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Abstract

Through ultrafiltration experiments with a macromolecular solution of dextran
and a suspension of bentonite, it is shown how the understanding of mass transfer
phenomena involved in ultrafiltration can be improved if several limiting mecha-
nisms working simultaneously over different parts of a same membrane are taken
into account. This partition is determined according to the operating conditions as
well as the characteristics of the treated fluid. This approach is convenient to de-
scribe an entire range of experimental variations in solvent and solute transfer
through hollow fiber membranes induced either by macromolecular concentra-
tion polarization or by particles fouling, It is shown that reversible fouling can
have effects as dramatic as irreversible fouling (pore plugging) in some circum-
stances.

INTRODUCTION

The performances of ultrafiltration systems depend on several param-
eters, among them the nature of the membrane, the fluid characteristics,
and the operating conditions (hydrodynamic, temperature, pressure,
duration). They can be evaluated using the permeate flux,J, and the rejec-
tion coefficient, T.R., defined for a solute by the relationship

TR.=1-(C,/Cy) (1
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Many studies have been dedicated to variations in the permeate flux
with the operating conditions and to provide some models describing the
observed results.

In ultrafiltration of macromolecular solutions, it has been shown that in
the absence of any physicochemical interaction between the solutes and
the membrane material, the transfer of solvent is controlled by concentra-
tion polarization due to a build-up near the membrane of the retained
molecules (1, 2). Various models exist, but one of the most commonly used
assumes that the concentration gradient existing between the two sides of
the membrane induces an osmotic pressure that partially balances the ap-
plied pressure (2). On the other hand, few models are available for the
ultrafiltration of suspensions. The cake filtration model (3-5) is often used
although it is more adapted to traditional filtration. It assumes that each
particle carried to the membrane surface by the filtration of the solvent ac-
cumulates there to form a static deposit, called a “cake.” According to this
mechanism, the filtration rate should continuously decrease with time.
Such a prediction disagrees with most of the experimental results ob-
tained in the ultrafiltration of suspensions, for they show that the per-
meate flux reaches a stationary value. Other models have therefore been
proposed to account for the existence of this steady state. The scour model
(6) assumes that some particles led to the membrane surface by solvent
filtration are removed because of a scouring effect due to the tangential
flow of the feed solution. Hence, it becomes possible to explain the exis-
tence of the stationary thickness of the cake, i.e., a stationary value of the
permeate flux versus time, and to explain its dependence on the operating
parameters. Another approach has recently been proposed (7) to account
for the forces involved on a microscopic scale. According to this analysis,
which assumes the particles to be independent of each other, the motion
of a particle depends on the relative importance of two forces generated by
the filtration of the solvent through the pores of the membrane and by the
tangential flow of the feed. The ratio of these two forces determines
whether or not a particle in the feed stream will be deposited on the mem-
brane surface.

Concerning the solute transfer, it has been shown that the rejection
coefficient depends on the running parameters, on the membrane and
fluid characteristics, and that it could be significantly changed by adsorp-
tion of macromolecules (8-10) or by fouling due to suspended particles
(11). On the other hand, some results obtained when these fouling
phenomena were eliminated during ultrafiltration of synthetic polymeric
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solutions allowed the sole influence of the concentration polarizatian on
the transfer of solutes through the membrane to be studied (/12-15). It was
demonstrated in the latter case that variations in the overall rejection coef-
ficient versus the operating conditions depend on deformation of polymer
coils due to the shear stress created by the permeate flow through the pores
and on the increase in concentration near the porous wall (14, 16). In addi-
tion, the use of gel permation chromatography to analyze the feed and the
permeate emphasizes the existence of segregation with respect to the
molecular weight in a polydisperse polymeric solution (16-18). As a result,
the phenomena that act on both the permeate flux and the rejection coeffi-
cient also change the molecular weight distribution of the permeate solu-
tion. Consequently, only a few models have been proposed to describe
variations of solute transport through ultrafiltration membranes (such as
the “double-layer model”), in analogy to solute transport in reverse os-
mosis (19, 20). Since most membranes are asymmetric, porous media are
created by the superposition of two parts: the transport of solute through
the first one (the dense skin layer) is due to diffusion, while through the
second one (the porous support) it is due only to convection. As soon as
there is a concentration gradient between the two sides of the membrane,
this model predicts the existence of solute transport. This model is not
very convenient since for some operating conditions a complete rejection
of the solutes is observed in ultrafiltration. A “pore partition model” (21)
has recently been proposed to describe solute transport through ul-
trafiltration membranes. This model considers the membrane to have
pore size distribution divided into two regions defined according to a
given solute size: a complete retentive part, made of the smallest pores
through which only the solvent can flow, and a nonselective part, made of
the largest pores through which the flow of solvent carries solute mole-
cules.

In the present work we investigate the importance of accounting for
pore size distribution in data interpretation for both the ultrafiltration of
solutions and of suspensions.

One part of the work is based on a study of the ultrafiltration of a mac-
romolecular dextran solution, and a solute transport model is proposed.
This model accounts for the influence of concentration polarization due
to the dissolved matter contained in the feed. Another part is based on the
ultrafiltration of a clay suspension. Again, a fouling mechanism is pro-
posed to describe the change induced in the membrane by the presence of
suspended matter in the processed fluid.
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MATERIAL AND METHODS

Fluids and Analytical Equipment

The solvent was distilled water containing 1 mg/L NaN;, to prevent bac-
terial contamination. Two kinds of fluids were used: macromolecular
solutions (dextran T70, with an average molecular weight of 70,000
daltons) and bentonite clay suspensions (average diamecter, 1.6 um;
minimum size, 0.22 pm). The dextran solutions were prepared by dissolv-
ing dried macromolecules in the solvent, while the clay suspensions were
prepared by dilution from a concentrated suspension (16 g/kg). The solute
concentrations were determined by refractive index measurements (Beck-
man 156). The suspended solids concentrations were determined by tur-
bidimetry (Hach ratio 2000).

Ultrafiltration Apparatus and Procedure

All ultrafiltration experiments were carried out at 20°C by using the
equipment described by Fig. 1. The concentration of the feed was main-

'

R

(8)
(1) |

(3)

‘LM—'T_L%D_N_
(9)

F1G. 1. Ultrafiltration equipment. (1) Feed tank, (2) recirculating pump, (3) thermostat, (4)
flowmeter, (5) ultrafiltration module, (6) by-pass, (7) pressure gauges, (8) pressure control
valves, (9) balance.
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tained constant by recirculating the permeate. The cross flow velocity and
the pressure were independently set by using a valve located at the end of
the loop. Two pressure gauges are located near the entrance and the outlet
of the ultrafiltration module. The average transmembrane pressure, AP, is
calculated as follows:

AP = (Pinlet + Poullet)/2 (2)

For given operating conditions, the solvent flux, J, and the solute flux,
JC,, are recorded versus time. Whatever the operating parameters, the
mass transfer reaches a steady state. All the results presented have been
measured at steady state.

The permeability of the membranes was measured before and after
each run without cleaning. No difference was observed, suggesting that
there was no irreversible fouling during ultrafiltration under our condi-
tions.

Membranes-Modules

Two types of polysulfone hollow fibers were used: 1) outerskinned
hollow fibers manufactured according to French Patent IRCHA-CNRS
8,409,225, with an external diameter of 0.37 mm. The module was made of
a bundle of 40 fibers sealed in a Plexiglas tubular shell, the diameter and
the length of which were 16 and 250 mm, respectively. The active length of
the fibers, which were plugged at one end, was 220 mm. The total ex-
change area was 4 = 0.010 m”. Since the fiber section is negligible, the
Reynolds number was calculated by taking the internal diameter of the
tubular shell as equivalent to the hydraulic diameter.

The hydraulic permeability of the membrane, measured at 20°C with
the solvent, is

L,=12 X107 kg-m™2-s'-Pa™

2) Innerskinned hollow fibers of 0.98 mm internal diameter were sup-
plied by “Lyonnaise des Eaux” (Toulouse, France). Each module was
made of a bundle of 50 fibers sealed in a 250-mm long Plexiglas tubular
shell. The active length of the fibers was 220 mm, and the total exchange
area was 4 = 0.034 m>.

Three membranes of different permeabilities were used:

Membrane M1: L, = 5.7 X 107" kg-m™?-s™'-Pa™'
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Membrane M2: L,
Membrane M3: L,

43X 1077 kg-m™2-s7'-Pa™!
30X 1077 kg-m™2-s”!-Pa™!

RESULTS

Figures 2 and 3 show, respectively, the influence of the feed flow rate
and the feed concentration on the permeate flux and on the solute mass
transfer obtained with the outerskinned hollow fiber membrane and a
Dextran T70 solution.

They show that whatever the operating conditions, the shapes of the
curves giving the variations of mass transfer versus applied pressure re-
main the same. Beyond a given pressure value, which depends on the
membrane permeability and the operating conditions, any increase in
pressure does not change the flux. Such a limiting flux has been reported
in many other studies (1, 2). For a characteristic value of transmembrane
pressure, the solute mass transfer goes through a maximum. In every case
this characteristic pressure is very close to that giving the limiting flux. It
therefore seemed convenient to divide the pressure range into two regions
separated by a threshold value that depends on both the operating con-
ditions and the membrane properties, and where the predominent mass
transfer phenomena would be different. For pressures below this thres-
hold, increasing the applied pressure leads to an increase in the permeate
flux as well as in the solute mass transfer, while for pressures above this
threshold, increasing the applied pressure has no consequences for the
permeate flux but leads to a decrease in the solute transfer.

Figures 4 to 6 show the influence of feed flow rate, feed concentration,
transmembrane pressure, and membrane permeability on the permeate
flux obtained with innerskinned hollow fiber membranes and a bentonite
clay suspension. Whatever the operating conditions, the turbidity of the
permeate is nearly zero, indicating that ultrafiltration eliminates even the
smallest particles (0.22 pm) contained in the feed. Figure 4 shows that the
permeate flux decreases for a few minutes and reaches a steady state. This
stationary value depends on the operating conditions and on the mem-
brane properties. In addition, there is a transmembrane pressure value
(again depending on the membrane and the operating conditions) beyond
which any increase in the applied pressure has no effect on the stationary
value of the permeate flux (Fig. 5). This behavior is the same as that obser-
ved with macromolecular solutions but is rather unusual in the filtration
of suspensions. Another importan: point is that this limiting flux is fairly
independent of membrane permeability (Fig. 6). However, contrary to the
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FIG. 2. Ultrafiltration of a dextran solution. Influence of feed flow rate on solvent and solute
transfer. Outerskinned hollow fiber membrane. Cy = 10 g/kg.
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F1G. 3. Ultrafiltration of a dextran solution. Influence of concentration on solvent and solute
transfer. Quterskinned hollow fibers. Re = 500.
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FIG. 4. Ultrafiltration of a clay suspension. Influence of feed flow rate on the permeate flux.
Membrane M1.C, = 1 g/kg, AP = 1.5 X 10°Pa. (1)u = 0.6m/s, (2)u = 0.8 m/s,(3)u = 1.1 m/s,
@ u=14m/s,(S)u = 16m/s.

results obtained during the ultrafiltration of macromolecular solutions,
there are some operating ranges, e.g., low pressure, in which the presence
of particles does not alter the flux, i.e., the flux is the same as that obtained
with pure solvent under the same conditions.

DISCUSSION

Solute Transfer Model

Consider the pore partition model (21). This model assumes the mem-
brane is divided in two regions defined according to a given size solute:
one (Part B) has the smallest pores that retain the solute, the other one
(Part A) has the largest pores through which permeation of the solvent
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F1G. §. Ultrafiltration of a clay suspension. Influence of transmembrane pressure and feed
concentration on the permeate flux. Membrane M1« = 0.75m/s. (1) C, = 0.5 g/kg, (2) C, =1
g/’ke, (3) C, = 20 g/kg, (4) C; = 3.0 g/ke.

carries the solute macromolecules. Consequently, two separate mass
transport equations can be written:

J=Js+Jp (3)

Jo=JC,=J,.C (4)
where Cis the concentration of the solution flowing through the pores that
allow filtration of the solute. Assuming that polarization is negligible

through the nonselective part of the membrane, the permeate flux can be
expressed by a filtration law:
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F1G. 6. Ultrafiltration of a clay suspension. Influence of membrane permeability on the
variations of permeate flux versus applied pressure. C; = 3.0 g/kg, u = 0.75 m/s.

where a represents the fraction of pores that allow the passage of the
solute: it is called the “partition parameter” in this paper. On the other
hand, the osmotic assumption (2) can be used to express the flux of per-
meate flowing through the retentive part of the membrane (Part B):

Jp = (1 — a)(AP — AIl')/uR, (6)

where i, is the viscosity of the solvent. In these equations, R, is the hydrau-
lic resistance of the membrane and is constant in our conditions
because no irreversible fouling was observed. Combining Eqs. (4) and (5),
a solute transfer equation is obtained:
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JC, = (aAP/p(C)R)C (N

These equations involve membrane characteristics (R,), physicochemi-
cal properties of the solution (u, IT), as well as some parameters that de-
pend on both the membrane and the solution (a, C). For a fully retentive
membrane, such that a = 0, the wall concentration can be assumed to be
equally distributed over the surface; the traditional equation of the os-
motic model is then obtained:

J= (AP - AlIl)/yR, and C, =0

while for a nonretentive membrane, such that a = 1, the concentration in
the permeate is the bulk concentration C,. The permeation rate is given ac-
cording to Eq. (5):

J = AP/W(Cp)R, and C, = C,
For 0 < a < 1, the solute transfer equation can be rewritten:
JC,/AP = (a/R,)(C/u(C)) ®)

Assuming that the two regions of different pores distribution are inde-
pendent, concentration C of the solution flowing through the largest pores
of the m-mbrane should be equal to that in the bulk, C,. However, due to
the random distribution of the pores at the membrane surface, the
solutions located at the entrance of pores belonging to the two regions can
mix. Hence, concentration C ranges between the values of Cy and C,, (the
concentrations in the bulk and at the membrane-solution interface). C
depends on the applied pressure, since the concentration at the
membrane-solution interface increases when the pressure increases.
Variations in the left-hand side of Eq. (8),JC,/AP, are plotted in Fig. 7 ver-
sus the applied pressure AP for various Reynolds numbers and concen-
trations (data from Figs. 2 and 3). On the other hand, variations in the
ratio C/u(C) obtained from viscosity measurements with the dextran T70
solution are plotted in Fig. 8. The shapes of the curves giving the
variations of JC,/AP versus AP and those of the ratio C/p(C) versus C are
similar. More precisely, there is a transmembrane pressure at which the
quantity JC,/AP goes through a maximum, and a concentration at which
the ratio C/u(C) goes through a maximum, too, for a concentration of
about 50 g/kg. Consider Eq. (4): It is possible to write an equation for the
flux ratio J,/J and the concentrations ratio C,/C. Because of the very low
value of the concentration ratio, the fluxJ, can be neglected compared to
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FIG. 7. Variations of the left-hand side of Eq. (8) versus applied pressure (data from Figs. 2
and 3).
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F1G. 8. Variations of the ratio C/u(C) versus C for the dextran solution (data from viscosity
measurements at 20°C).

the flux Jy in Eq. (3), giving the overall permeate flux J. As a result, the
value of the concentration C,, at the membrane-solution interface can be
estimated by using the following equations:

I = (AP — ATI)/u(C,)R, 9)
ATl = I(C,) — TI(C,) (10)

In addition to these equations, it is necessary to use the relationship
proposed by Ogston and Preston (22) for the concentration dependence of
the osmotic pressure of dextran T70. In Fig. 9 the variations of JC,/AP,
which represent the solute mass transfer according to the pore partition
model, are plotted versus C,,. Whatever the Reynolds number and the con-
centration of the feed, these curves have a maximum. From a qualitative
point of view, the pore partition model (Eq. 8) enables the variations of the
solute transfer with the applied pressure, i.e., the concentration at the
membrane interface, to be described. However, since the curves corres-
ponding to various operating parameters are not superimposed, this sug-
gests that the pore partition parameter varies with the operating con-
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FI1G. 9. Variations of the left-hand side of Eq. (8) with the concentration at the membrane-

solution interface calculated from the osmotic model relationships (Egs. 9 and 10 in the text)

and from the equation proposed by Ogston and Preston (22) that relates osmotic pressure
and concentration for dextran T70 solutions.
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ditions. In the ultrafiltration of polymeric solutions, such as dextran
solutions, some previous work (14, 16) has shown that polymer coils can
be deformed under the stress created by permeate flow through the pores
as well as under the concentration increase existing near the membrane
wall. As a result, when concentration polarization increases, a solute of a
given molecular weight occupies less and less volume until it becomes
possible for it to flow through pores of a smaller size. Consequently, the
partition coefficient defined for a membrane and for a solute of a given
size depends on the operating conditions affecting the concentration
polarization, i.e., transmembrane pressure, feed concentration, and feed
flow rate. On the other hand, gel permeation chromatography, by provid-
ing the molecular weight distributions in the feed and in the permeate,
emphasizes the existence of segregation with respect to the different mole-
cular weight solutes present in the solution (/6-18). This should be ac-
counted for by extending the concept of partition parameter to all sizes of
molecules in a model.

This leads to a very complex model, since those partition parameters
also depend on the polarization. However, in some cases it is possible to
use these parameters to get information about the pore distribution of the
membrane, provided that the effects of polarization have been carefully
controlled (23).

Particle Fouling Model

The experimental observation of the existence of a steady state during
ultrafiltration of a clay suspension (Fig. 4) suggests that the flux decrease
due to particles is not the consequence of a simple cake filtration
mechanism that would predict a continuous decrease of flux versus time
4, 5). 1t is therefore necessary to account for another phenomenon that
balances the mass transport due to convection and leads to a steady state
for mass transfer. The scour model (6) assumes, for example, that some
particles carried to the membrane surface by the filtration of the solvent
may be removed because of the tangential flow of the feed. Hence, it pre-
dicts that transfer is dependent on the operating conditions. However,
such a mechanism does not explain why the presence of particles has no
significant influence on the permeate flux under some conditions (Figs. 5
and 6), or how a limiting flux can be observed.

Let us now consider the membrane to be a low porosity medium whose
open surface is made up of a set of pores of various sizes. A particle foul-
ing mechanism was recently proposed by Rautenbach and Schock (7)
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who assumed the particles and pores to be independent. According to this
mechanism, a particle located in the vicinity of a pore entrance is acted on
by two kinds of forces: one due to permeate flow through the pore (which
tends to carry it to the pore entrance) and the other due to tangential feed
flow (which tends to drag it into the bulk). It is assumed here that the rela-
tive importance of the forces determines whether or not a particle stops at
a pore entrance, i.e., whether or not the particle hinders filtration of the
solvent. This mechanism predicts the fouling is dependent on both the
tangential velocity of the feed and the transmembrane pressure. However,
it does not predict the influence of the observed feed concentration.

Since the basic idea of this model has nevertheless proven to be sensi-
ble, we suggest the following extension to improve its use. The force sys-
tem applied to a particle is modified as soon as it settles over a pore and
hinders filtration since the force due to filtration is now zero. Consequent-
ly, the particle will be released into the bulk due to tangential feed flow un-
less the suction force is strong enough to hold the particle: this is static
fouling. If a particle leaves, another one can replace it, the frequency of
replacement depending on the concentration of particles in the feed: this
is dynamic fouling. In addition, and according to the previous section, it
must be kept in mind that both particle and pore populations are spread
out over a given range. A force balance must therefore be considered for
each size, and consequently, different situations must be expected within
a given population because of those distributions. The calculation of the
forces involved is detailed in the Appendix.

Two force balances are presented. One gives the condition to be satis-
fied by a particle of diameter d, arriving at a pore mouth of diameter d,,.
and stopping there, and thus hindering the filtration of solvent:

di.e/d, > constant - u/AP (11)

The other one gives the conditions to be satisfied for such a particle to
be maintined at the pore entrance by the suction force:

(dpore/d,)* > (24u,/R)(u/AP) (12)

These force balances involve operating conditions (¢, AP), membrane
charateristics (d,., constant), as well as suspension properties (d,) and
geometry (R). From a general point of view, this model leads to three
separate regions of pore size distribution of the membrane defined ac-
cording to a given particle size, as described in Fig. 10. By increasing the
pore size of a given particle, the first region contains pores that do not
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FIG. 10, Schematic representation of membrane fouling due to suspended particles.

satisfy Inequality (11). This means that a particle traveling along the sur-
face will not stop at the pore entrance, so in this part of the membrane the
flux equals that obtained for the solvent under the same conditions. The
second region contains pores whose size satisfies only Inequality (11).
This means that a particle arriving at the entrance of one of these pores is
stopped but is not retained by the suction force. As a result, transfer
through the pores in this region is hindered for a short time period, and
the flux is smaller than that obtained with the solvent in the same con-
ditions but does not equal zero. This flux depends on the concentration of
particles in the feed, and that determines the fraction of time during which
the pores are open to filtration of the solvent. The third region contains
pores large enough for both Inequalities (11) and (12) to be satisfied. This
kind of pore is plugged by static particles, and the permeate flux equals
zero (this fouling is static, but reversible when the pressure is released).

Such a model predicts that the smallest particles are responsible for the
more important fouling. For a given pore size distribution, the two regions
in which the permeate flux is less than that of the pure solvent becomes
more important as the size of the particles decreases. According to this
fouling mechanism, it is possible to express the stationary values of the
permeate fluxes obtained during ultrafiltration of the pure solvent and of
the suspension as
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Jsolvcnt=Jl +JZ+J3 (13)
Jasp =41+ BJ, + 0 (14)

where B represents the fraction of time during which the pores of Region 2
are open to the filtration of the solvent. § depends on the concentration,
and 0 < B < 1. The values of J, and J, depend on such operating conditions
as tangential velocity or pressure.

The influence of the operating parameters and of the membrane
characteristics can be explained by using this model. For given operating
conditions, increasing the pore size changes the partition of the mem-
brane since Regions 2 and 3, through which the permeate flux is less than
that obtained wih the pure solvent, become more important. Consequent-
ly, the flux decrease due to the particles becomes more important as the
size of the pores increases. For a given pressure and a given concentration
of particles, decreasing the feed flow rate means that the Inequalities (11)
and (12) are satisfied by pores of smaller and smaller size, and this leads to
a decrease in the permeate flux. The same variation is predicted for an in-
crease of the transmembrane pressure while the feed flow rate and the
concentration are kept constant. However, for pores belonging to Region
2, the fraction of time during which they are open to filtration of the sol-
vent decreases when the concentration increases, so that the permeate flux
decreases. Finally, this fouling mechanism predicts the existence of
operating conditions under which neither Inequality (11) nor Inequality
(12) is satisfied, so that the permeate flux obtained with the suspension
equals that obtained with pure solvent under the same conditions.

A filtration problem is defined in Fig. 10 by a rectangle, the position and
dimensions of which are determined by the pore size and the particle size
distributions. As illustrated by the dotted lines in this figure, situations
controlled by various phenomena can be expected, depending on the
position of the rectangle with respect to Curves a and b. In practice, this
position depends on the choice of membrane for processing a given
fluid.

Since the present study uses ideal fluids, some phenomena, which in
practice affect both the fluid and the membrane, have been avoided.
Nevertheless, their consequences can be illustrated in a graph of the Fig.
10 type. For example, expansion of the particle size range can occur due to
aggregation, particle cracking, cell rupture, etc. Such situations would be
described in Fig. 10 by an enlargement of the rectangle in the direction of
the vertical axis.

The other very important phenomenon to be considered in real systems
is membrane fouling. It has been shown (24) that membrane fouling does



12: 51 25 January 2011

Downl oaded At:

526 DE BALMANN, AIMAR, AND SANCHEZ

not affect all the pores in the same way, but depends on what kind of foul-
ing is involved: adsorption, pore plugging, etc. For example, fouling can
occur when the largest pores and the smallest particles have approx-
imately the same size. If some particles are smaller than a pore, they can
penetrate and plug it: this condition is shown in Fig. 11 by straight line (c),
the slope of which is close to 1. The region under Line ¢ represents a high
risk of pore plugging. The consequence would be an irreversible reduction
in the pore size range, depicted in Fig. 11 by a leftwards move of the right
vertical boundary. The dynamic fouling described in the present work can
then take place in the range of pores remaining open.

In filtration of suspensions, only a fraction (1) of the pores of a mem-
brane would be ruled by Poiseuille’s law, either because of permanent
blocking of the largest (pore plugging (4) and static fouling (3)), or because
of dynamic fouling (2) by particles acting as “bouncing” ball valves as

? particle radius

'
) region 2
Jsusp = [ Jsolvent (b)

region 3

region 1

Jsusp = Jsolvent

Jsusp = 0

reversible

Range of
particle
diameters of
a suspension

irreversible

pore diameter

Pore plugging

-—

<

Range of pore diameters
of a clean membrane

F1G. 11. Schematic representation of membrane fouling in the presence of pore plugging (c).
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summarized in Fig. 12. Boundaries (a) and (b) explicitly depend on
operating conditions, but that of (c) does not.

The above examples suggest that a situation can change during an ex-
periment. The relative importance of reversible and irreversible phe-
nomena and of dynamic and static fouling can evolve and interfere with
each other due to changes in particle and pore size distribution. Therefore
such operating parameters as cross flow velocity or pressure may not have
the same influence at the beginning and at the end of a run.

From the point of view of solvent transfer, irreversible pore plugging
and static fouling as described in this paper have the same consequence:
they prevent the solvent from flowing through the pores. Within the frame
of a sieving model, it is obvious that pores smaller than the smallest par-
ticles are required to avoid pore plugging. Assuming average values for the
various parameters in Eq. (12) (4, = 107%,R = 10,4 = 1, and AP = 10°)
allows the constant to be estimated (here 0.063). According to this equa-
tion, the present model is more demanding than the sieving one, since it
requires pores about sixteenfold (1/0.063) smaller than the particles (in the
present example) to avoid static fouling. An estimation of the constant in
Eq. (11) is difficult since two unknowns, B, and B,, are used.

CONCLUSION

Although the transfers of solvent and solute during the ultrafiltration of
fluids containing either dissolved or suspended solids seem very different
at first glance, it is shown here that a similar approach can be used for
their description. Its main peculiarity lies in its use of classical models to
account for a partition of the membrane as well as for the size distribution
of the fluid components, but the improvement of existing models is
also required.

In the ultrafiltration of macromolecular dextran solutions, the solute
mass transfer is difficult to model due to the multiplicity and variability of
the parameters involved. However, from a qualitative point of view it is
possible to describe the transport of that kind of solute through ultrafiltra-
tion membranes by using an improvement of the pore partition model.
That extension consists in accounting for the variability of the partition
parameters according to polarization conditions because of the ability of
the solutes to be deformed under the stress created by the flow at the pore
entrance as well as under the concentration increase at the membrane-
solution interface. The variations in solute transfer can thus be qualita-
tively described.
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In the ultrafiltration of clay suspensions, a fouling mechanism derived
from an analysis of the various forces exerted on a particle is proposed. It
is emphasized that when a particle settles at a pore mouth and hinders
filtration, the drag force due to filtration is replaced by a suction force.
When membrane partition as well as particle size distribution are accoun-
ted for, the conclusion is that fouling is due to plugging, dynamic or static,
of the largest pores of the membrane by the smallest particles contained in
the suspension. From the balance of the forces, the influence of the
operating conditions and of the membrane properties on the permeate
flux can be explained, as it was experimentally observed. Furthermore, it
is shown how two mechanisms (pore plugging and static fouling) can have
the same macroscopic consequences (i.., no more flux through the pore)
despite the fact that the effects of operating parameters are not the same
on those two different mechanisms.

The present conclusions suggest that these models can be used to inves-
tigate how the presence of suspended particles influences the ultrafiltra-
tion of solutions.

APPENDIX: FORCE BALANCE USED IN THE PARTICLE FOULING
MODEL

Generally, the force F exerted on a particle of diameter d, by a fluid
flowing with a velocity v is given by

F = flpv*)/2 - nd>/4 (A1)

For laminar flow the friction coefficient f is related to the Reynolds
number defined according to the particle diameter:

f = 24/Re = (24p)/(d,vp) (A2)

By combining these two equations:

F = 3pnd,v (A3)
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Calculation of the Forces Exerted on a Particle Carried by the Feed
Flow

Calculation of the Tangential Force

In laminar flow, assuming that the permeation is so low that no change
is induced on the parabolic velocity profile inside the fibers, the equations
giving the tangential velocity and the shear stress at a given distance, r,
from the center of the fiber are

VAr)/Vmaxe = 1 = (r/R)? (A4)
T,, =-udv/0z = (APr)/(2L)
where v, R, L, and p represent the velocity at the center of the fiber, the

radius and the length of the fiber, and the viscosity of the flowing
fluid.

Assuming that at the membrane wall the tangential velocity equals zero,
and defining a new coordinate r* = R — r gives

v,(r*) = (APR)/(2pL) - r* (AS)

Substituting for the pressure drop given by Poiseuille’s |aw (#,yerageR” =
(APnR%)/(8uL)) gives a relationship between the velocity at a given dis-
tance r*, the average velocity u, and the fiber radius:

v(r*) = (4u/R)r* (A6)

The tangential force F, exerted on a particle by the tangential flowing
fluid then becomes

F, = 12pund,r*/R (AT)

For a particle located in the vicinity of the membrane wall, r* = r,
so that

F, = 6unud?/R (A8)
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Calculation of the Force Due to Convection

To get an expression for that force requires the particle velocity in the
direction normal to the membrane surface to be known. It depends on the
filtration rate v, through the pore. According to Poiseuille’s law v,
is

Voore = (AP/32pe)d, (A9)
where e is the thickness of the dense skin layer of the membrane.

Since there is no relationship between the permeation rate through a
pore and the induced velocity of a particle in the vicinity of the pore en-
trance v4 to the knowledge of the authors, the following expression is
used:

vf = Blvporc (AIO)
Combined with Eq. (A3) this leads to

F,= AP/(32pe) - d2,..B, (A11)

Forces Balance

The forces balance to be satisfied for a particle to stop at the entrance of
a pore to hinder the filtration of the solvent can be expressed by

F; > B,F, (A12)
Substituting for F, and F, (Egs. A8 and All) in Eq. (A12) gives
dloe/d, > (ne/64)(n/AP) (A13)
Calculation of the Forces Exerted on a Particle Located at a
Pore Entrance
As soon as a particle stops at the entrance of a pore and thereby hinders

the filtration of the solvent, i.e., as soon as Inequality (A13) is satisfied, it is
influenced by a new system of forces in which the force F;due to permea-
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tion is replaced by a static force, F,, induced by the pressure gradient be-
tween the two sides of the membrane. As a result, the new forces
system is

F, = 6pnud}/R
F, = (ndf,orc/4)AP (A14)

For the particle to remain at the pore entrance, the following condition
has to be satisfied

F/JF, < dyo./d, (A15)
Substituting for F, and F, in Eq. (A1S5) gives
(dpore/d,)’ > (24p/R)(u/AP) (A16)

If Inequality (A16) is not satisfied, the static force is not sufficient for the
particle to remain at the pore entrance, and it may be removed by the
tangential feed flow. Consequently, the situation is again the same as
before the arrival of the particle, and another particle of the same size or
smaller can replace it.

NOMENCLATURE
Gy bulk concentration
C, permeate concentration
d, particle average diameter
doore pore diameter
AP pressure difference across the membrane
e pore length
F; drag force due to convection through the pores
f drag force due to tangential flow
F, suction force
J overall filtration flux
Ji filtration flux through nonselective pores
L, membrane permeability
R hydrodynamic radius
TR rejection coefficient

u axial velocity
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G

VT ATTOR

reek

fraction of pores allowing solute transport
probability for a pore to be dynamically blocked
viscosity

osmotic pressure

density
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