Q; = Q,,) value in Equation
(AZ2), the mass transfer rate can be expressed as
(important to note that k;Pe; = k,,Pe,, where
ky = D/&or k, = D,/8,):

J = B(Cy—etecPen 'Cp) (15)

where

k; Per S,

18 = Sm (1 b eﬁPe,_ )+ e—l‘e,, (1 o pre"’ )

(16)

The mass transfer rate can be determined for
all components transported through a membrane
layer.

Applying the value of the mass transfer rate,
both the concentration polarization modulus (f)
and the enrichment factor (E) can be expressed.
In order to give the I value, the interface con-
centration (at y = &) has to be known. Similarly
to Equation (15), the mass transfer rate for the
concentration boundary layer can be given as
[12]:

J = BL(Cy—ePoCH) (17)
ki Pere™
- 1
="t (18)

Mass transfer rates expressed by Equations
(15) and (16) are, obviously, equal to each other.
Thus, for the values of E and I can be obtained
as:

£ = glPeiPen)| 1 __J ]Ee(pe,_we,,,) ol
.Bcb ]ma.\

(19)

—aPen |1 J i P _L
=5 [1 .Bl,cb ]_e {] ]max} (20)

The values of B;C, and B,C, are the mass
transfer rate in the case when C,=0andC "=,
respectively. Thus, their value can be defined
as their maximum value, i.e. J,,. = ,C, and
Jimax = BCp. The mass transfer rate can be given
for every component transported through a
membrane layer, applying Equation (14).

P
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4.0 RESULTS AND DISCUSSION

A few figures will illustrate the effect of the mem-
brane mass transport on the concentration profile
in both the boundary layer and membrane layer.
It will be shown how strongly can alter the Pe,,
number the concentration distribution of the
concentration boundary layer as well, and con-
sequently, the value of the polarization modulus,
I [Equations (11a) and (11b)] and the enrichment
factors, E, E, [Equations (12) and (13)]. The
effect of the membrane Peclet number, Pe,, is
illustrated in Figure 2. The vertical dotted line of
the figure gives the inner edge of the boundary
layer, at y = & (here § = §,,). It is clearly shown
that e.g. the value of the concentration on the
membrane interface (at y = §), and consequently
the value of I, strongly depends on the Pe,, value.
Equation (3) does not contain this effect. With
the increase of the Pe,, value, the average
concentration also increases in the layers, thus,
the overall mass transfer rate, / [Equation (14)]
also increases. During the calculation, the relative
value of the outlet concentration, (C,/Cp), was
chosen to be 0.1.

Boundary layer membrane layer
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Concentration distribution,-
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Figure 2 Concentration distribution in the
boundary layer and membrane layer
at different Pe,, value (dotted line:
y=6C/C,=01, § =8,)

The effect of the solubility, S,,, (S,,Cr. = C,,)
is also an important parameter (Figure 3). In the
case of filtration processes, as ultrafiltration, etc.,
the solubility could be very often neglected
(S,, = 1) or due to the spherical effect S,, < 1
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Figure 3 The effect of the solubility, S,,, on the
concentration profiles in the concen-
tration boundary and membrane layer,
C;;/Cb = 0'1.9 ‘SL = (Sm

(when the particle size and the pore size are close
to each other, then the particles, macromolecules,
can be hindered in their convective velocity and
their solubility, see e.g. [11]). In this case, the
well known, convex concentration profile can be
formed in the concentration boundary layer as
can be seen in Figure 3. When the transported
component dissolves in the membrane matrix,
thatis §,, > 1, the concentration decreases (never
increases) in the boundary layer (see lines for
S,, = 1, 10, 100). This is the case for per-
vaporation where S,, > 100 very often [4, 8, 9].
As can be seen in Figure 3, the concentration on
the membrane interface can be very high at low
values of §,,,.

Baker et al. [4] plotted I vs. Pe; function at
different E, values according to Equation (3). In
our case, the E, value can’t be varied optionally.
It is determined by the parameters (Pe;, Pe,,, S,,)
and by the inlet and outlet concentrations.
These letters determine the value of E, namely
E = C,/C, proving that this value can be changed
freely. This follows also from Equations (Al) to
(A4), as well. As it can be seen in Figure 4, the
concentration polarization modulus strongly
decreases with increasing value of the solubility
coefficient. The I value decrease with increasing
value of Pe; (if S,, > 1) which is in agreement
with values obtained by Equation (3) [4]. When
S,: < 1, then the polarization modulus increases
with increasing Pe;.
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Figure 4 Concentration polarization modulus
vs. liquid phase Peclet number, Pe;, at
different values of solubility coefficient
(I =C¥Cy, CyCy = 0.1, §, = §,)

The value Pe,, is an important parameter since
it strongly alters the value of the polarization
modulus (Figure 5). With increasing Pe,, value,
the polarization modulus also increases. At large
values of Pe,, and Pe the value of I tends to unit.
The limiting value of I, with increasing value of
Pey and decreasing value of Pe,,, is C,/Cp, = E.

The above results can easily be applied, as it
has been made, for ultrafiltration or for per-
vaporation processes. The overall mass transfer
rate is, probably, the most important quantity of
the mass transport. Its value depends on both the
Pe; and Pe,, as well as even on the solubility
parameter. The k; value (k; = D;/6) alters also
separately the value of /. How the value of f/k;

-
(=)
{
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0.2

I, polarization modulus, -

0 +———— -
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Figure 5 Concentration polarization modulus vs.
liquid phase Peclet number, Pe;, at diffe-
rent values of membrane Peclet number,
Pey, (I = CY/Cy, Cy/Cyp=0.1, 8, = 8,)

0.01 i ; 10.00

Figure 6 Mass transter enhancement (§/k;) as a
function of Peclet-number (Pe;) of the
boundary layer at different values of Pe
and S,

m

changes as a function of Pe,, is illustrated in
Figure 6, at different values of Pe,, and §,,,. The
value of the solubility coefficient can often be
larger than 100, especially during pervaporation
process (4, 8,9, 13). With the increase of the value
of Pe,;, the value of fi/k; tends to a limiting value,
namely to the value of Pe; . It is easy to see from
Equation (16) that lim §/k; = Pe; if Pe; — <. At
low values of Pe;, 3/k; depends strongly on both
the values of Pe,, and S,,. If Pe; = Pe,,— 0 (and
S,=1,D;=D,, 6=8,) then f/k; = 0.5 proving
that only diffusive flow exists and k; = k,, (k,, =
D,,/8,,). With the decrease of Pe; the value of 8/
k; also strongly decreases at a given value of Pe,,.
Generally, it can be stated that mass transport
through membrane layer, its parameters, namely
Pe,, and §,,, can strongly alter the mass transfer
rate, as well.

5.0 CONCLUSION

The concentration polarization is affected not
only by the external hydrodynamic conditions but
on the mass transport process inside of the
membrane layer. The membrane Peclet number,
the solubility coefficient can strongly affect the
concentration profile in the concentration
boundary layer as well and consequently, the
overall mass transfer rate. The traditional models
of the concentration polarization does not contain
this effect, consequently they can inaccurately

The Effect of the Concentration Polarization and the Membrane Layer Mass Transport 15

describe the mass transport in the concentration
polarization layer and, consequently, the
separation efficiency. The well known parameters,
as polarization modulus, enrichment factor can
also be defined by means of the overall mass
transfer rate.
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APPENDIX

The concentration distribution obtained by the
integration of Equation (4) can be given by
Equations (5) and (6). The values of parameters,
T, Qp, Ty, Q,, can be obtained by the solution of
the algebraic equations using the internal
[Equations (8) and (9)] and external [Equations
(7) and (10)] boundary conditions. They are
listed below. From these all important parameters,
namely overall mass transfer rate, concentration
polarization modulus, enrichment, the concen-
tration profiles in both the boundary and
membrane layers, etc. can be calculated. For this
prediction all important transport parameter,
namely Pe;, Pe,,, S,,, should be known.

Cb (l =~ 8_[,9'“ —8n ) g Smcpeipem

Pe, -Pe,, 5
Sme - —e +1-S,

T, (A1)

Cpe™® — CpePem
Smepe" = e—PC’m +1- Snr

QL =38y (A2)
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-Cpe™® +C, (Sme”"'f' = Sm)

Tm = Sm S
e[pe,,, (148 /8,)] ( S,e"e —ePen 41— Sm)
(A3)
Qj, = Qm (A4)

where Pey, =U§/DL,P€”—, = D5m /Dm-
Equations (A1) to (A4) give the concentration
distribution, in the direction of the mass flow, i.e.

perpendicular to the membrane interface, in a
local position of the membrane. The mass transfer
rate equation, Equation (15) is valid also in a local
position. This mass transfer should then be
replaced into the boundary conditions of the
differential balance equation given for a capillary
membrane, in axial direction. In this case the
value of C, and C, can be a function of the axial
coordinate.




