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Abstract

Experimental ultrafiltration (UF) of clay suspensions having different salinity shows that the presence of salt affects the
transfer mechanisms, such as deposition kinetics, hydraulic resistance of the deposit and salt retention by the deposit. Such
changes are the results of the variation in surface repulsive interaction between particles with the salt concentration (DLVO
theory). With respect to the deposition kinetics, it is observed that as salt concentration increases the critical flux decreases
to zero; this coincides with the occurrence of an adhesion mechanism. These phenomena are modelled by considering
transport by surface interaction of the particles near the surface. Variations in hydraulic resistance of the cake are explained
through a modified Kozeny—Carman equation. A reduction in porosity due to a decrease in repulsive interaction and a
particle size increase due to coagulation are involved. Salt retention is described by considering (i) electrostatic partition (ii)
salt transport by convection and diffusion in the boundary layer and in the porous medium. Analysis of salt retention and of
hydraulic resistance of the cake lead to the same conclusions about the deposit properties. An important result is that surface
interactions (hence the suspension stability) are as important as operating conditions for the membrane processing of
colloidal suspensions.

Keywords: Membrane processes; Fouling; Retention; Colloid; Stability

1. Introduction

Ultrafiltration is a pressure driven membrane pro-
cess of importance to the separation and concentra-
tion of colloid suspensions, which include clay parti-
cles as well as proteins and other macromolecules.
The field of application of such processes is expand-
ing into water treatment, the dairy and pharmaceuti-
cal industry or in biotechnology. So far works on
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ultrafiltration of colloids have pointed out both theo-
retical and practical problems.

As reported by Belfort et al. [1], a lot of experi-
mental works have shown that productivity and effi-
ciency during colloid ultrafiltration depend on the
physico-chemical properties of the suspension, such
as pH or salinity. Theoretical works assume that this
dependence is due to surface interaction between
colloidal particles. Cohen and Probstein [2] state that
only models taking physico-chemical properties of
the suspension into account should explain the *‘col-
loidal flux anomaly’’. McDonogh et al. [3] show that
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surface interaction variations induce changes in the
deposit permeability. On another hand, it has been
known for a long time that solute retention is highly
sensitive to surface interaction between membrane
and solute [4].

The purpose of this paper is to detail and explain
how electrostatic interactions affect mechanisms of
(i) deposition kinetics, (ii) hydraulic resistance of the
deposit and (iii) salt retention by the deposit during
colloidal ultrafiltration. This work, investigating dif-
ferent mechanisms, is based on a set of experiments
on clay suspensions under different ionic strengths
(and then with different surface interactions). In the
first section, the influence of salt concentration on
ultrafiltration productivity is studied. Analysis of
filtration results allows one to look into the two
mechanisms involved in membrane fouling: the de-
position kinetics and the hydraulic resistance of the
deposit. In the second part, effects of surface interac-
tion on process selectivity for inorganic salts are
detailed through data on salt retention by the col-
loidal deposit. Theoretical models taking electrostatic
interactions into account have been developed to
describe the data.

2. Experimental setup and procedure
2.1. UF unit

The ultrafiltration setup is shown in Fig. 1. The
permeate line is returned to the retentate tank after
the measurement of the permeation flux, J. With
such a configuration, the variation in concentration
of particles in the retentate, dc/dt, measured by
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Fig. 1. Ultrafiltration experimental setup.

turbidimetry, allows the quantity of matter which
disappears from the bulk (the amount deposited on
the membrane) to be determined. pH and conductiv-
ity are measured on the retentate and permeate lines.

The ultrafiltration module contains 24 polysulfone
outer skinned hollow fibers (1.02 mm external diam-
eter) (Lyonnaise Des Eaux Dumez, Toulouse, France)
with a nominal cutoff of 300 kDa (accordingly, clay
used in these experimental studies was 100% re-
jected). Solutions were circulated (cross-flow filtra-
tion) along the external surface of the fibers in a
module where the fibers were sufficiently spaced to
be considered non interfering with each other from a
mass transfer or a hydrodynamic point of view. The
total membrane area is 0.024 m?. The module has a
hydraulic diameter of 17.7 mm [5]. The flow rate is
6.94 X 107> m?/s (250 1/h) and corresponds to
linear velocities of 88 mm /s (Reynolds numbers of
the order of 1500). The mean boundary layer for this
geometry is about 20 um. The permeation velocity
(permeate flux per unit membrane area) is 5 X 107°
m/s under a pressure of 100 kPa.

2.2. Preparation and characterisation of suspensions

The colloid used was a clay: the bentonite. Ben-
tonite particles are platelets, the larger dimensions of
which are about one hundred times larger than the
thickness. Their zeta potential, characterising the
particle charge, is of the order of —40 mV [6]. A
first suspension was prepared by dispersing 60 g of
clay in 2 1 of *“‘osmosed’” water. Four settlings, each
4 h long, lead to a suspension of 17 g /1 consisting of
micron sized colloidal particles. KCl was added in
various quantities to this clay suspension diluted to
0.3 g/1 15 h before UF in order to obtain equili-
brated suspensions of various stabilities. An impor-
tant work of calibration of turbidity with different
colloidal concentrations and with different salt con-
centrations has been made to derive the mass con-
centration from turbidity (in NTU) and conductivity.
In the absence of salt addition, the conductivity of a
0.3 g/1 bentonite suspension was equivalent to a
1 X 107° M KClI solution.

Particles size was measured with a laser light
scattering apparatus (Coulter N4D). In ‘‘osmosed”’
water (107> M), the apparent size of the particles
was 0.7 um with a typical standard deviation of
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Fig. 2. Stability factor, W_, and particle diameter, 2 a. of bentonite
as a function of salt concentration.

25%. The variation in the mean size versus salt
concentration is presented in Fig. 2. For low salt
concentration (up 1o 1072 M), the size was constant
but for higher concentration an increase in apparent
size was observed. The value of 107> M corre-
sponds to the critical concentration of coagulation
(cce). The existence of the ccc is explained by the
DLVO theory [7]. This theory states that the stability
W, of the suspension (corresponding to the ratio of
rate of coagulation due to diffusion, N_, to the actual
rate of coagulation, N) is a function of the surface
interaction between particles:

N, = Ldr
N=Ww1thm=2a£ae — (1)

< re

When the stability factor is close to 1 a rapid coagu-
lation is observed whereas a stability factor larger
than 10° means that repulsive interactions between
particles prevent particles from coagulation and the
suspension appears stable at the lab scale. As illus-

trated in Fig. 2, the calculation of the stability of the
clay [8] used in the present work leads to determine a
cce close to the one deduced from experiments.

2.3. Methods

A preliminary experiment consists in a run per-
formed in the unit without filtration (AP = 0). This
run allows the amount of clay disappeared by adhe-
sion of colloids on the pipes, tank and other walls of
the set-up to be determined. This adhesion reaction is
described using a first order kinetics [9]:
de

pp Kc (2)
where K is the apparent rate of adhesion.

Once this mechanism has been quantified, an
ultrafiltration run is carried out with a fresh solution
on the cleaned unit. Typical experiments cover a
time period of 2 to 3 h with parameters measured
every 10 min. The concentration reduction in the
tank allows the deposited mass on the membrane,
M, to be determined after substraction of the effect
of adhesion:

Vol { dc dM,
(s _y)- o
S \dt

The permeation flux, J, and the mass deposited on
the membrane, M,, have been determined during
ultrafiltrations performed at different values of salt
concentration. Conductivity measurements in reten-
tate and permeate lines allow the calculation of the
retention, R, defined as:

c
R=1-- (4)

Co

where ¢, and ¢, are the permeate and the retentate
salt concentration respectively. A retention of 1 cor-

responds to a salt totally retained by the deposit.

3. Part I: Filtration mechanisms

In this section, filtration results are first presented
and analysed in order to deduce the hydraulic resis-
tance of the deposit and the parameters of deposition
kinetics. Then, the variation in hydraulic resistance
of the deposit is described as the combination of clay
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Fig. 3. Permeation velocity versus time for different salt concen-
trations.

size increase due to coagulation and of a porosity
decrease linked to repulsive interaction changes.
Then, deposition kinetics are explained considering
the additional effect of migration induced by interac-
tion on the transport phenomena in the boundary
layer surrounding the deposit.

3.1. Filtration results and preliminary analysis

Figs. 3 and 4 represent the results of experiments,
in terms of permeation flux through the membrane
and deposited mass on the membrane respectively,
with different salt concentrations in the suspension.
Operating conditions are: a clay concentration of 0.3
g/1, a tangential flow rate of 6.94 X 1072 1/s and a
transmembrane pressure of 100 kPa. In Fig. 3, we
note that a low concentration salt (10~ M) induces
a low flux whereas a high salt concentration (107!
M) leads to a large flux as compared to the situation
without salt added (equivalent to 10°° M). On an-
other hand, the deposited mass on the membrane
monotonously increases with salt concentration (Fig.
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Fig. 4. Deposited mass versus time for different salt concentra-
tions.

4). No direct relationship between flux and deposited
mass can be deduced. This problem leads to a first
model [5] which considers fouling to be the combina-
tion of cake filtration [Eq. (5)] and deposition kinet-
ics [Eq. (6)}: -

AP AP s
J= =
M(Rm+RL) ’“"(Rm+aMd) ( )
dM,
N=—F=Je=n=(J=jn)e (6)

The cake filtration law describes the fouling resis-
tance as the sum of the membrane hydraulic resis-
tance, R, and of the cake resistance, R_. The latter
resistance is assumed proportional to the amount
deposited on the membrane, M,, and to the cake
specific resistance, «. The rate of deposition to the
interface is expressed as the amount brought by
convection, Jc, minus a back flux, n. Eq. (6) intro-
duces the idea of a back flux which is in opposition
to convection. In the same way, it predicts a station-
ary flux, j_,; = n/c, for which this back flux is equal
to the convection term, and N = 0.

According to these equations, experimental results
(J and M,) allow to the determination of two pa-
rameters from ultrafiltration runs: « the cake hy-
draulic resistance and j_,. These parameters are
nearly constant during filtration and their variations
versus different salt concentrations and different ap-
plied pressures (filtration results for the different
pressures not presented here) are shown in Figs. 5
and 6 and detailed in the two next paragraphs.
Values for the adhesion constant, X, added in Fig. 6,
are determined from preliminary experiments using
Eq. (2).
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Fig. 5. Specific resistance of the colloid cake versus salt concen-
tration.
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3.2. Hydraulic resistance of the colloid deposit

Values of cake resistance in Fig. 5 show an
important dependence on salt. The effect of pressure
due to the compressibility of the cake seems not
affected by the ionic strength. The average value for
the compressibility here is 0.84 and is similar to
those already determined for bentonite [5]. With salt
concentration, one can note a first increase (about
30%) of the hydraulic resistance followed by an
important decrease. The critical concentration for
coagulation, ccc, seems to be the concentration for
which the transition occurs. Then, the development
of a model for hydraulic resistance, taking the parti-
cle size into account, seems necessary to describe the
data.

3.2.1. Model

The flow through a porous medium is described
by the Darcy law assuming that the flow, g, is
produced by an applied pressure, AP, (here only on
the cake) per unity of deposit mass per unit area, M,
multiplied by a factor, 1 /pa:

1 AP,

17 T e M,

(7)

« is the specific hydraulic resistance of the cake in
m kg~ '. It can be linked to the cake permeability
defined (in m?) considering that a relationship exists
between the cake mass and its thickness, [:

My =p(1-€)! (3)
where p, is the density of a bentonite particle (of the

order of 3). In our case, the porous medium is
created by bentonite platelets the length and the
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Fig. 6. Kinetics deposition parameters, j.;, and K, versus salt
concentration (# = 50 kPa, O =100 kPa, ® = 150 kPa).
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Fig. 7. Model used in this work to represent the porous medium
constituted of bentonite platelets.

width of which are one hundred times larger than the
thickness, e. In such conditions, the medium can be
modelled as a series of fissures of length, L, and
depth, [, these being much larger than their thick-
ness, d; (Fig. 7). The porosity, €, of such a packed
geometry can be written as:
di
€ (%)

—di+e

The flow through such a medium is g = ue where u
is the mean velocity of a steady laminar flow be-
tween parallel planes. By analogy with Eq. (7), this
leads to the following value for the specific resis-
tance:

12€ 1
Tl
Substituting for d; [Eq. (9)] in Eq. (10) gives:

a=1‘_:fl(3)z

(10)

(11)

€' p,
This equation allows to take into account two effects
on the hydraulic resistance of the deposit: one of
particle size through the thickness, e, and one of the
porosity, €. The platelets thickness, e, can be linked
to a radius, a, of an equivalent spherical particle
determined by light scattering measurements, by
considering that platelets have the same volume as
the sphere:

3 il 0.075 12
e= ‘/3X104a— .075a (12)

This assumption is based on the fact that during size
determination by laser light scattering technique the

e
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measured parameter is the volume of particle. Here,
it is interesting to note that Eq. (11) can be compared
to those determined for a spherical packing by
Kozeny—Carman if we include a shape correction
factor, f:

5(L—e€)( 3V’
A5
The shape factor can be defined for a single particle
[10] as the ratio of the surface of the particle to the
surface of a sphere having the same volume as the
particle, and is of 9.09 in our platelet geometry.

The application of the model is performed accord-
ing to the following procedure. The particle size, a,
deduced from experimental measurements (Fig. 2)
leads to the equivalent thickness of the particle, e, by
Eq. (12). Application of Eq. (11) to experimental
values of specific hydraulic resistance with data on
the particle thickness allows the derivation of cake
porosity. By applying the definition given in Eq. (9)
for porosity, one can deduce the interparticle dis-
tance, d,.

a (13)

a

3.2.2. Discussion

The cake porosity, deduced from modelling, is
plotted against salt concentration in Fig. 8. It appears
that cake porosity is reduced when salt concentration
increases. Variations in cake resistance with salt
concentration deduced from experimental data (Fig.
5) are then the result of cake packing (Fig. 8)
combined with an increase in the particle size due to
coagulation (Fig. 2). The reduction in porosity can
theoretically be explained in a simpler way by inter-
preting the results through the interparticle distance.
As plotted in Fig. 9, the interparticle distance, d.,
first decreases when the salt concentration increases

N 50 kP
a
0.3
1 100 kPa
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0.2
a
0.1
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Fig. 8. Porosity of the colloidal deposit versus salt concentration
deduced from modelling.
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Fig. 9. Interparticle distance in the cake versus salt concentration.

as a consequence of the porosity reduction. It then
increases because of an increase in size of particles
making the deposit. The first decrease in interparticle
distance with salt concentration can be described
with a model based on a balance between the surface
interactions and pressure drop through the cake as
developed by McDonogh et al. [3]. It is assumed that
the distance between particles is the one correspond-
ing to a balance between an electrostatic repulsion
pressure, p, and an applied pressure through the
cake, AP:

d,o/AP =p =2nkT(cosh(u) — 1)

with
ze¥,
kT

In a second step, the increase in the interparticle
distance is explained by the fact that the distance is
proportional to particle size if we consider that parti-
cle size has no effect on porosity [Eq. (9)]:

= 8Y, exp( —kd,,) (14)

U=

a
d, =dyg—— (15)
Aj=om)
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Fig. 10. Interparticle distance calculated from theoretical consider-
ations (bold lines) compared to experimental deduced values
(dashed lines and symbols).
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Fig. 10 shows that calculated distances with Eqs.
(14) and (15) are close to those deduced from experi-
mental results. The calculation for a pressure of zero,
made using the swelling distance for montmorillonite
as determined by Norrish [11], seems to be in good
agreement with these results. Surface interactions
provide an explanation for the observed variations in
specific resistance through two phenomena: (a) cake
packing due to the reduction of interparticle distance
in the cake caused by the repulsive interaction de-
crease between particles and (b) the coagulation of
particles occurring when repulsive interactions be-
come negligible.

3.3. Deposition kinetics analysis

As can be understood from Fig. 6, salt concentra-
tion in the suspension significantly affects the depo-
sition mechanism whereas the applied pressure has a
negligible effect. For low ionic strength there is a
large limiting flux which controls the deposition on
the membrane. Addition of salt results in a lower
value of the limiting flux. For ionic strengths near
the ccc, this limiting flux is nearly zero: the amount
of matter deposited on the surface is equal to the
amount brought by convection (dead-end filtration).
Adhesion appears for salt concentration around the
ccc. This rapid mechanism is often observed and
allows the determination of a critical deposition salt
concentration, cdc as proposed by van de Ven [12].
Such important changes in colloid mass transport
with ionic strength leads one to consider the surface
interactions between the particle approaching the
fouled membrane surface and the particles already
sitting on the membrane (Fig. 11).

Fig. 11. Different transport mechanisms involved in the mass
deposition.

3.3.1. Model

A model based on the continuity of the mass
transport [Eq. (16)] and accounting for the transport
of particles [Eq. (17)] in the boundary layer by
convection (a), diffusion (b) and surface interaction
enhanced migration (¢) has been previously devel-
oped [8].

VN=0 (16)
D -
N= Jo —DVc —ﬁcVV (17)
(a) (b) (c)
x=0 ¢=0 (18a)

x=08 c=c¢,

(18b)

The boundary conditions used to solve the continuity
of mass transport across the boundary layer are the
perfect sink on the deposit side [Eq. (18a)] and the
typical boundary condition of the film model on the
bulk side [Eq. (18b)]. Such a model is similar to
those developed for deposition on a collector (non
permeable surface) as summarised by Jia and
Williams [13]. Integration leads to a mass transfer
equation linking the rate of deposition, N, to convec-
tion, J, and to surface interaction, V (respectively
Sh, Pe and W, in a non-dimensional form):

1

Sh = i (19)
(W, — e "+ —(1—-e™")
Pe
with
Jé
Pe = —5, (198.)
Né
Sh= E (19b)
0
and
‘I
5 —
efTdx
W, = —0—8— (19¢)

The parameter, W,, characterises the stability of a
single particle with respect to the membrane. In the
present case, we assume that at least a layer of
particles is deposited on the membrane and then we
consider the interaction of a sphere with a surface
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having the same properties as the particles. This
latter parameter can be linked to W,, the stability
factor for coagulation, defined in Eq. (1), as follows:
W, —1 2a

Wc—lz_ﬁ_ (20)

W, takes the cross-flow velocity through the bound-
ary layer thickness into account: for a repulsive
interaction an increase in velocity induces an in-
crease in stability of the suspension with respect to
the deposition. In our case, where boundary layer
thickness is of the order of magnitude of the particle
size, parameters W, and W, are numerically close to
each other. It is not the case with a protein, the small
size of which gives a value of W, larger than W,.
This explains why proteins that are stable in solution
(large W,) may adsorb onto membrane surfaces (low
Wy).

Simulation of colloidal fouling can be made using
the mass transfer Eq. (19) combined with a filtration
law [Eq. (5)]. Here only two limiting cases of Eq.
(19) are necessary to explain the results presented in
Fig. 6.

According to Eq. (19), for large values of the
stability factor, W, > 1, i.e. for strong repulsive
interaction between particles, a critical Pe exists
below which no deposition occurs [N = 0 in Eq. (6)]
and above which there is a dead-end filtration, [#n = 0
in Eq. (6)]. This critical Pe is approximated [8] by
the naperian logarithm of the stability, W;, and a
threshold flux similar to the one defined in Eq. (6)
can be derived:

) D
Jerie = Eln(u/d) (21)

The theory predicts a large critical flux for particles
stable in suspension and the size of which are be-
tween 0.1 to 1 wm. It then provides an explanation
for the “‘colloidal flux anomaly’” pointed out by
Cohen and Probstein [2].

Another limiting case of Eq. (19) is the case
where no filtration occurs, J = 0. The mass transport
is given by calculating the limit of Sh when Pe
tends to 0 in Eq. (19):

1

Sh=—
W

(22)
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Fig. 12. Experimental j_; and K versus salt concentration (dashed
lines and symbols) compared to calculated (bold lines) values.

Such a relationship is similar to a one proposed by
Ruckenstein and Prieve [14] describing particle de-
position on a collector. Following the definition of
the adhesion rate constant Eq. (2), one can derive:

S D

K= — —— 23
Vol 6W, (23)

3.3.2. Discussion

Egs. (21) and (23) allow two experimental deposi-
tion parameters, namely the critical flux, j_;, and
the adhesion constant, K, to be predicted from the
knowledge of the stability factor W, (Fig. 2) using
Eq. (20). These calculations for a given boundary
layer thickness need to be integrated along the mem-
brane i.e. for the whole thickness distribution. For
the module and the hydrodynamic conditions used in
the present study, the results of these calculations are
compared to experimental results in Fig. 12. Al-
though a quantitative agreement is not achieved be-
tween theoretical and experimental data, observed
trends are predicted by the model. The decrease in
surface repulsive interactions between clay particles
with salt concentration explains the reduction in
critical flux. On another hand, when repulsive inter-
actions become negligible as compared to attractive
ones, the appearance of an adhesion mechanism is
predicted. This model describes the effects of the
physico-chemical properties of the suspension on the
kinetics of colloid deposition on several types of
colloids, such as latex or ferric hydroxide [8]. The
influence of hydrodynamic conditions seems prop-
erly represented by the model for low shear condi-
tions (present case: outer-skinned hollow fibers with
external velocity of 0.088 m/s (Re = 1500)) as for



P. Bacchin et al. / Journal of Membrane Science 115 (1996) 49-63 57

larger shear hydrodynamics (inner-skinned hollow
fibers with internal velocity of 1.6 m/s (Re = 3000)
[15]). The difference between simulation and experi-
ment can be due to the model we have taken for the
surface interactions between the fouled membrane
and the approaching single particle (plane to sphere
system). Nonetheless, at the scale of the mechanisms
considered here (a few tens of nm) nor the bentonite
particle can be idealised as a sphere, neither the
membrane surface is actually plane [16]. Adamczyk
[17] pointed out that, in the case of the simulation of
a particle collector, a good agreement between simu-
lated and experimental data was obtained only when
the surface roughness was accounted for by using a
distribution function the variance of which was 30%.
The present model might require such improvements
before being compared quantitatively to experimen-
tal data.

4. Part II: Selectivity mechanisms

Experimental results of salt retention are now
presented and discussed to conclude the salt reten-
tion by the colloids deposited on the membrane.
Then, a model is developed to describe the transfer
mechanism of salt through the deposit and through
the boundary layer next to the deposit. Application
of this model to experimental data leads to determine
cake properties which are compared to those de-
duced from hydraulic resistance analysis (Part I).
Effect of operative conditions and salt concentration
on retention are discussed via the model.

4.1. Experimental results

During ultrafiltration experiments (data in Figs. 3
and 4), we observed a lower salt concentration in the
permeate than in the retentate. This retention [Eq.
(4)] was neither the result of the membrane as pre-
liminary experiments showed that the membrane used
did not retain the salt nor of an ion exchange mecha-
nism as the clay was equilibrated with the salt
solution a long time before ultrafiltration experi-
ments. So, the colloid deposit on the UF membrane
works as a nanofiltration membrane. This salt reten-
tion increases during an experiment and is lower
when salt concentration in the suspension increases

0.4
10°M

R
310°M

0.2 4
107 M

o . t;mln;
0 50 100 150

Fig. 13. Experimental salt retention versus time for data presented
in Figs. 3 and 4. Symbols represent experimental data and lines
calculated data.

(Fig. 13). Changes in retention can be the result of
combined variations in permeation flux, in deposited
mass and in salt concentration. An analysis of the
influence of operating conditions on the retention is
developed in the next section.

4.2. Salt retention analysis

Experimental results of salt retention leads to the
development of a model for salt transport accounting
for the effects of operating conditions (permeation
flux and deposited mass), responsible for retention
changes with time, and for the effects of surface
interactions which induce the variations in retention
with salt concentration.

4.2.1. Modelling

Transport in porous membranes has been de-
scribed by different approaches as summarised by
Opong and Zydney [18]. One of those is based on the
continuity [Eq. (16)] of the mass transfer in the
porous medium by convection and diffusion [Eq.
(17) without term c). The boundary conditions re-
quired for integration are determined by considering
one equilibrium partition coefficient, ¢, for each
side of the porous surface. The solution of this
equation is very similar from relationships derived
from a thermodynamic approach [19] or an electroki-
netic calculation [20]. It allows the permeate concen-
tration, c_, to be computed from the wall concentra-
tion, c,, (Fig. 14). On the other hand, the film model
describes the mass transport by convection and diffu-
sion in the boundary layer thickness above the porous
medium and allows the wall concentration to be
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Fig. 14. Concentration profile in the boundary layer and in the
cake deposit for different Pe numbers calculated with the model
[Eq. (20)]. Calculations are made with value of /, € and § chosen
to have Pe . = Pey and with ¢ = 0.8.

pore

determined from bulk concentration, ¢,. The combi-
nation of these two equations allows one to calculate
the observed retention R [Eq. (24)] as a function of a
maximum retention coefficient, R_, defined as R, =
1 — ¢. The operating conditions are accounted for

through the Peclet number in the pore, Pe,., and
the Peclet number in the boundary layer, Pe,;:
1
R= 1—R, e (24)
b+ R, 1—g Pewe
with
J8
Pey = —D— (24a)
and
Ji
Peyge = D (24b)

where [/ is the cake thickness and & the mass
boundary layer thickness. Pey, and Pe,., represent
the non-dimensional ratio of convection to diffusion
in the boundary layer and in the pore respectively.
This model can be illustrated via simplified cases
with fixed parameters. For low Peclet number (small
solute with large diffusion or [and] low convection)
the concentration profile can be represented by case 1
in Fig. 14. There is negligible concentration polarisa-
tion (Pe,; < 0.1) but an important diffusion in the
porous medium leads to a dispersion and then to a
poor retention. In case II (intermediate Peclet num-
ber), there is a low polarisation and a low dispersion
in the porous medium leading to large solute reten-
tion. In case III where Peclet number is large, there

is a negligible dispersion by diffusion in the porous
medium (Pe,,,. > 5) but an important concentration
polarisation which induces a low retention. Such a
model has been used by Opong and Zydney [18] to
explain the maximum value found when plotting
retention versus permeate flux in bovine serum albu-
min ultrafiltration.

The partition coefficient, ¢, not affected by steric
hindrance for small solutes such as salts, can be
written by considering a Boltzman distribution of
solute concentration versus the electrostatic potential
[21] between two plates:

y

2
d)zl_Rx:—d_ifoe rrdx (\25)

A series of equations allows us to model the salt
retention with only one parameter to describe the
cake: the interparticle distance d;. The distance d, is
used to calculate the partition coefficient [Eq. (25)]
and the cake porosity [Eq. (9)]. The experimental
data for the deposited mass is used to determine the
deposit thickness [Eq. (8]) and then the Pe. [Eq.
(24b)]. Therefore one can calculate the salt retention

_ with Eq. (24). Reciprocal solution of this system of

equations leads us to deduce, from experimental data
of filtration (Figs. 3 and 4), the interparticle distance
explaining the retention shown in Fig. 13.

4.2.2. Discussion

Best fitted values of d; are shown in Fig. 15. We
observe that salt retention analysis predicts that the
interparticle distance passes through a minimum. As
can be seen in this figure, the results (symbols) are
consistent with those obtained from hydraulic resis-

30
d; (nm)

KCI (M)

01

0.00001 0.0001 0.001 0,01 0,1

Fig. 15. Interparticle distance calculation, d;, from salt retention
analysis (M =50 kPa, O =100 kPa, ¢ =150 kPa) compared
with d,. calculated from hydraulic resistance analysis (---= 50
kPa, — — — =100 kPa, = 150 kPa).
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tance analysis (lines) and with data calculated from
theoretical considerations (Fig. 10). An important
result is that the salt retention and hydraulic resis-
tance can be described by the same variation in the
interparticle distance in the cake. This result supports
the different approaches proposed above for the
transport of water and of salt through the cake. A
peculiar importance is then given to the interparticle
distance which characterises the resistance to the
solvent (hydraulic resistance) as well as the resis-
tance to the salt transport (salt retention).

Effects of the ionic concentration on retention are
analyzed in Fig. 16. This figure represents the maxi-
mum retention coefficient, R, (by definition inde-
pendent of operating conditions) versus salt concen-
tration. The maximum retention is found to be very
sensitive to the salt concentration during experiments
(symbols in Fig. 16). Theses variations are compared
to maximum retention calculated for a given inter-
particle distance (dotted lines in Fig. 16). These
curves show the effect of salt concentration on the
maximum retention coefficient: when salt concentra-
tion increases, repulsive interactions between an ion
and the deposit of charged particles decrease leading
to a lower retention. Deviations of experimental
trends from these curves are due to the change in
interparticle distance with salt concentration (Fig.
15). The maximum retention (or the partition coeffi-
cient), which is an intrinsic property of the selective
layer, is the result of a combination of the variation
in interparticle distance (acting as the pore size of a
nanofiltration membrane) and of the variation in the
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Fig. 16. Variation of the maximum retention versus salt concentra-
tion deduced salt retention analysis (B = 50 kPa, O =100 kPa,
¢ =150 kPa). Dotted lines corresponds to maximum retention
calculated with Eq. (21) for a given interparticle distance (---
d; =10 nm, d; =20 nm).
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Fig. 17. Variation in the Pe
from modelling.

and the Pe,,; against time deduced

pore

repulsive interaction versus salt concentration (DLVO
theory).

Effects of operating conditions on salt retention
can be seen in Fig. 17 where calculated Pe,. and
Pe,, are plotted against time for a given experiment.
Analysis of these two numbers allows us to deter-
mine the relative influence of the transport by con-
vection and by diffusion in the boundary layer and in
the pores. The factor limiting the selectivity and the
place where it takes place can be deduced from such
an analysis. One can see that Pe . remains almost
constant during our experiments. This is due to the
fact that for our conditions (retention by a cake
growing in thickness) the product JI is almost con-
stant (J is reduced because the thickness of the cake,
{, increases). The increase in salt retention during the
experiments is then essentially explained by the de-
crease in Pe,; and then in concentration polarisation
when permeation flux is reduced. However, applica-
tion of the film model alone would lead to a mistake.
Pe,. in Fig. 17 is low and quite smaller than 5
(value above which the transport in the pore is not
limiting). So the salt retention is reduced by disper-
sion in the porous medium. Application of the film
model would lead to determine a retention factor
smaller than the maximum retention deduced from
the full model and then to an important error on the
interparticle distance. Our experiments are then an
example of salt retention both controlled by concen-
tration polarisation (large Pe,,) and by dispersion in
the pore (low Pe,,.).

It is interesting to compare the mechanism of salt
retention by a colloid deposit on an ultrafiltration
membrane with nanofiltration membranes which are
developed to partially retain salts. A typical operat-
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Table 1
Comparison of salt retention by a nanofiltration membrane (Film-
tec NF40) and a clay deposit on an ultrafiltration membrane

J AP KCl R
(m/s) (kPa) (M)

NF 40, Filmtec [21] 1x107% 1000 3x10°% 045

Clay deposit on an 1X107% 100 3x107% 025

ultrafiltration membrane

ing condition of a Filmtec NF 40 [22] and results of
salt retention of the present work are listed in Table
I. One can see that with nanofiltration membranes
salt retention is better and still important for high salt
concentration. But, on the other hand nanofiltration
membranes are much less permeable and need, in
order to have an equivalent permeation flux, a pres-

Table 2

sure ten times larger than that required with a colloid
deposit. Deposit of clay on an ultrafiltration mem-
brane can then be an alternative solution when pro-
cessing liquids with low salt concentration to re-
move, e.g. nitrate in potable water. Moreover, such a
solution requires only a reversible change of an
existing ultrafiltration unit and then can be used only
when retention of salt is needed.

5. Conclusion

In this paper, the influence of surface interactions
on colloid filtration have been investigated through
the study of three transfer mechanisms: transfer of
colloid from the bulk to the membrane (deposition)
and transfer of water (hydraulic resistance) and of

Synthesis of variations of transfer mechanisms with salt concentration: (A) mass transfer of a particle from the bulk to the deposit, (B) water
transfer through the deposit and (C) salt transfer through the deposit. Phenomena implied in these variations are in bold

-5 -2
Salt concentration 10" M 10" M M
c.c.c
Stability of the suspension N ! <1
AV
Critical flux interaction induced 0 0
4 Deposition migration
kinetics
A A
Adhesion constant
0 0 adhesion
Max
B Hydraulic resistivity of the deposit e AY
cake contraction coagulation
A+B  Productivity | Min )
C Selectivity \ A\
Maximum retention
cake contraction coagulation

& reduction of repulsive interaction solute-cake
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salt (salt retention) through the colloid deposit. This
work is based on ultrafiltration experiments of a clay
suspension (Bentonite) with different salinities and
then different surface interactions. Experimental
variations in transfer mechanisms deduced from these
experiments and major phenomena involved are
summarised in Table 2.

Analysis of fouling kinetics (mass transfer from
the bulk to the deposit) at low ionic strength reveals
a high critical permeate flux and an adhesion mecha-
nism for salt concentrations larger than the critical
concentration of coagulation. Mass deposition is the-
oretically described as the result of particle transport
by convection, diffusion and interaction induced mi-
gration in a mass boundary layer surrounding the
surface. For large repulsive interaction, a limit of the
mass transfer equation derived from this analysis,
leads to the definition of a critical flux (flux below
which no fouling should theoretically occurs) de-
pending on the suspension stability. This relationship
predicts the decrease of the critical flux by a reduc-
tion in the interaction induced migration. So, for salt
concentrations larger than ccc, this critical flux is
zero because of no repulsive interaction: all the mass
brought by convection is deposited as in dead-end
filtration. Another limit of the transfer equation for
non-filtration describes the adhesion mechanism
when an attractive interaction exists.

The hydraulic resistance (transfer of water through
the deposit) variations with salt concentration present
a maximum. A balance between surface interaction
forces and drag convection force on particles of the
cake determine the cake porosity. When combined to
the effect of salt concentration to the particle size,
this leads to the description of the hydraulic resis-
tance of the cake through a modified Kozeny—Car-
man relationship. The maximum of hydraulic resis-
tance is explained as the fact that, for salt concentra-
tion near the ccc, the repulsive interactions are not
strong enough to stand the drag convection force in
the cake, which leads to cake packing, but on an-
other hand, surface interaction are still large enough
to prevent particle from coagulation which would
improve the cake permeability.

Salt retention mechanisms by the fouling layer are
based on a partition created by repulsive interactions
between an ion and the charge on the deposit. A
partition coefficient is deduced from experimental

retention, after accounting for effects of concentra-
tion polarisation and of dispersion through the cake.
Salt retention by the colloidal deposit (salt transfer
through the deposit) is a complex combination of the
cake geometry and of the operating conditions (per-
meation flux, deposited mass and salt concentration).
The partition coefficient, an intrinsic parameter of
the deposit selectivity, can be deduced from ob-
served retention via a model of salt transport by
diffusion and convection in the boundary layer (con-
centration polarisation) and in the deposit (disper-
sion). This coefficient depends on the cake geometry
and on the repulsive interaction between an ion and
the charge of the deposit. As can be seen in Table 2,
for salt concentration lower than ccc, the maximum
retention is almost constant: the negative effects of
the decrease in repulsive interaction are balanced by
the benefits of the increase in cake resistance caused
by the cake contraction. Then, for concentration
larger than the ccc, the maximum retention is quickly
reduced to zero by the combined effect of the de-
crease in interaction and the lower resistance of the
cake. Analysis of these results through a model for
the maximum retention leads to the conclusion of a
cake geometry similar to the one deduced from the
hydraulic resistance analysis. Compared to nanofil-
tration processes, retention of salt by a colloid de-
posit on an ultrafiltration membrane represents an
interesting way to remove salt from low concentra-
tion solutions.

When colloids are present in a fluid the stability
seems then to be an essential parameter to estimate
the effects of those colloids on the filtration process.
A low positive stability induces a minimal productiv-
ity of the process: low porosity for the cake, no
limitation of the deposition (critical flux close to
zero) and no enhanced permeability by coagulation.
Moreover, the knowledge of the stability can help in
the choice of operating conditions. For example the
cross-flow efficiency to prevent colloidal fouling is
directly linked to the stability: experiments have
shown that cross-flow is useless when processing
with destabilised colloidal suspensions.

6. List of symbols

a particle radius (L)
D diffusion coefficient (> T~')
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c concentration (M L™%)

d; interparticle separation distance in the cake
L)

e bentonite particle thickness (L)

J permeate flux (L T™')

eric critical permeate flux (L T™")

k Boltzmann constant (M L2 T=2 K™')

K adhesion rate (T™!)

l cake thickness (L)

M, deposited mass of particle per unit of
membrane area (M L™2)

N mass flux M L™2 T™1)

P pressure (M L™ T~ 2)

R salt retention rate

R. maximum retention rate

R, hydraulic resistance of the membrane
(P

R, hydraulic resistance of the fouling layer
®"h

Pey, Peclet number (ratio convection/diffu-
sion) for the boundary layer

Pe,,.  Peclet number (ratio convection /diffu-
sion) for the porous media

S membrane area (L?)

Sh Sherwood number: ratio mass
transfer /diffusion

t time (T)

v total interaction energy (M L*? T™?2)

Vol suspension volume (L*)

W, stability factor with respect to deposition

W, stability factor for coagulation

6.1. Greek symbols

o specific hydraulic resistance (L M~")

0 mass transport boundary layer thickness
L)

€ porous medium porosity

b partition coefficient

n suspension viscosity M L™' T™!)

P, density of the particles (M L™%)
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