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Even if the proper membrane for a certain mass
separation task is available, various engineering
aspects must be considered that can affect the
economics of the process considerably, or even
make it technically impossible. A major problem
in all membrane separation processes is the
decline of the membrane flux due to concentra-
tion polarization effects and the formation of
cake or gel layers by feed solution constituents
retained by the membrane. Equally devastating
for the performance of a process is membrane
fouling. Membrane fouling is a more general
term. It may be the result of concentration
polarization, or the consequence of adsorption
of feed solution constituents at the membrane
surface and, especially in microfiltration, also
within the membrane structure. The control of
concentration polarization and membrane foul-
ing is a major problem in the design of membrane
separation processes and equipment [1–3].

Concentration polarization occurs in all sepa-
ration processes, but its consequences are espe-
cially severe in membrane processes. When in a
mass separation procedure a molecular mixture is
brought to a membrane surface, some compo-
nents permeate the membrane under a given
driving force while others are retained. This leads
to accumulation of retained material and deple-

tion of the permeating components in the bound-
ary layers adjacent to the membrane surface. This
phenomenon is referred to as concentration
polarization. The causes and consequences of
concentration polarization may differ in different
membrane processes. Often the adverse effects
of concentration polarization are intensified by
adsorption of certain feed mixture constituents
at the membrane surface. This phenomenon is
referred to as membrane fouling. It is often
observed when solutions containing biological
materials such as proteins are processed, but
inorganic materials, especially polyelectrolytes,
can also cause severe fouling. In biofouling mi-
croorganisms accumulate at and attach to the
membrane surface. The actual mechanism of
biofouling is rather complex and involves the
formation of a so-called conditioning film, which
consists of organic polymeric material that then
leaves the membrane surface within the biocom-
patible range for attachment of film-forming
bacteria. Biofouling is especially severe in
reverse osmosis of seawater and its control is
crucial for the reliable operation of reverse
osmosis desalination plants. Concentration polar-
ization can be minimized by hydrodynamic
means such as the feed flow velocity and the
membrane module design. The control of
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membrane fouling, however, is more difficult.
Membrane fouling is influenced by the chemical
nature of the membrane material and the feed
solution constituents. To avoid or control mem-
brane fouling extensive feed water pretreatment
and dosage of special chemicals may be required.
The causes and consequences of concentration
polarization and membrane fouling as well as
necessary means to control them depend on the
feed water composition and on the membrane
process.

1. Concentration Polarization in
Filtration Processes

The causes and consequences of concentration
polarization in pressure-driven membrane
processes such as reverse osmosis and ultra-
and microfiltration have been studied extensive-
ly [4–6]. While the causes for concentration
polarization are identical in all three processes
the consequences are rather different. When
water selectively permeates a reverse osmosis
or ultra- and microfiltration membrane, the
retained solutes are accumulated at the mem-
brane – solution interface. Thus, a concentra-
tion gradient between the solution at the mem-
brane surface and the bulk is established which
leads to backtransport of the material accumu-
lated at the membrane by diffusion and eventu-
ally other means. This phenomenon is referred
to as concentration polarization. In reverse
osmosis mainly low molecular weight materials
are separated from a solvent such as water.
The feed solutions often have a considerable
osmotic pressure. For example seawater has an
osmotic pressure of about 24 bar. In reverse
osmosis concentration polarization leads to an
increase in the osmotic pressure, which is
directly proportional to the solute concentration
at the membrane surface, and thus a decrease in
the membrane flux at constant applied hydro-
static pressure. Furthermore, the quality of the
filtrate is impaired since solute leakage through
the membrane is also directly proportional to the
solute concentration at membrane feed-side
surface [7, 8].

In ultra- and microfiltration only macromole-
cules and particles are retained by the membrane.
The osmotic pressure of the feed solution is
generally quite low. However, the applied hy-
drostatic pressure is also low and in certain

applications of ultrafiltration the osmotic pres-
sure can not be neglected. Due to the rather high
molecular weight of the components separated in
ultra- and microfiltration their diffusion from the
membrane surface back into the bulk solution is
relatively slow. Therefore, the retained compo-
nents often are precipitated and form a solid layer
at the membrane surface [9]. This layer, which
often exhibits membrane properties itself, can
effect the membrane separation characteristics
significantly by reducing the membrane flux and
by changing the rejection of lower molecular
weight components. This is especially problem-
atic in the fractionation of materials of different
molecular weight.

To describe concentration polarization in
membrane filtration processes mathematically
a relationship is needed which relates the solute
concentration at the membrane surface to that in
the bulk and permeate solution, the membrane
flux, and the fluid flow conditions in the bound-
ary layer between membrane surface and bulk
solution. There are two basic approaches to this
problem [10]:

. Application of the so-called film model with
the appropriate mass transfer coefficients to
describe solute transport into and out of the
boundary layer.

. Solution of the transport equations for the fluid
velocity field to obtain an expression for the
local concentration at any point in the feed
solution.

Concentration polarization without precipita-
tion of solutes at the membrane surface can be
described reasonably well as a function of the
various hydrodynamic parameters and mem-
brane and feed solution properties by the film
model. The more rigorous treatment of concen-
tration polarization is based on a material and
momentum balance. The numerical solution of
the transport equations for the fluid and the
solutes is rather complex even after introducing
certain simplifications such as complete solute
rejection, concentration-independent transport
coefficients, and no diffusive transport parallel
to the membrane surface. Mathematical model-
ing is even more difficult when concentration
polarization leads to precipitation of the solutes
at the membrane surface. Here time-dependent
effects such as densification of a formed gel or
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cake layer often influence flux and separation
characteristics of the membrane.

1.1. Concentration Polarization
without Solute Precipitation

The treatment of concentration polarization
without solute precipitation by the film model
assumes turbulent flow with fully developed
velocity and concentration profiles in the bound-
ary layer at the membrane surface. The descrip-
tion of concentration polarization in laminar flow
is based on considerations analogous to heat
transfer in laminar feed flow conditions and must
consider entrance and exit effects in the devel-
opment of the velocity and concentration profiles
in the feed solution.

The film model assumes that, even with tur-
bulent feed flow, at a certain distance from the
entrance a constant laminar boundary layer is
established adjacent to the membrane surface in
which longitudinal mass transport is negligibly
low, so that mass transport within the film can be
regarded as one-dimensional in the direction
perpendicular to the membrane surface. During
the filtration process, a steady state is reached in
which the convective transport of solutes to the
membrane surface is counterbalanced by a dif-
fusive flux of the retained material back into the
bulk solution. Therefore, a constant concentra-
tion profile of the retained material in the laminar
boundary layer is obtained. This is illustrated in
the schematic diagram of Figure 1.

The material balance for the solute in the
differential element of the film is given by:

Js ¼ Js;con�Js;diff ð1Þ

where Js is the solute flux through the membrane,
Js,con the solute flux toward the membrane by
convection, and Js,diff the solute flux from the
membrane surface into the bulk solution by
diffusion.

Furthermore:

Js ¼ JvC
p
s ; Js;diff ¼ �Ds

dCs

d z
; and Js;con ¼ JvCs ð2Þ

where Jv is the membrane volume flux, Ds is the
diffusion coefficient, and dCs/dz is the concen-
tration gradient of the solute in the boundary
layer solution.

Combination of Equations (1) and (2) and
integrating with the boundary conditions Cs¼
Cs

w at z¼ 0 and Cs¼Cs
b at z¼ Zb leads to:

JvZb
Ds

¼ ln
Cw
s �Cp

s

Cb
s�Cp

s
ð3Þ

where Zb is the boundary layer thickness, Cs
p the

permeate solute concentration, and Cs
w and Cs

b

are the solute concentrations in the feed solution
at the membrane wall and in the bulk.

The membrane rejection R relates the perme-
ate concentration to the concentration at the
membrane wall:

R ¼ 1� Cp
s

Cw
s

ð4Þ

Figure 1. Schematic diagram illustrating the concentration profiles of a component retained by the membrane and the fluxes in
the laminar boundary layer at the feed side surface of a membrane under steady-state conditions as assumed in the film model
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Combination of Equations (3) and (4) leads to:

Cw
s

Cb
s

¼ exp JvZb
Ds

Rþð1�RÞexp JvZb
Ds

ð5Þ

In Equation (5) the concentration polarization is
expressed as the ratio of the solute concentration
at the membrane surface Cs

w and that in the bulk
solutionCs

b. It is a function of the membrane flux
Jv, the thickness of the boundary layer Zb, the
diffusion coefficient of the solute in the boundary
layer solution Ds, and the membrane solute re-
jection R.

To describe the concentration polarization
under various feed flow conditions a solute
mass transfer coefficient ks is introduced. As-
suming that the membrane flux is small com-
pared to the feed flow parallel to the membrane
surface the mass transfer coefficient can be
expressed by:

ks ¼ Ds

Zb
ð6Þ

where ks is the solute mass transfer coefficient,
Ds is the solute diffusion coefficient in the
boundary solution, and Zb is the boundary layer
thickness.

Introducing Equation (6) into Equation (5)
leads to:

Cw
s

Cb
s

¼ exp Jv
k

Rþð1�RÞexp Jv
k

ð7Þ

Equation (7) describes the concentration polari-
zation as a function of the filtration rate, the
membrane rejection, and the mass transfer coef-
ficient. The filtration rate and the membrane
rejection can easily be measured. The mass trans-
fer coefficient is more difficult to determine.
However, empirical correlations developed for
various feed solution flow regimes under the
assumption of steady-state conditions can be used
to estimate the mass transfer coefficient as a
function of the feed flow velocity and the filtration
device geometry. These correlations may be ex-
pressed in a very general form by the Sherwood,
Reynolds, and the Schmidt numbers [11]:

Sh ¼ a RebScc
dH
L

� �d

ð8Þ

where Sh, Re, and Sc are respectively the
Sherwood, Reynolds, and Schmidt numbers, dH

is the hydraulic diameter or other characteristic
dimension, L the length of the feed flow duct,
which may be a channel or a tube, anda, b, c, andd
are constants which are characteristic for different
filtration system geometries and which must be
experimentally determined.

The Sherwood number is given by:

Sh ¼ ks
dH
Ds

ð9Þ

where Ds is the diffusion coefficient.
The Schmidt number is given by:

Sc ¼ v

Ds
ð10Þ

where n is the viscosity.
The Reynolds number for turbulent flow in a

tube or channel is given by:

Re ¼ dHu

v
ð11Þ

where u is the linear velocity.
In a stirred batch cell the Sherwood and the

Reynolds numbers can be expressed by the cell
diameter Dc, the stirrer speed w, and the stirrer
length d. Thus, in a well-stirred batch cell the
Sherwood number is given by:

Sh ¼ ks
Dc

Ds
ð12Þ

and the Reynolds number by:

Re ¼ w d2

v
ð13Þ

When the film model is used to describe concen-
tration polarization in turbulent flow regime, it is
generally assumed that the flow is fully devel-
oped and entrance effects can be neglected. This
can be done in most filtration systems that are
used in large-scale industrial applications; there-
fore, exponent d in Equation (8) is 0. In laminar
flow the situation is different, especially in mod-
ules consisting of relatively short thin channels.
Here, the entrance length often covers the entire
channel length.

Combination of Equations (5), (8), (10), (12),
(13), gives a relation for the mass transfer coeffi-
cient in a well-stirred batch cell:

Cw
s

Cb
s

¼
exp JvDc

aðDswd2Þ0:66v�0:33

Rþð1�RÞexp JvDc

aðDswd2Þ0:66v�0:33

ð14Þ
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where Cs
w and Cs

b are the solute concentrations
at the membrane surface and in the bulk solu-
tion, Ds is the solute diffusion coefficient, Dc

the diameter of the cell, d the stirrer length, n
the viscosity of the solution, w the stirrer speed,
Jv the membrane flux, R the membrane rejec-
tion, and a a constant which has a value between
0.1and 0.6 depending on the cell design.

Equation (14) shows that concentration polari-
zation for a given feed solution and batch-cell
geometry increases with increasing transmem-
brane flux and membrane rejection and decreases
with increasing stirrer speed.

By introducing the appropriate relation for
the hydraulic diameter and the length of the
flow duct the concentration polarization can also
be calculated for a rectangular channel and a
circular tube. The hydraulic diameter is ex-
pressed in terms of the channel width w and the
channel height h by:

dH ¼ 2wh

wþh
ð15Þ

where w is the channel width and h the channel
height.

Thus, the concentration polarization in a rect-
angular channel is given by:

Cw
s

Cb
s

¼
exp

Jv
wh
wþhð Þ0:2v0:47

a D0:66
s u0:8

Rþð1�RÞexp Jv
wh
wþhð Þ0:2v0:47

a D0:66
s u0:8

ð16Þ

where w is the channel width, h the channel
height, and u the linear feed flow velocity.

The concentration polarization in a tubular
membrane device can be calculated accordingly
to:

Cw
s

Cb
s

¼
exp Jvr

0:2
t v0:47

a D0:66
s u0:8

Rþð1�RÞexp Jvr
0:2
t v0:47

a D0:66
s u0:8

ð17Þ

where rt is the radius of the tubular membrane
device.

The film model which pictures a laminar
boundary layer at the membrane surface and a
turbulent bulk solution can obviously not be
applied to membrane devices with laminar feed
flow. In laminar flow in thin-channel, tube, or
capillary membrane modules the flow velocity is
no longer constant over the cross section of the
flow channel or capillary, and the velocity and
concentration profiles develop over a much lon-
ger distance from the channel entrance than in

turbulent flow. Therefore, entrance effects can-
not be neglected in most commercially available
membrane modules operated with laminar feed
flow when the concentration polarization effects
are described mathematically. Concentration
polarization in laminar flow can be estimated
with reasonable accuracy by describing the mass
transfer in analogy to heat transfer in laminar
flow by the Reynolds, the Schmidt, and the
Sherwood numbers, taking the entrance length
into account. The Sherwood number for laminar
flow devices can be expressed by [12]:

Sh ¼ a ScRe
dH
L

� �0:33

ð18Þ

In filtration processes with laminar flow the
concentration polarization can be calculated as
a function of the flow velocity, the channel
height, and the channel length by combination
of Equations (5), (6), and (18).

Although the film model assumes several
simplifications such as steady-state conditions,
that is, no variations in the concentration profile
with time, no mass transport parallel to the mem-
brane surface due to concentration or density
gradients, and fully developed velocity profile in
the turbulent flow regime, it has proved to be quite
useful for describing concentration polarization
in reverse osmosis and ultrafiltration under
various feed flow conditions as long as no solutes
precipitate at the membrane surface. The same is
true for the treatment of concentration polariza-
tion in membrane modules with laminar flow.

The characteristic constants for the calcu-
lation the concentration polarization in practi-
cally used membrane filtration modules with
turbulent and laminar flow are summarized in
Table 1.

Table 1.Mass transfer correlation for the constants a, b, c, and d under

various hydrodynamic feed flow conditions

Flow

regime

Module

geometry

Hydraulic

diameter dH

Characteristic constants

a b c d

Turbulent channel 2hw
hþw 0.023 0.8 0.33 0

Laminar channel 2hw
hþw 1.62 0.33 0.33 0.33

Turbulent tube rt 0.023 0.8 0.25 0

Laminar tube rt 1.86 0.33 0.33 0.33

rt¼ tube radius, h¼ channel height, w¼ channel width.
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The rigorous analysis of concentration
polarization involves the solution of the general
transport equations for fluid and solute (i.e.,
the mass balance of solute and solvent and
the momentum balance). The solution of the
coupled continuity and momentum equations is
mathematically rather complex and it becomes
even more complicated in the case of significant
viscosity changes or precipitation of solutes at
the membrane surface due to concentration
polarization [10].

1.2. Concentration Polarization with
Solute Precipitation at the Membrane
Surface

In ultrafiltration and even more so in microfiltra-
tion the simple film model is no longer applicable
because the feed solutions contain macromolec-
ular components or suspended materials and the
membrane fluxes are generally significantly
higher than in reverse osmosis [13, 14]. Due to
the relatively low diffusion coefficient of macro-
molecules or suspended particles, diffusive mass
transport of components retained by the mem-
brane from the membrane surface back into the
bulk solution is slow and can not counterbalance
the convective mass transport towards the mem-
brane. Thus, the solute concentration at the
membrane surface often exceeds the solubility
of the feed solution constituents. This results in
the precipitation of the feed solution components
at the membrane surface and the formation of a
dense solid layer on the membrane surface,
which adds an additional hydrodynamic resis-
tance to the membrane flux. When the membrane
surface concentration reaches the solubility limit
of the feed water constituents, the concentration
difference between the membrane surface and
the bulk solution and thus the diffusive transport
from the membrane surface into the bulk solution
reaches its maximum value. If the membrane flux
and thus the convective solute transport towards
the membrane is increased by increasing the
hydrostatic pressure, more solutes are trans-
ported towards the membrane than can diffuse
back. The additional solutes also precipitate
and increase the thickness of the layer at the
membrane surface and thus increase its resis-
tance correspondingly, and in spite of an increase
in the hydrostatic pressure driving force the

membrane flux is not further increased. That
means that in ultrafiltration and microfiltration
of solutions containing high molecular compo-
nents with limited solubility the membrane flux
becomes independent of the hydrostatic pressure
driving force as soon as these components
precipitate and form a solid layer at the mem-
brane surface. Typical results obtained in ultra-
filtration of macromolecular solutions that pre-
cipitate at the membrane surface when a certain
hydrostatic pressure or feed solution concentra-
tion is exceeded is shown in Figure 2. Here,
membrane fluxes obtained when filtering hemo-
globin solutions of different concentrations
through an ultrafiltration membrane are shown
as a function of the applied hydrostatic pressure
and the hemoglobin concentration. The filtra-
tion apparatus is a stirred batch cell operated at
constant stirrer speed. With pure water the
membrane flux is directly proportional to the
applied hydrostatic pressure. With the hemo-
globin solution the membrane flux depends on
the applied pressure only at very low pressures
and approaches a constant, pressure-indepen-
dent value at higher pressures. This value is a
function of the hemoglobin concentration and
is lowest at the highest concentration. Similar
membrane flux – pressure relations are ob-
tained in all filtration tests with feed solutions
that contain macromolecular or particulate
components which have low diffusivities and
thus tend to precipitate at the membrane surface.

Figure 2. Ultrafiltration fluxes of water and hemoglobin
solutions of different concentrations determined as a function
of the hydrostatic pressure in a stirred batch cell at constant
stirrer speed of 1800 rpm
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Under conditions of precipitation-layer forma-
tion at the membrane surface the membrane flux
can only be increased by a decrease in the
boundary layer thickness or the bulk solution
concentration. The boundary layer in membrane
separation processes depends on hydrodynamic
conditions of the system and depends on the
degree of mixing, that is, on the Reynolds
number achieved in the feed solution in turbu-
lent flow or the channel height or capillary
diameter under laminar flow conditions. The
flux decline due to the formation of a precipitate
layer also depends on the feed water constitu-
ents. Some components, such as proteins, dex-
trans, and metal oxides, form rather dense layers
that affect the membrane flux significantly,
while other materials, such as rigid particles,
have a lesser effect on the flux.

The effect of the boundary layer thickness on
the membrane flux has been demonstrated in
several studies [15, 16]. Figure 3 shows the
ultrafiltration flux of 1 % bovine albumin (M ¼
69 000) and 1 % dextran 110 (M¼ 110 000) as a
function of the stirrer speed determined in a batch
cell at 5 bar hydrostatic pressure [17]. With
increasing stirrer speed, that is, decreasing
boundary layer thickness, the membrane flux
increases.

The experimental results show that in the case
of precipitation of solute at the membrane surface,
as in ultrafiltration and more so in cross-flow
microfiltration, the hydrodynamic resistance to
membrane flux is not only a function of the

membrane properties but is also strongly affected
by the gel or cake layer formed by the retained
solutes at the membrane surface. A simpler
approach to describe the membrane flux in case
of formation of a gel or a cake layer is to assume
that the osmotic pressure of the feed solution in
micro- and ultrafiltration can be neglected and
express the flux in terms of the resistances of the
membrane and the layer in series [18, 19]:

Jv ¼ A
1

Rmþr1Dz1
D p ð19Þ

where Jv is the membrane flux, Rm the hydrody-
namic resistance of the membrane, rl the specific
resistance of the layer, Dz1 the thickness of the
layer, Dp the hydrostatic pressure driving force,
and A the membrane area.

Formation of a gel or cake layer in micro- and
ultrafiltration is illustrated in Figure 4. This
figure shows schematically a membrane, the gel
layer at its surface, and the concentration and
hydrostatic pressure profiles in the bulk solu-
tion, the laminar boundary layer, the gel layer,
and the membrane. When the concentration of
the retained solute at the membrane surface Cs

w

reaches the gel layer concentration Cs
g, maxi-

mum diffusive transport of retained components
from the membrane surface back into the bulk
solution is attained. In the description of con-
centration polarization in terms of the film
model it is assumed that diffusion is the only
mechanism in the laminar boundary layer for the
transport of components from the membrane
surface to the bulk solution, and that in the
steady state diffusive transport is just counter-
balanced by the convective transport towards
the membrane. This means that an increase in
the hydrostatic pressure will lead only to short-
term increase of the membrane flux and
convective transport of solutes towards the
membrane surface. Since diffusive transport
from the membrane into the bulk solution is
independent of the applied hydrostatic pressure,
and additional components transported towards
the membrane surface will precipitate and lead
to an increase in gel layer thickness, the overall
cake layer resistance will increase until the
membrane flux has dropped back to its original
value. This means that the membrane flux in
ultra- or microfiltration is independent of the
applied hydrostatic pressure when a gel layer is
formed due to precipitation of the retained

Figure 3. Membrane flux determined in a stirred batch cell
with 1 % solutions of dextran 110 and bovine albumin at
different stirrer speeds and constant hydrostatic pressure of
5 bar
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components at the membrane surface and it
depends only on the transport of these compo-
nents back into the bulk solution.

Under conditions of precipitation of retained
components at the membrane surface the mem-
brane flux can only be increased by increasing the
backtransport of the retained components into the
bulk solution. This can be done, for example, by
decreasing the boundary layer thickness or de-
creasing the bulk solution concentration, as can
be seen from Equations (20) and (21), which
describe the mass transport in the laminar bound-
ary layer in a filtration device with turbulent bulk
flow. For simplicity it is assumed that the dis-
solved components are completely retained by
the membrane (i.e., R¼ 1):

Cw
s

Cb
s

¼ exp
JvZb
Ds

ð20Þ

where Cs
b and Cs

w are the solute concentrations
in the bulk solution and at the membrane surface,
which is identical to the gel layer concentration
Cs

g and constant for a given temperature and
pressure. With Cs

w¼Cs
g ¼ const. the flux is

determined according to Equation (20) only by
the bulk solution concentration and the boundary
layer thickness. For certain mass transfer condi-
tions and bulk solution concentration it is given
by:

Jv ¼ Ds

Zb
lnCb

s ¼ kslnC
b
s ð21Þ

Figure 5 shows the membrane flux obtained
for three different feed solution concentrations in
the filtration of solutions with constituents that
precipitate at the membrane surface as a function
of the applied hydrostatic pressures, as calculated
by Equation (21). The flux versus pressure curves
in Figure 5 show the same general pressure –
flux relation as the experimental data obtained in
ultrafiltration experiments with hemoglobin so-
lutions of different concentrations (Fig. 2). The
flux of pure water increases linearly with the
applied pressure. The flux of a solution also
increases linearly with pressure until a certain
flux is attained. A further increase in pressure
does not lead to a permanent increase in flux since
the concentration of the retained solutes at the

Figure 4. Schematic illustrating concentration polarization with the solutes forming a gel or cake layer at the membrane
surface (Cs

b and Cs
w are the solute concentrations in the bulk solution and at the membrane wall, Dp is the pressure difference

between the permeate and the feed, and Jv the filtrate rate)

Figure 5. Schematic showing the permeate flux as a function
of the applied pressure for the filtration of gel-layer-forming
feed solutions of different concentrations
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membrane surface has reached the solubility
limit and precipitation occurs. The precipitated
solute forms a dense layer which grows in thick-
ness and in hydrodynamic resistance when, due
to an increase in the applied pressure, the flux
through the membrane is increased for a short
time period and then reaches its former value
again. The gel or cake layer at the surface of a
micro- or ultrafiltration membrane not only
impairs the membrane flux, but it can also influ-
ence separation properties of the membrane by
acting as a permeable membrane which retains
lower molecular weight materials not rejected by
the membrane [9]. Especially in fractionation
of biological fluid mixtures such as blood the
formation of a gel layer impairs the entire process
and can make a separation of different molecular
weight components impossible.

With the formation of a gel or cake layer
during filtration of macromolecular or particu-
late solutions or suspensions with high-flux
membranes, mathematical modeling of the pro-
cess becomes significantly more complex, be-
cause the specific resistance of the gel layer
depends on the layer-forming components and
can be very different for different components.
While some rigid materials such as latex balls
form layers that resemble the packing of
spheres, other materials such as certain proteins
form gel-type layers. Many gel layers change
their structure with time and their resistance
often increases with time.

Furthermore, because of the low diffusivities
of macromolecules and particles, diffusion can
no longer be the only means of transportation of
the components retained by the membrane in
micro- and ultrafiltration. Grossly simplified, the
process can be described as a three-step proce-
dure (Fig. 6). In the gel layer the material retained

by the membrane is more or less solidly integra-
ted in a structure. The strength of this structure
will depend on the intrinsic properties of the
material but also on the hydrostatic pressure and
eventually on the ‘‘age’’ of the gel layer. The first
step in the process of bringing the material back
into the bulk solution therefore is to release it
from the structure into the solution at the bound-
ary layer. If the material is in solution it can
diffuse or be transported by other means such as
convection into the bulk solution. Steps 2 and 3 of
the transport process are in parallel, while steps 1
and 2 or 3 are in series.

In parallel processes, the fastest is the overall
rate-determining step, and in consecutive pro-
cesses the slowest is rate-determining. In ultra-
and microfiltration with gel layer formation it is
quite likely that the first step, that is, the release of
the material from the gel layer structure, is the
rate-determining step, and of the two parallel
steps convective transport is fastest.

In many ultrafiltration tests a flux decline with
time is observed even when all other operating
parameters are kept constant. The original mem-
brane flux can usually be restored when the
membrane has been cleaned thoroughly with a
proper solution. This is demonstrated in Figure 7,
which shows schematically the results of a
typical filtration test.

The flux decline with time when all operating
parameters are kept constant, as shown in Figure 7
and observed in many practical ultrafiltration
tests, is difficult to explain with flow condition
arguments only. It can, however, be rationalized
by the assumption that the rate-limiting step for
the transport of the material retained at the
membrane surface into the bulk solution is the
release rate of the material from the gel structure.
This rate may well decrease with time when the

Figure 6. Schematic illustrating the mechanism of the trans-
port of components retained by the membrane and accumu-
lated in a gel layer from the membrane surface back into the
bulk solution

Figure 7. Membrane flux obtained during ultrafiltration of
cheese whey at constant operating conditions but with daily
cleaning periods as function of time (schematic)
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gel structure ages and becomes more compact
under pressure [20].

Modeling the mass transport at the membrane
surface in micro- and ultrafiltration mathemati-
cally in terms of the hydrodynamic feed flow
conditions, with inclusion of all phenomena
observed in practical separation problems, is
rather difficult when a gel layer has formed and
the mass transfer at the membrane surface is no
longer just a function of the diffusion coefficient
and boundary layer thickness. Many mathemati-
cal models use fitting parameters and can be
applied only to very specific conditions of mem-
branes, feed solutions, and process parameters. A
general model that fits all feed solutions and
process parameters seems to be too complex to
be of practical value.

2. Membrane Fouling and its Causes

In the literature the term ‘‘membrane fouling’’ is
often used to describe a long-term flux decline
caused by accumulation of certain materials at
the membrane surface. The consequences of
membrane fouling are obvious, but its causes
are often not very clear [20, 21, 23]. Formation
of a gel or cake layer is one cause of membrane
fouling. Gel or cake layers can be formed by a
variety of materials including inorganic pre-
cipitates such as CaSO4, Fe(OH)2, and other
metal hydroxides; organic materials such as
proteins, humic acids, and other macromolecu-
lar materials; and biological components such
as microorganisms and their metabolic pro-
ducts. Membrane fouling can also occur without
concentration polarization (i.e., direct transport
to the membrane surface as in any mass separa-
tion process). The attachment of the substances
to the membrane surface may be caused by
adsorption due to hydrophobic interactions, van
der Waals forces, or electrostatic forces. The
fouling layer itself can be porous and thus
permeable to aqueous solutions, as in the case
of some inorganic precipitates, or highly imper-
meable when the layer consists of films of
mineral oils or hydrophobic surfactants. The
fouling mechanism also depends on the mem-
brane process. In electrodialysis fouling is
caused mainly by precipitation of polyelectro-
lytes or sparingly soluble salts such as CaSO4 or
CaCO3. Membrane fouling in electrodialysis

affects mainly anion-exchange membranes
because most of the colloidal and macromolec-
ular polyelectrolytes present in natural waters
(e.g., humic acids and proteins) are negatively
charged. In ultra- and microfiltration of biologi-
cal solutions, but also in reverse-osmosis
seawater desalination, biological fouling is a
severe problem affecting the economics of the
processes. In biomedical applications protein
adsorption and protein denaturation at the mem-
brane surface often impair the performance of
the membranes.

The difference between concentration polari-
zation and membrane fouling or scaling is illus-
trated schematically in Figure 8. Concentration
polarization is a reversible process based on
diffusion and takes place over a few seconds; it
can be described adequately by a simple mathe-
matical model and easily controlled by proper
process design. Fouling is generally irreversible
and the flux decline takes place over many
minutes, hours, or even days. A constant flux is
generally not reached. Membrane fouling is more
difficult to describe and to control by experimen-
tal means. Membrane fouling is determined by a
variety of different parameters including the feed
solution constituents and their concentration,
membrane material, and the fluid-dynamic
system design. Membrane fouling can be caused
by simple precipitation of insoluble materials
or by reversible or irreversible adsorption of
components at the membrane surface and within
the membrane pores.

The means of preventing or at least controlling
membrane fouling are as heterogeneous as the
different materials and mechanisms causing the
fouling [22, 23]. The main procedures to avoid or
control fouling involve:

Figure 8. Schematic illustrating the difference between the
flux decline due to concentration polarization and due to
membrane fouling
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. Pretreatment of the feed solution

. Membrane surface modifications

. Hydrodynamic optimization of the membrane
module

. Membrane cleaning with appropriate chemical
agents

Pretreatment of the feed solution can include
chemical precipitation, prefiltration, pH adjust-
ment, chlorination, and carbon adsorption. In
some membrane module designs, for instance,
hollow-fiber modules, the elimination of all
particulate materials is of great importance for
the proper function of the membrane.

Membrane surface modifications include the
introduction of hydrophilic moieties or charged
groups in the membrane surface by chemical
means or plasma deposition.

Increasing the shear rate imposed by the feed
solution on the membrane surface will in many
cases reduce membrane fouling. High feed flow
velocities and proper module design are efficient
tools in controlling membrane fouling.

When, in spite of an adequate membrane and
module design, the membrane flux decreases
with operating time to an unacceptably low value
it is necessary to clean the membrane to restore
the flux in part or completely. Typical cleaning
agents are acids and bases such as HNO3 and
NaOH, complexing agents, enzymes, and deter-
gents. Another very effective method to mini-
mize the effects of membrane fouling in micro-
filtration is backflushing, in which the applied
pressure is reversed and the permeate pushed

through the membrane to lift off fouling material
precipitated on the feed side membrane surface
and wash it out of the filtration device. Back-
flushing is done at certain time intervals for a few
seconds.

3. Concentration Polarization in
Other Membrane Separation
Processes

In other membrane separation processes of
technical relevance concentration polarization is
of lesser significance than in reverse osmosis or
ultrafiltration. It can generally be controlled and
its detrimental effects be minimized by proper
process design.

3.1. Concentration Polarization in
Dialysis

In dialysis, concentration polarization is an
accepted phenomenon. There is always deple-
tion of the components in the boundary layer at
the membrane surface facing the feed solution
and accumulation at the membrane surface
facing the dialysate (Fig. 9). However, the
differences between the concentrations at the
membrane surfaces and in the bulk solutions is
low, because dialysis membranes are rather
thick compared to the laminar boundary layers
at their surfaces, and the transport in the

Figure 9. Schematic illustrating the effects of concentration polarization in dialysis
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membrane is rate-limiting for the overall mass
transfer from the feed to the dialysate bulk
solution. Thus, in dialysis concentration polari-
zation effects are small.

3.2. Concentration Polarization in
Electrodialysis

In electrodialysis, concentration polarization
decreases the ion concentration at the mem-
brane surface facing the diluate cell and
increases the concentration at the membrane
surface facing the concentrate cell of the elec-
trodialysis stack. The concentration increase
may lead to a precipitation of salts. The concen-
tration decrease lowers the limiting current
density. Since the required membrane area is
inversely proportional to the limiting current
density, concentration polarization in electrodi-
alysis has direct consequences for the overall
process economics. It is controlled by using cell
design and the flow velocities in the system to
minimize the thickness of the laminar boundary
layers at the membrane surfaces.

3.3. Concentration Polarization in
Pervaporation

In pervaporation, concentration polarization can
occur on both sides of the membrane. As in
dialysis the boundary layer at the membrane
surface facing the feed solution is depleted of
the preferentially permeating components, which
are then enriched at the membrane surface facing
the permeate [24]. In pervaporation, concentra-
tion polarization is generally controlled by
decreasing the laminar boundary layer thickness
through hydrodynamic measures. This can lead
to problems when high-flux thin-film composite
membranes are used. At the permeate side the
laminar boundary layer is always as thick as the
porous substructure, and severe concentration
polarization and capillary condensation may
occur on the permeate side of the membrane. If
the solubility of the permeating component in the
feed solution is low the boundary layer at the feed
side of the membrane may be depleted of the
permeating component and the membrane flux
and separation efficiency may be severely
impaired. This, for example, is the case when

organic solvent – water mixtures of limited sol-
ubility are treated.

3.4. Concentration Polarization in Gas
Separation

In the separation of gases by solution-diffusion
membranes, concentration polarization is of
lesser importance and has generally little effect
on the overall efficiency of the process. The
reason is that the diffusivity of gases in the gas
phase is much higher than in a solid polymer
phase. Therefore, the transport rates in the
boundary layer are comparatively high and there
is less accumulation or depletion of components
at the membrane surface. Nevertheless, concen-
tration polarization in gas separation can not in
all cases be neglected and must also be controlled
by proper system design and flow conditions of
the gases on the feed and permeate side of the
membrane.
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