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1. Introduction

Here we show how the usual model for the transport of neutral solutes through porous membranes, lead
to equations that can be compared with the thermodynamic equations of transport. This is done in detail
and paying special attention to the assumptions made that frequently have been not taken into account.

This model can be used to get information on the pore size from functional data on retention and
permeability. Two parameters are needed to fit experimental results of retention versus volume flow.
We show the total equivalence of using the Staverman reflection coefficient and the solute permeability
coefficient as parameters or the pore radius and the ratio of porosity and pore length. It is also equivalent
to measure, adequate and separately, the reflection and the permeability coefficients and to evaluate from
them the pore radius and the ratio of porosity versus pore length or vice versa. Moreover, the effect of the
amplification of viscosity in small pores and the information contained in the pure water permeability
are included in the model to reduce the number of required parameters to one, as for example the pore
radius.

We show that when the pore reflection coefficient is considered some bounds for the values of the
pore hindrance factors must be accomplished for big and small molecules as compared to the pore size.
Criteria to allow an election among the many expressions proposed for such hindrance factors in literature
are proposed based on these requirements. An adequate consideration of pore wall friction and applied
pressure gradient is shown to be very important as far as when these factors are inappropriately neglected,
very significant errors appear in the prediction of performances of nanofiltration membranes, mainly for

intermediate retentions.
© 2008 Elsevier B.V. All rights reserved.

In summary, NF membranes allow high fluxes, high rejection val-
ues for salts with multivalent ions, a low molecular weight cut-off

Membranes are barriers that are selective to one or several com-
ponents of a feed mixture, generally a solution, to be separated
from the rest of their constituents. Nanofiltration (NF) is a mem-
brane separation process where size exclusion in the range of the
nanometer happens. This process is actually in between Ultrafil-
tration (UF) and Reverse Osmosis (RO). Actually, apart from the
size exclusion mechanism, rejection in these systems is also influ-
enced by the charge in the membrane pores. This is the reason why
most of the NF membranes are highly effective in the ionic separa-
tion due to the electrostatic repulsion. This also allows working at
lower pressures than for RO, normally in the range 0.3 and 1.4 MPa.

* Corresponding author. Tel.: +34 983423739; fax: +34 983423136.
E-mail address: pradanos@termo.uva.es (P. Pridanos).

1385-8947/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2008.10.002

(between 200 and 2000 Da) for non-charged substances. The inver-
sion, operation and maintenance costs are also relatively low for
nanofiltration [1,2].

The first generation of NF membranes dates back to 1970.
Then a new kind of RO membranes, allowing a reasonable flux of
water at relatively low pressures, were developed. This allowed
a substantial decrease in operation costs as compared with the
traditional RO membranes. These new membranes were called
nanofiltration membranes, being totally established in 1980 when
the first applications started to be published [2]. The application
and knowledge of Nanofiltration technology has enlarged quickly
in the last years [3]. Nowadays, it is applied basically to the salt
rejection in water treatment and in fractionation of salts and
small molecules in a great number of industries [4] as: removal of
pesticides in subterranean waters, removal of heavy metals from
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Nomenclature

Ap porosity

c molar concentration inside the membrane (mol/m3)

dy thickness of the solution layer (m)

D diffusion coefficient (m?2/s)

Dp diffusivity inside the membrane (m?2/s)

fij friction coefficients of i with j (J s/mol m?2)

fg wall correction factors for diffusion and filtration
flow

GK1 hydrodynamic coefficients

Jsds solute molar flux (mol/m?s)

Jviv volumetric flux (m/s)

Kc hindrance factor for convection

K/ hindrance factor for convection with pressure gra-
dient effect

Ky hindrance factor for diffusion

Lpw water permeability (m/s Pa)

M molecular weight (kg/mol)

Nq Avogadro number (1/mol)

P pressure (N/m?2)

AP applied pressure (Pa)

Pe Peclet number

r pore radius (m)

Ts stokes radius (m)

p effective pore radius (m)

R gas constant (J/mol K)

Rs solute retention

RS solute retention with pressure gradient effect

Sp.SF steric hindrance factor for diffusion and filtration
flow

T temperature (K)

Vi molar partial volume of the i-th solute (m3/mol)

X axial position in the membrane (m)

Ax membrane thickness (m)

Greek symbols

D steric partition coefficient

X molar fraction

y activity coefficient

n solvent viscosity in the pores (Pas)

No bulk solvent viscosity (Pas)

A solute radius/ pore radius

" chemical potential (J/mol)

v velocity (m/s)

AT Osmotic pressure difference (Pa)

0 density (kg/m?3)

o reflection coefficient

w solute permeability (mol/m? s Pa)

Subindex

m membrane

p pore

S solute

w water

Superindex

0 bulk

* pure water

waste-water, recycling of waste-water from industrial washing
processes, water softening and removal of nitrates, among oth-
ers.

The mechanisms involved in nanofiltration [5], are different
for the charged and uncharged membranes, or equivalently for
ions in solution (dissolved salts) and uncharged solutes (organic
compounds). The differences are attributable to the presence or
absence of relevant electrostatic interactions. In all cases size exclu-
sion and convection are present. In case of uncharged solutes,
rejection appears only by a mechanism of convection combined
with diffusion in the nanoporous structure, which depends also
on the molecular size. In the case of charged species other param-
eters have to be considered as the volumetric charge density, x
and the dielectric constants both inside the pores, ¢p, and in the
solid membrane material, ¢y, when dielectric exclusion is sig-
nificant [4,6-9]. Experiments of separation of organic molecules,
thus in conditions of steric hindrance, convection and diffusion,
are crucial to characterize the porous structure of nanofiltration
membranes.

In the case of uncharged solutes, rejection appears only by a
mechanism of convection modulated by differences in the diffusiv-
ities in the nanoporous structure [10]. For pure steric hindrance and
for the sorption-diffusion mechanism, the actual pore size distri-
bution plays a key part thus it should be taken into account for the
separation of organic molecules[11]. Simulations assuming log nor-
mal pore size distributions show that retention decreases quickly
by assuming wider pore size distributions [12]. The possible varia-
tion of the pore section along a pore has also recently been taken
into account [13].

Here a study of the detailed mechanisms involved in rejection
and transport of uncharged species through nanofiltration mem-
branes are presented. Here we will also assume that pores are
all equal in size and shape with a uniform section. The applied
pressure gradient, that is frequently assumed to have negligible
effects, is nevertheless considered here and its actual relevance
is discussed in detail. Some attempts have been done to include
this pressure gradient previously [12] nevertheless here we will
rather follow the point of view introduced by Nakao and Kimura
[14]. This approach has the advantage of introducing the action
of the pressure gradient within the very well founded frame of
Thermodynamics.

Nakao and Kimura [14] discussed the convenience of including
or excluding the pore wall friction in the hindrance coefficients.
Recently Li and co-workers [15] have analyzed this problem from
an “ad hoc” point of view based on experimental results for the
filtration of fructo-oligosaccharides. Here we will analyze how to
include pore wall friction correctly and the different expressions
for the hindrance convective and diffusive factors are compared.
Criteria will be proposed to help in the process of selection of the
correct correlations for the hindrance factors in accordance with
their definition and their relation to thermodynamic parameters
[16].

2. Transport model

Both the friction and thermodynamic models used to describe
the transport of uncharged solutes through nanofiltration mem-
branes (and actually also through ultrafiltration membranes) are
described, in this section. They both depend ultimately on the ratio
between membrane thickness and porosity, Ax/Ay and on the ratio
of solute and pore radii, A, through the so called diffusive and con-
vective hindrance factors. The different correlations proposed in
the literature for these coefficients are considered and criteria for
an adequate election among them are discussed too.
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2.1. Friction model

The forces on water and solute molecules are proportional to the
gradient of chemical potential and assuming that the membrane is
seen as quiet (U =0) [17,18]:

duw

==L — (Fus + fom 0o = fusUs (1)
dus

i = —fswUw + (fsw + fsm)Us (2)

But, the drag force on the solute assumed to behave as a sphere
moving in a also moving liquid (here water) is

F 0 Us— vwg(A)
drag = SWT

A comparison of these expressions for the force on the solute,
Egs. (2) and (3), leads to

(3)

0
o+ fim) = [ 1]
A
fsw = {s?,v%}

The factors f and g account for the pore wall action on the drag
force and they depend on A =rs/r, for cylindrical pores. The bulk
mobility of the solute relative to water, f3,, is

RT
Ds

(4)

fow= (5)
according to the Einstein equation for non-turbulent flows. By tak-
ing into account also the Stokes equation,

fs?/v = 67nrsNy (6)

which is valid for spherical molecules at low Reynolds numbers.
The assumption of spherical solutes is reasonably good for solute
molecules not too long or soft enough to appear curled up or small
enough as usually found in nanofiltration. Note that from Egs. (5)
and (6) the Stokes-Einstein equation is obtained for the diffusion
coefficient, Ds = RT/67rnrsN4.On the other hand the solute chemical
potential is

P
us=M§’°(T,p=1)=/ Veedp + RT In(ys xs) (7)
1

V¢° is the molar partial volume for the solute at infinite dilution,
Xs is the molar fraction of the solute and y;s is the coefficient of
activity. For diluted solutions:

J/s;[l
8
Xs%pfwcs (8)

w

and V2 ~ V. Note that the assumption of dilute solutions is very
reasonable for highly retaining membranes with not too highly con-
centrated solutions as usually encountered in nanofiltration. [19].
Then, after differentiation:

dus o dp  RT de

x-Sk TG & ©®
The solute flux js(r) = vs(r)cs is, according to Egs. (2), (4) and (9):

. dc - Dsc d

351 = =DV + csghvw — L2200 (10)

or

(1) = ~Df V9 + cogon — VS f () 2P (11)

Js(r) = —Ds dx+sg w — st(‘),v dx

For pure water:

d *
~S  famVl (12)
And
P
u’&v=u¢v(T,p=1)+/ Vy dp (13)
1

where V}, is the molar volume of pure water. After differentiation
and according to Eq. (12)

dp _ fom Vi, dp

ax TV T T TR dx a
and, by taking into account the Hagen-Poiseuille equation
2 d
« _ __p 9P
vy, = S dx (15)
And thus
Vi _ T
— 16
Fom ~ 81 (16)
Then, according to Eqgs. (15) and (16), Eq. (11) is:
. dcs ‘_/s % %
Js(r) = —Dsf(k)a +¢s |g(M)vw + mﬂ)‘)fwmvw (17)

But fumvuw = fym Ui, for dilute solutions as far as, according to
Eq. (1)

d
_% :fws(Uw—Us)+fmew (18)
Due to the action-reaction balance of friction forces
C
fws = —fsw (19)
Cw
Therefore, by the second Eq. (4):
_ & [0 g(x)]
foo = o U559 =
Given that we deal with diluted solutions
Cs
™ -0 (21)

and thus, fws ~ 0. Then, according to Eq. (18),

d
~ T fum (22)
and for diluted solutions:
du dus, -
TXW ~ TXW :>meUW %fwmuw (23)

where Eqgs. (12) and (22) have been taken into account. Then Eq.
(17) reads:

. _ dcs fwm‘-/s

Js(r) = =Dsf(A) - + 65 [g()»)Jr ﬂ?/vvjvf(k)} Uw (24)
For spherical solutes

- 4

Vs = NA§an3 (25)

Then also using Eqgs. (6) and (16) (assuming that ny ~n again
because the solution is diluted) [14]

fun¥s _ 28,2 (26)
faVe 9
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It has also been accepted that for diluted solutions fuwm ~ fyn,
[20], because v}, ~ vw (see Eq. (23)). In this way Eq. (24) is:

(1) = D 4 ¢, {

:| Uw (27)

If laminar flow inside a cylindrical pore is totally developed, the
water velocity acquires a parabolic profile

2
uw=u@[1<r) ]=UM1A% (28)
p

where v§, is the maximal velocity of water in the profile which
happens in the centerline (r=0). Assuming that the center of the
spherical molecules of solute can be placed equally distributed
inside a circle of radius rp-r5 as far as when a solute molecule
touches the pore walls its center is placed at a distance rs from
the wall, thus the js(r) averaged for all the possible values of the
radial coordinate is [21]

rp—Ts
dc.

. 1 . L s
<s> = pu=s /]s(r)andr =f()¥)/0 {—Dsa + Cs
0

p

g0y 16227 r\°
|:f()\') + 9:| Uy [1 - <rp> ‘| }27Trdl’ (29)
and

2
; rs des g(x) 1622
<s>=<1rp> f()\)Dsd7+ csf(n )[me 9 ]

T 2 1 I 4
C _ 3 - _ 3
w02 3(2)] o0
It has been assumed that both fand g do not depend on the radial

coordinate r.
This can be written as:

. dcs g(A) 1622 | v,
= -Spf(A)D +C + S 31
(js) = =Spf(2IDs 2 + e (2 )Lm . (31)
With [21,14],
—(1_3)Y =
Sp=(-4) 2¢ (32)
SF=2(1-A) -(1-2)" =¢(2-¢)
On the other hand the total volume flow is
<JV> = Cw (Uw) Vi + Cs (Vs) ‘_/s ~ (Uw) (33)
As far as for diluted solutions:
cwVw ~ 1
Vs~ 0 } (34)

and by taking into account Eq. (28) the average water velocity in
the pore is:

1 [ 1 [T
(Vw) = —2/ vw(r)2nwrdr = —2/ vs,
75 Jo 75 Jo

2 C
[1 - (;) ] 2nrdr = UZ—W (35)

And finally correlating the fluxes per unit of pore area to those
per unit of membrane area

Js=(js)Ac and Jv = (jv) A (36)

and

f)

Itis worth noting that the same averaging done in Eq. (29) should
be done to correlate the concentration inside the pore to that exist-
ing in an unrestricted medium (as the bulk outside the pore) in
equilibrium with the pore at each longitudinal coordinate, i.e.:

Ip—Ts 2
L Cs(x)2mrAxdr=|1-— I Cs(x) = DPcg(x)
yrrp Ax p
(38)

Js = =Spf(MDsA - + Sresf(A)

des {g(k) i (37)

lGAZ]

ci(x) =

where the correlation of concentrations has been called, &, as
customarily. When there is an external field acting this partition
equation should be substituted by

1 p—Ts
cix) = / e AV ey(x)2mrAx dr
Ax

2
= (1 - ?) e AV ¢y(x) = Pe AV cy(x) (39)
P

A the potential drop at pore extremes which is called Donnan
potential. This form of partitioning relationship should be used, for
example, for ionic solutes.

Here we assume that the solute is uncharged, then Eq. (37) reads:

Is= 7<1§Kd()»)D5Ak% + DK cgy (40)
with

Ka=100)
K= (29I [?&; 169”} Ke+(2- 9Ky (169”

(41)

that are called respectively diffusive and convective hindrance fac-
tors. Note that the convective hindrance factor if the pressure
gradient was not taken into account should be K.

If the differential Eq. (40) is integrated for all the length of the
pore:

Ax Ax
Jsdx = JsAx = —DKyDsAy(Cas — C15) + <1§Kc’jv/ csdx  (42)
0 0
and
Ax
_ cs(Ax) — ¢5(0) o1
Js = —@KdAkT + ¢KCJVE ; csdx (43)
That is
Js= "Jvcs (44)

[18], where C; is the average concentration along the pore.
2.2. Thermodynamic equations for the transport

For such a system, according to the Thermodynamics of Irre-
versible Processes:

Jv=Lp(Ap—oAT])
Js = CUAP H+(1 —0)JuCs } (45)

which are the so called Spiegler-Kedem-Katchalsky [19,22], equa-
tions which are valid for diluted enough solutions and give the
volume and solute fluxes in terms of hydraulic and osmotic pressure
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differences across the membrane. The Van’'t Hoff equation allows
an evaluation of the osmotic pressure as:

H = RTcq (46)

for dilute solutions. Then, the solute flux is:

Js = @RTAcs + (1 — o)Jycs (47)
A comparison of Eq. (47) with equation with Eq. (44) leads to
(1-0)=DK/'
- KqDs ([ Ay (48)
®==—Por (B)

These equations with the values given in Eq. (41) are the basis
of the so called steric hindrance pore model, SHP [14,23-25] and
used frequently in more or less simplified versions.

2.3. The hindrance factors

The wall solute interaction factors, f and g can be evaluated
by a detailed study of drag forces for different A. The hindrance
factors, f and g take into account the solute movement through
confined geometries as those of the membrane pores where the
transport is hindered. Many alternative expressions have been pro-
posed for these hindrance factors all them based on the analysis of
the detailed fluid mechanics of particles moving through tubes or
capillaries containing a still fluid.

A review of many of these calculations was presented by Deen
[26]. After the seminal works of Ferry [27], Pappenheimer et al.
[28], and Renkin [29], one of the first detailed study of such f and
g functions of A for wide range of A (0<A <0.9) was addressed by
Haberman and Sayre [30], and afterwards used by Verniory et al.
[21], and Nakao and Kimura [14]. They evaluated the factors as:

1—2.105A +2.0865A3 — 1.70681° + 0.7260A8

f) = 1—-0.75857)5 (49)
1—(2/3)A2 — 0.2021745

A) = 0

&) 1-0.75857A5 (50)

Bohlin [31], derived similar equations. A complete correlation
(0<A <1)was due to Bungay and Brenner [32]:

6
= (51)
and

Ks
g= o (52)
with

9 : -
Ke = 3m2V2(1 = 30 (1 +3 an(1- Ai)"> +) ni3Al

n=1 n=0
(53)

2 4
9 _
Ks = m°V2(1 - 2)7? (1 +> ba(1 - m") + > b3k
n=1 n=0 (54)

where ay =-73/60; a, =77.293/50.4; a3 =-22.5083; as=-5.6117;
as =-0.3363; ag=-1.216; a;=1.647; b;=7/60; b, =-2.227/50.4;
b3 =4.018; by =—-3.9788; b5 = —1.9215; bg =4.392 and b7 =5.006.
Other very accurately evaluated correlations could be used, even
though they are only valid for a limited range of A, as for example:

f(A) =1-2.1044) +2.0892> — 0.9481° (55)

g =1— @) A2~ 0.163)3 (56)

due to Anderson and Quinn [33], that seems to be valid for
0 <X <0.4 or those due to Brenner and Gaydos [34]:

1-(9/8)A InA~" —1.5391)

J) = 1-2A+A2 (57)
1421 —4.9A2
W= (58)

that has been obtained by using radial averages (instead of center-
line movements) and can be used for 0 <A <0.1. Or the correlation
for f, evaluated also from radial averages, due to Mavrovouniotis
and Brenner [35]:

0.984(1 — A)*/?
O St
T-2A+ A

Finite elements have been used also by Bowen and Sharif [36], to
analyze the movement of a spherical molecule of the solute along
the centerline of a cylindrical pore to give

f(A) = —1.7051 + 0.946 (60)
g(A)=—0.301A + 1.022 (61)

(59)

being these expressions adequate for 0< A <0.4.

Later, Bowen et al. [37], modified the procedure of calculation of
the fand g, based on more detailed studies on the solute movement
in cylindrical tubes to

f(A)=1.0-2.304 + 1.154A% + 0.22423 (62)
g(1)=1.0+0.054 — 0.98812 + 0.441)> (63)

the authors claimed that this expansion in A was adequate for
0<A <0.8. Still later Bandini and Vezanni [38], proposed an extrap-
olation for 0.8<A <1 as

f(A)=-0.105 + 0.3181 — 0.213A2 (64)
g(A) = —6.830 + 19.348) — 12.518)2 (65)

These correlations are shown in Figs. 1 and 2 in terms of K; and
K. evaluated according to Eq. (41).

Some efforts have been done to extend this theoretical frame to
non-spherical, non-rigid molecules [39-43]. Other averaged cor-
relations have been proposed later as for example those due to

100
-}0—1 -
1072 4
= 1073 4 Bowen 2 (). < 0.8) \I_
= — — Haberman and Sayre () <0.8) i
—-—=-= Bandini-Vezani (i <1) |
104 4 Bowen 1 ()< 0.4) Nk
—-——Anderson & Quinn (A < 0.4) f—)!
s Mavrovouniotis& Brenner (&> 0.9) ;I
105 + ——— Brenner & Gaydos (,<0.1) i
i ———— Bungay & Brenner (< 1) |
i T |
10° T & T ‘
0.0 0.2 0.4 0.6 0.8 1.0

A (dimensionless)

Fig. 1. Several correlations, given in the literature, for the diffusive hindrance factor
as a function of A =r/r,. The range of A that authors claim for their correlations are
shown in the legend.
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1.6

1.4 e
1.0 Tl \ "1\

b

e 0.8 4 — — Haberman and Sayre (. < 0.8) | “‘I i
tiitii1 Bowen 2 (2 <0.8) ||_\
0.6 - ~ Bandini-Vezani (. < 1) ‘ | \H
——— Bowen1(.<04) I |
0.4 ——-— Anderson & Quinn (3 < 0.4) ‘ 1 || ||
s Brenner & Gaydos (1< 0.1) |
——— Bungay & Brenner (i < 1 H |
0.2 | gay (h<1) L
0.0
0.01 0.1 1

A (dimensionless)

Fig. 2. Several correlations, given in the literature, for the convective hindrance
factor as a function of A = r5/rp. The range of A that authors claim for their correlations
are shown in the legend.

Dechadilok and Deen [44] that claim to be valid up to A <0.9. They
are based on numerical integration of results based on an eval-
uation by finite elements for some discrete values of A given by
Higdon and Muldowney [45] and on approximations due to Ennis
et al. [46]. The centerline approximation given by the Bungay and
Brenner expressions turns to be surprisingly accurate [44].

It seems clear that both fand g should go to 1 for A — 0 as far as
then the pore walls should play no action on the solute—see Eq. (4).
On the other hand, when A — 1 then f— 0 in order to make infinite
the friction coefficients with both water and membrane, according
again to Eq. (4). In this way the numerator of Eq. (3) should go
to zero as the denominator does keeping finite the drag force and
thus possible the movement of the solute. In these conditions the
solute should move similarly to a piston and its speed along the pore
centerline should approach the average of that of water in a pore
section. If laminar regime is assumed this means that the solute
should move along the pore centerline at half the velocity of water
along the same centerline—see Eq. (35), thus g— 1/2 in order to
keep finite the force drag.

According to Eq. (41) the same tendencies for A — 0 and A — 1
that are shown by f and K, hold for g and both K. and K.'. On the
other hand, according to Eq. (48) and taking into account that

A->0=>d -1
A—>1:><D—>0} (66)
it is clear that
o—0
A—0 DS<A,< (67)
s Lk
RT Ax)
And:
o171 (68)
w—0

Note that as, according to Eq. (48), (1 —o)~® when A — 1, i.e.:
o~1-®=1—-(1=1)2 when o — 1 that could help to determine A
from measurements of o for big solutes. These measurements can
consistino = (Ap/RTAcs);,_ as canbe deduced from Egs. (45) and
(46). Note that w = (Js/RTAc; )jy=o tends toOwhen A — 11Itis worth
noting that o and w have to be measured under carefully estab-
lished experimental conditions according to these expressions and
followed by extrapolation to zero gradients.

1.7 . . \ A . .
Bungay & Brenner

1.6 3
1.5 K E

1.4 F

Ke
1.3 E

K'c or K¢

1.2 E

1.1 4 F

1.0 T T T T T
00 01 02 03 04 05

T T T

06 07 08 09 1.0

A (dimensionless)

Fig. 3. The convective hindrance factor proposed by Bungay and Brenner with, K./,
and without, K., taking into account the effect of the pressure gradient, versus A.

17 L | L L L i
Pressure corrected Haberman & Sayre

16
15 3

14 3 1

K'¢

1.3 3 . E

12 - Bungay & Brenner sk

1.1 4 3

1.0 T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

A (dimensionless)

Fig. 4. The correlations of the convective hindrance factor versus A proposed by
Bungay and Brenner and Haberman y Sayre, both taking into account the effect of
the pressure gradient.

InFigs. 1 and 2 itappears evident that among the correlations for
the hindrance factors proposed in literature, those due to Brenner
and Bungay are the only ones that perfectly adapt to the require-
ments above proved for both A — 0 and A — 1. Moreover, as shown
in Figs. 3 and 4, the Bungay and Brenner correlation for the con-
vective hindrance factor also shows correct limits for A — 0 and
A — 1 when the effect of the applied pressure gradient is taken into
account. In Fig. 5 the variation, in percentage, of the convective
hindrance factor for negligible and non-negligible applied pressure
gradients is shown versus A. Note that the maximal increment in
the hindrance factor, when the applied pressure gradient is taken
into account, appears at A ~0.45.

3. Resolution of transport equations
According to Eq. (40) and using that Js = cspJy with csp the per-
meate concentration outside the membrane

des(x) 1
dx AKDS

K.’ 1
ECS(X) - @chsp:| Jv (69)

This equation can be integrated from the concentration at the
pore entrances, Cg;, to the permeate concentration (at the pore end-
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Fig. 5. Percentual variation of the convective hindrance factor versus A when the
effect of the pressure gradient is taken into account. The maximum corresponding
to L ~0.45, is shown by a line.

ing), csp, and used to evaluate the actual retention coefficient:

/ Csp K'¢
R/=1—-(—=]=1- 70
S (CSf) (- K e e o)

csris the feed concentration. The prima meaning that it includes the
effect of the pressure gradient. The dimensionless Peclet number is
then given by

;L KC/_]V Ax
Pes = KyDs (/‘Tk> (7n)

It is important to note that this Peclet number is not exactly
the same as when the pressure gradient correction was not taken
into account. It is, in any case, the ratio of convective to diffusive
terms in the transport equation. Therefore it is the actual Peclet
number, nevertheless we distinguish it from Pes that should include
K. instead of K.'.

Eq. (70) states that Ry’ is a function of Jy with rp, (included in @)
and Ax/Aj as parameters to be fitted. Nevertheless, according with
the Hagen-Poiseuille model, for pure water:

Ax 1 T,%

=) | B 72
(%)= om <8nw> (72)
with L,y the pure water permeability. Thus Eq. (71) can be written
as:

K./r2
Pey = — ( <p )]v (73)

~ DsLpw \ Kg87w

On the other hand, inside a pore, as those typically appearing in
nanofiltration membranes, which are similar in size to the water
molecules adsorbed on the pore walls (dy =0.28 nm), the viscosity
could go from the bulk value in the center of the pore to a value 10
times bigger at the pore walls. Thus, a profile can be assumed [12],
as:

2
Mo _q g (v _gfdw (74)
Mo p Tp

being 1 the bulk viscosity for pure water in non-restricted geome-
tries. This augmented viscosity has to be used in Eq. (73) and thus in
Eq. (70) to eliminate Ax/Ay, leaving r, as the only fitting parameter
to be obtained from experimental Rs versus Jy curves.
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Fig. 6. Retention coefficients with, R, and without, Rs, taking into account the pres-
sure gradient versus A for volume flows extrapolated to infinity. Experimental results
for the AFC-40 and AFC-80 membranes, for a high volume flow of 6.:10~> m/s, are
also shown.

On the other hand, according to Eq. (48), Egs. (70) and (73) could
be written as:

, 1—ePe
R =0 gere 72)
and
, 1-0o
Pes’ = mjv (76)

These equations should allow fitting experimental results of
retention versus volume flow in terms of the two parameters o
and o which are correlated with r, according to Egs. (48), (72) and
(74). 1t is then clear that this is an alternative way of presenting the
same process of evaluation.

4. Relevance of the pressure gradient

Eq. (70) can be extrapolated to Jy — oo in order to evaluate
easily and without the influence of a specific volume flow. This
extrapolated true retention coefficient is the reflection coefficient,
as shown in Eq. (48) [19]. This, without considering the pressure
gradient, should lead to

lim Rs =1 -Kc¢p =0(Ap =0) (77)

Jy—o0
And including the effect of the pressure gradient to

lim R/ =1-K/¢p =0o(Ap +0) (78)
Jy—o0

In Fig. 6 the retention coefficient neglecting the effect of the
applied pressure gradient, R;, and taking into account this pres-
sure gradient, Ry, are shown as a function of A for volume flows
extrapolated to infinity thus being o (Ap=0) and o(Ap # 0).

As an example, the experimental results of retention versus
molecular sizes [47,48], for two nanofiltration membranes made
out of aromatic polyamide have been used. They are AFC80P! and
AFC40FC! (Paterson Candy International-Ltd., UK), made by the thin-
film composite (TFC) method on a porous polysulfone substrate.
According to the manufacturers, the recommended working tem-
perature is below 60 °C, the maximum applied pressure is 6.0 MPa
and pH must be in the 2-11 range.

The corresponding results for a constant high volume flow of
6-10~> m/s are also shown in terms of the pore radius relative to
the solute radii as obtained from these experimental results [48],
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Fig. 7. Difference in retention coefficients with and without taking into account the
pressure gradient versus the retention coefficient R, for volume flows extrapolated
to infinity. Experimental results for the AFC-40 and AFC-80 membranes are also
shown. The corresponding dotted curve is only an eye-guide.

by assuming the applied pressure gradient as relevant. This size
ratio can be called A’; thus, it is Ry’ what is shown for these mem-
branes. From these A/, the corresponding theoretical R; coefficients
can be easily evaluated, but they are not shown because they don
not separate appreciably from the points shown.

Note that for highly retentive membranes, retention and reflec-
tion coefficients coincide as should be expected. As far as in these
conditions the membrane should approach a prefect semiperme-
able membrane. In these conditions the effect of the pressure
gradient and volume flow are also very small.

The relative change in the retention coefficient by taking into
account the applied pressure gradient is also shown in Fig. 7. For
the Jy — oo extrapolation we also have:

o(Ap =0)— o(Ap +0) =]‘}i£noo (Rs—Ry) = (K’ —Kc) ¢ (79)

This theoretical curve for J, extrapolated to infinity can be
accepted as an upper limit for these deviations as can be seen in
Fig. 7.In these limit conditions, it can be concluded that the changes
in retention should be below a 5% being lower for relatively low
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Fig. 8. A as obtained by fitting experimental results for AFC-40 and AFC-80 mem-
branes and assuming there is not an appreciable influence of the applied pressure
versus A’ as obtained by assuming that the pressure gradient has to be taken into
account. The solid line corresponds to the hypothetical identity of A and A’. The
dotted lines are the fitted line and the 95% confidence lines.

and high retentions. As far as the AFC-40 and AFC-80 are very typ-
ical nanofiltration membranes, these errors should be probably for
most of the cases below the 2% shown by these AFC membranes.
In any case, these errors should increase for increasing membrane
permeability.

Finally in Fig. 8 the values for the pore radius relative to the solute
radii as obtained from the experimental results for AFC-40 and AFC-
80 by assuming that the applied pressure gradient as relevant, A/,
and as negligible, A, are shown. Note that there are not significant
differences at least for relatively high solute sizes.

5. Conclusions

We have shown, in detail, how the usual model for the transport
of neutral solutes through porous membranes, lead to equations
that can be compared with the thermodynamic equations of trans-
port. We focus in the assumptions used in the process of modeling
and specifically we have shown that the model applies for diluted
solutions of spherical molecules. On the other hand, when the
hindrance factors are considered, its dependence on the ratio of
molecular and pore radii is evaluated also for a low number of
spherical molecules of the solute moving along the centerline of
straight pores. We center our attention on cylindrical pores but this
is not fundamental for the model, other correlations are proposed
for example for slit pores.

In these conditions we show the total equivalence of using o and
w as parameters or using rp and Ay/Ax as parameters to fit experi-
mental results of retention versus volume flow. It is also equivalent
to measure adequate and separately o and w and use their correla-
tion with rp, and Ai/Ax to evaluate them. In any case an adequate
consideration of the amplification of viscosity in small pores is cru-
cial. Moreover, it is also very convenient to use the Hagen-Poiseuille
equation to eliminate A,/Ax in terms of the pure water permeabil-
ity. It is worth noting, that o and w but also the retention coefficient
have to be measured by taking into account the concentration polar-
ization. Thus, in particular all the retention coefficients mentioned
here refer to true retention rather than to observed retention.

Finally, we have shown that if the pore reflection coefficient is
considered, the best pore hindrance correlation is that proposed
by Bungay and Brenner. Nevertheless the influence in the retention
coefficient or the reflection coefficient of the membrane system is
limited with much higher relevance of the pore wall friction and
applied pressure gradient. Inappropriately neglecting these con-
tributions may lead to very significant errors in the prediction of
performances of nanofiltration membranes, mainly for intermedi-
ate retentions.
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