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Abstract

The unsteady-state permeate flux response to a step change in transmembrane pressure is shown to result in unique

flux–pressure profiles for the three types of solutes common in membrane ultrafiltration (UF): (a) solutes which exert an

osmotic pressure but do not form a ‘gel’; (b) solutes which do not exert an osmotic pressure but form a ‘gel’ and (c) solutes

which exert an osmotic pressure and also form a ‘gel’. It is also shown that for stirred cell UF, changes in the bulk feed solution

properties (concentration, volume) are negligible on the time scale needed to attain a stable permeate flux. Unsteady-state

permeate flux measurements could therefore be made at short filtration times so that the results would not be masked by

changes in bulk properties. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Membrane ultrafiltration (UF) and microfiltration

are both known to exhibit the phenomenon of lim-

iting flux. The permeate flux is found to increase

with increasing transmembrane pressure till a critical

value of transmembrane pressure. At higher values

of transmembrane pressure, the permeate flux does

not increase further. This is usually explained by the

formation of a ‘gel’ layer of rejected particles, which

forms on the feed surface of the membrane.

The solutes being ultrafiltered can be broadly

classified into two categories: those which exert an

osmotic pressure (like dextran, bovine serum albumin

(BSA)) and those which do not (like bentonite, silica).

Depending on the variation of osmotic pressure with

solute concentration and the hydrodynamic operating

∗ Tel.: +1-613-990-4967; fax: +1-613-941-2529.
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conditions, the solutes may or may not form a ‘gel’

layer when ultrafiltered using completely retentive

membranes.

van Oers et al. [1] reported experimental stirred

cell UF data for dextran and silica using totally

retentive membranes. They measured permeate flux

as a function of time for sudden variation of trans-

membrane pressure. However, as the analysis in this

work will show, their measurements were for long

times, where the unsteady-state response of the per-

meate flux to sudden variation in transmembrane

pressure were masked by a corresponding increase in

the feed bulk concentration. From the time scale of

such quasi-steady responses, it was concluded that the

build-up of a gel layer of silica particles takes about

1 h while for dextran the concentration polarization

layer builds-up within 1 min.

In this study, the unsteady-state model of van Oers

et al. [1] is rigorously solved incorporating the vari-

ation of the feed bulk volume and concentration as a

0376-7388/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Nomenclature

Am membrane area (m2)

C concentration (kg m−3)

Cg ‘gel’ concentration (kg m−3)

dp diameter of solute (m)

Db solute diffusivity in polarization

boundary layer (m2 s−1)

Js solvent (water) flux (m3 m−2 s)

k mass transfer coefficient

(Db/δpol) (m s−1)

�P transmembrane pressure (kPa)

Rg hydraulic resistance of ‘gel’ (m−1)

RH hydraulic resistance of system (m−1)

Rm hydraulic resistance of

membrane (m−1)

t time (s)

Vf feed volume (m3)

x spatial coordinate within polarization

boundary layer (m)

Greek letters

δg thickness of ‘gel’ layer (m)

δpol thickness of polarization layer (m)

εg porosity of ‘gel’ layer (0.37)

π osmotic pressure of solute (Pa)

ρ solute density (kg m−3)

Subscripts and superscripts

* non-dimensional

f bulk feed

0 initial

function of time. The model is then used to predict

true unsteady-state responses to sudden transmem-

brane pressure changes for three candidate cases: (i)

dextran UF where the solute exerts an osmotic pres-

sure but does not form a ‘gel’ at normal UF transmem-

brane pressures; (ii) silica UF where the solute does

not exert an osmotic pressure but forms a ‘gel’ and

(iii) BSA UF where the solute exerts an osmotic pres-

sure and also forms a ‘gel’. It will be shown that from

the nature of the flux response as a function of trans-

membrane pressure, each of the above three cases can

be uniquely identified.

2. Model

Consider a stirred UF cell with a membrane area

Am and initial concentration and volume of Cf0 and

Vf0, respectively. For a totally retentive membrane, the

time variation of the volume (Vf ) and concentration

(Cf ) in the bulk of the UF cell can be written as

dVf

dt
= −JsAm (1)

dCf

dt
= JsAm

Cf

Vf
(2)

where Js is the solvent (water) flux. The concentration

polarization layer adjacent to the membrane surface

can be schematically represented as shown in Fig. 1.

Within the concentration polarization layer, the gov-

erning equation for the concentration of the solute can

be written as [1]

∂C

∂t
= −Js

∂C

∂x
+ Db

∂2C

∂x2
(3)

where, C is the concentration in the polarization (CP)

layer, Db the solute diffusivity in the CP layer, x the

coordinate perpendicular to the membrane as shown

in Fig. 1.

Eq. (3) is solved with the following initial and

boundary conditions.

t = 0, 0 ≤ x ≤ δpol, C = Cf0 (4a)

t > 0, x = 0, C = Cf (4b)

t > 0, x = δpol, JsC

∣

∣

∣

x=δpol

= Db
∂C

∂x

∣

∣

∣

x=δpol

(4c)

The permeate flux can be calculated using the

osmotic pressure model [1].

Js =
�P − �π

µ(RH)
(5)

where �P is the transmembrane (feed to permeate)

pressure drop, �π the osmotic pressure difference

between the feed surface and the permeate surface

of the membrane, µ the solvent viscosity, RH is the

hydraulic resistance of the system. Before the forma-

tion of the ‘gel’ layer, only the membrane offers any

hydraulic resistance (Rm) to the permeate flow. After
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Fig. 1. Schematic of a concentration polarization boundary layer.

the formation of the ‘gel’ layer, there is an additional

resistance due to this layer of accumulated particles.

This hydraulic resistance of the ‘gel’ layer of particles

can be calculated using the Kozeny–Carmen equation.

Rg = 180
(1 − εg)

2

d2
pε3

g

δg (6)

where dp is the diameter of the particle and δg is the

thickness of the gel layer with a porosity of εg.

The rate of growth of the ‘gel’ layer thickness can

be calculated by a mass balance as follows.

∂δg

∂t
= Js −

(

Db

Cg

)

∂C

∂x

∣

∣

∣

∣

x=δpol

(7)

The following non-dimensional variables can be

defined

C∗ =
C

Cf0
, C∗

f =
Cf

Cf0
, V ∗

f =
Vf

Vf0
,

t∗ =
t

τ
, τ =

δ2
pol

Db
, x∗ =

x

δpol
,

δ∗
g =

δg

δpol
(8)

Non-dimensionalizing Eqs. (1)-(7) using the

above-defined variables we have

dV ∗
f

dt∗
= −

JsAm

Vf0
τ (9)

dC∗
f

dt∗
=

JsAm

Vf0

C∗
f

V ∗
f

(10)

∂C∗

∂t∗
= −

Jsδpol

Db

∂C∗

∂x∗
+

∂2C∗

∂x∗2
(11)

dδ∗
g

dt∗
=

Jsδpol

Db
−

1

C∗
g

∂C∗

∂x∗

∣

∣

∣

∣

x=δpol

(12)

The initial conditions for Eqs. (9)–(12) are given by

V ∗
f = 1, C∗

f = 1, 0 ≤ x∗ ≤ 1,

C∗ = 1, δ∗
g = 0 (13)

The boundary conditions for Eq. (11) are given by

x∗ = 0, C∗ = C∗
f (14a)

x∗ = 1, C∗
∣

∣

∣

x∗=1
=

Db

Jsδpol

∂C∗

∂x∗

∣

∣

∣

x∗=1
(14b)

Using the virial coefficient expression [1] for the

osmotic pressure, the solvent flux can be written as

Js =
�P − A1C |x∗=1 − A2C|2x∗=1 − A3 C|3x∗=1

µ(Rm + Rg)

(15)

where A1–3 are constants relating the osmotic pressure

of the solute to a polynomial expansion in its concen-

tration (C).

Eqs. (9)–(15) completely define the system. Once

the system parameters like �P and the stirring

speed (or mass transfer coefficient) are fixed, solv-

ing Eqs. (9)–(15) simultaneously, we can predict the

membrane surface concentration and the permeate

flux.
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3. Method of solution

In order to simultaneously solve the above govern-

ing equations, the non-dimensional boundary layer

thickness was discretized into 100 equally spaced

intervals such that x∗ = 0 corresponded to the first

grid point and x∗ = 1 corresponded to grid point

number 101. Discretizing Eq. (11) using the central

finite difference then results in 99 first order ordinary

differential equations (I-ODEs) for the concentration

profile within the polarization layer.

Discretizing Eq. (14b) using the backward differ-

ence method then results in a non-linear algebraic

equation to be solved for the membrane feed surface

concentration (C∗|x∗=1(C
∗
m)). This was solved by the

Newton–Raphson method. From the wall concentra-

tion, the porosity of the accumulated particle layer

can be calculated using the density of the particles as

follows.

εg = 1 −
Cf0C

∗|x∗=1

ρ
(16)

where ρ is the solute density. Hence, the 101 I-ODEs

before ‘gel’ formation and the 102 I-ODEs including

Eq. (12) after ‘gel’ formation were integrated using the

4th order Runge–Kutta integration scheme. After each

time integration, the non-linear algebraic equation

resulting from the discretization of Eq. (14b) was

solved so as to calculate the surface concentration.

This cycle of integration was carried out till steady

state.

Table 1

Hydrodynamic and solute parameters

Am 144 × 10−4 m2

Cf0 7–28 kg m−3

k 10−6 m s−1

Rm 1.88 × 1013 m−1

Vf0 2 × 10−3 m3

εg 0.37

µ 10−3 Pa s

Solute parameters Db (m2 s−1) ρ (kg m−3) dp (nm) A1 (Pa m3 kg−1) A2 (Pa m6 kg−2) A3 (Pa m9 kg−3)

Dextran T70 4.6 × 10−11 1125 5 37.5 0.752 76.4 × 10−4

BSA 6.75 × 10−11 1100 4.5 36.5 0.336 1.09 × 10−3

Silica 3.59 × 10−11 2250 12 0.0 0.0 0.0

4. Hydrodynamic and solute parameters

The model parameters are summarized in Table 1.

The membrane hydraulic resistance, the viscosity and

the parameters for dextran and silica were taken from

van Oers et al. [1]. The virial coefficients for calcu-

lating the osmotic pressure for BSA were taken from

Vilker et al. [2]. The size and density of BSA were

taken from Opong and Zydney [3].

The extent of the polarization layer was calculated

by assuming a typical mass transfer coefficient (k =

Db/δpol) of 1 �m s−1 as reported by van Oers et al. [1].

Typical values of membrane area (Am) and the initial

volume (Vf0) for stirred cell UF were also taken from

van Oers et al. [1]. The ‘gel’ layer porosity was set to

that of the maximum packing for solid spheres equal

to 0.37.

5. Model predictions and discussion

The model developed in this work has been pre-

viously verified against literature experimental data

[4]. In this study, we will now apply this model to

unsteady-state flux response to three generic kinds of

solutes namely: (i) a solute that exerts an osmotic pres-

sure but does not form a ‘gel’ at normal UF transmem-

brane pressures (Dextran T70); (ii) a solute that does

not exert an osmotic pressure but forms a ‘gel’ (sil-

ica) and (iii) a solute that exerts an osmotic pressure

and also forms a ‘gel’ at normal UF transmembrane

pressures (BSA).
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Fig. 2. (a) Unsteady-state permeate flux as a function of time for Dextran T70 using parameters listed in Table 1 for three different

initial bulk feed concentrations (�P values given in the text). (b) Non-dimensional membrane feed surface concentration as a function

of time for Dextran T70 UF (Cf0 = 7 kg m−3; �P = 200/400/200 kPa). (c) Steady state non-dimensional concentration profile within the

concentration polarization boundary layer for Dextran T70 UF for various values of �P (Cf0 = 7 kg m−3).
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Fig. 2 (Continued).

Using the parameters listed in Table 1, an analysis of

Eqs. (9) and (10) show that on the time scale required

to attain a stable permeate flux, the rate of change of

the bulk feed concentration and volume of solute is

negligible. Hence, if permeate flux measurements are

made so as to measure the actual unsteady-state val-

ues, effects of the variation of the bulk concentration

and volume in stirred cell UF can be neglected. The

bulk volume and concentration change was actually

found to be negligible for the entire range of para-

meters studied in this work.

In all the simulations using the parameters listed

in Table 1, the mass transfer coefficient was kept the

same for each of the three solutes so as to enable

comparison under identical mass transfer conditions.

Fig. 2a shows the unsteady-state permeate flux as

a function of time for Dextran T70 UF with the para-

meters listed in Table 1 for three different initial

bulk feed concentrations. The starting transmembrane

pressure (t = 0) was set to 200 kPa for all three

cases. After steady state was reached, �P was in-

creased to 400 kPa to predict the unsteady-state flux

response. For the case of 7 kg m−3, after steady state

was reached for 400 kPa, the pressure was then again

lowered to 200 kPa. Hence, the pressure cycle for

the case of 7 kg m−3 was 200/400/200 while that for

the other two cases was 200/400. As can be seen

from Fig. 2a, the time required to reach steady state

decreases as the feed concentration increases.

For each of the three concentrations, an increase in

�P results in a corresponding increase in steady state

permeate flux. Further for the cycle 200/400/200,

a decrease in pressure back to 200 kPa results in

a reversible decrease in the permeate flux corre-

sponding to the steady state value obtained by start-

ing at 200 kPa. Fig. 2b and c, respectively, show

the model prediction of the non-dimensional mem-

brane surface concentration (C∗
m) and the steady

state non-dimensional concentration profile (C∗(x∗))

within the boundary layer for the pressure cycle of

200/400/200 (Cf0 = 7 kg m−3). As can be seen from

Fig. 2b, the non-dimensional surface concentration is

well below the non-dimensional ‘gel’ concentration

(C∗
g = 101.25) and hence is a function of the trans-

membrane pressure and the system hydrodynamics.

It is therefore reversible for the pressure cycle of

200/400/200 and so is the steady state concentration

profile within the boundary layer as shown in Fig. 2c.
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Fig. 3. (a) Unsteady-state permeate flux as a function of time for silica UF using parameters listed in Table 1 for three different initial

bulk feed concentrations (�P values given in the text). (b) Non-dimensional membrane feed surface concentration (dotted line) and ‘gel’

layer thickness (solid line) as a function of time for silica UF (Cf0 = 14 kg m−3; �P = 200/400/600/200 kPa).
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The sudden drop in the permeate flux for a pressure

change of 400/200 (in Fig. 2a) can be explained as

being due to a sudden drop in the effective driving

pressure. The steady state effective driving pressure

(�P −�π ) at 400 kPa was 116 kPa which drastically

reduces to 51.6 kPa at 200 kPa resulting in a sharp drop

in permeate flux.

Hence, a solute capable of exerting an osmotic pres-

sure but not forming a ‘gel’ layer exhibits a gradual

flux decline with time followed by a reversible steady

state permeate flux for a sudden increase followed

by a decrease to the initial value of transmembrane

pressure �P.

Fig. 3a shows the unsteady-state flux for silica UF

using the parameters listed in Table 1 for three dif-

ferent initial bulk feed concentrations. The starting

pressure in all cases was 200 kPa. The figure shows

the unsteady-state flux response for a pressure cycle

of 200/400/600 for Cf0 = 7 and 28 kg m−3 and a

cycle of 200/400/600/200 for Cf0 = 14 kg m−3.

As can be seen from Fig. 3a, there is a finite period

of constant flux for silica UF at short filtration times.

Fig. 4. Steady state permeate flux as a function of �P for BSA UF using parameters listed in Table 1 (Cf0 = 7 kg m−3).

This time period of constant flux decreases as the ini-

tial bulk feed concentration increases. As soon as the

concentration of rejected particles on the membrane

surface exceeds the ‘gel’ concentration, there is an ad-

ditional resistance to permeate flux and hence the flux

starts decreasing as a function of time. What is interest-

ing is that the steady state value of the permeate flux is

independent of the transmembrane pressure �P once

a ‘gel’ layer is formed. A pressure cycle of 200/400

results in a sudden increase in permeate flux which
gradually reduces back to the value corresponding to

the steady state value at 200 kPa. Such behavior has
been experimentally reported recently for filtration of

Bentonite particles by Hamachi and Mietton-Peuchot

[5].
Fig. 3b shows the non-dimensional membrane sur-

face concentration (C∗
m) and the non-dimensional

‘gel’ layer thickness (δ∗
g ) for a pressure cycle of

200/400/600/200 (Cf0 = 14 kg m−3). As can be seen,
once the surface concentration reaches the ‘gel’ con-
centration, it does not change with variation of �P.

Only the ‘gel’ layer thickness changes with varying
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transmembrane pressure which results in a corres-

ponding variation in the permeate flux. However, since

the growth of the ‘gel’ layer thickness is dependent on

the convective transport of particles (i.e. the permeate

flux), the system becomes auto-regulatory, resulting

in an invariant steady state permeate flux for silica

particles.

Hence, for a solute which does not exert an os-

motic pressure, there is a characteristic time (tc =

Db(Cg − Cf0)/J
2
s Cf0) for which the permeate flux is

time-invariant [6]. After this characteristic time, a ‘gel’

layer forms on the surface of the membrane and the

permeate flux decreases with time till a steady state is

reached. The system then becomes auto-regulatory and

the steady state permeate flux is invariant with either

an increase or decrease in transmembrane pressure.

We now consider the third kind of solute (BSA)

which exerts an osmotic pressure and which is ca-

pable of forming a ‘gel’ layer for typical transmem-

brane pressure ranges in UF. Fig. 4 shows the steady

state permeate flux as a function of transmembrane

pressure for BSA UF using the parameters listed

Fig. 5. Steady state permeate flux as a function of �P for Dextran T70 UF using parameters listed in Table 1 (Cf0 = 7 kg m−3).

in Table 1 for a initial bulk feed concentration of

7 kg m−3. The unsteady-state flux profile was similar

to that for Dextran T70 in that there was no region of

constant time invariant flux at short filtration times.

As can be seen, for a pressure cycle of 400/680/400,

the steady state permeate flux increases and then de-

creases reversibly to the initial steady state at 400 kPa.

Subsequently, when �P was increased to 800 kPa,

there was a formation of a ‘gel’ layer and hence for a

further increase in �P to 1200 kPa, there was no cor-

responding increase in the steady state permeate flux.

A subsequent decrease in �P to 800 kPa resulted in

the same steady state flux as for the previous cycle

of 800 kPa. This is because the thickness of the ‘gel’

layer adjusted itself to the corresponding drop in �P.

However, when �P was lowered to 680 kPa (where

there was no ‘gel’ layer formation initially), the

steady state permeate flux was much lower than that

at the first cycle of 680 kPa. This is different from

the case for silica UF where the silica particles did

not exert an osmotic pressure. The reason for this

corresponding drop in steady state permeate flux is as
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follows. When �P is lowered to 680 from 800 kPa,

the steady state ‘gel’ layer thickness reduces to zero

(to adjust itself to the lower transmembrane pres-

sure). However, the membrane surface concentration

remains constant at the value corresponding to the

‘gel’ layer. Since the ‘gel’ layer of rejected particles

exert an osmotic pressure, the corresponding steady

state permeate flux is lower than that at the first cycle

of 680 kPa.

For the first cycle of 680 kPa, there was no ‘gel’

layer formation and hence the osmotic pressure ex-

erted by the rejected particles at the membrane surface

was lesser. Consequently, the steady state permeate

flux was higher.

For a subsequent increase in �P from 680 to

800 kPa, the permeate flux was found to be the same

as that for the earlier cycle of 800 kPa. A further cycle

800/680 resulted in the same steady state value for

the second cycle of 680 kPa after the formation of the

‘gel’ layer.

Fig. 6. Steady state permeate flux as a function of initial concentration at two different �P values for silica and Dextran T70.

In order to confirm that this prediction for BSA was

not an artifact of the computer code, simulations were

carried out for Dextran T70 at unrealistically high val-

ues of �P. This is shown in Fig. 5 for an initial bulk

feed concentration of 7 kg m−3 and other parameters

for Dextran T70 listed in Table 1. As was shown ear-

lier, there is a reversible flux–pressure relationship at

low pressure cycle of 200/400/200 kPa. An increase

in �P from 200 to 1400 kPa results in an increase

in steady state permeate flux. A further increase to

3500 kPa results in a slight increase in permeate flux

and the formation of a ‘gel’ layer. Due to it is high

osmotic pressure, at normal operating pressures for

UF (<1500 kPa) Dextran T70 would not form a ‘gel’

layer.

An increase in �P above 3500–5000 kPa does not

lead to an increase in permeate flux since the ‘gel’

layer makes the system auto-regulatory. A subsequent

reduction of �P to 3500 kPa too does not alter the

permeate flux since the thickness of the ‘gel’ layer
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adjusts itself to the change in �P. A further decrease

in �P to 3200 kPa results in an irreversible reduction

in the steady state permeate flux with the ‘gel’ layer

thickness dropping to zero but the membrane surface

concentration being stationary at the ‘gel’ value. This

is exactly the same trend as was observed for BSA.

A subsequent increase in �P to 3500 kPa leads to the

same steady state flux as for the previous cycle at

3500 kPa.

Therefore, for a solute capable of exerting an

osmotic pressure and also forming a ‘gel’ layer, be-

fore the formation of the gel layer there is a reversible

flux–pressure relationship; an increase in �P leads to

an increase in steady state flux while a decease in �P

to the original value leads to the same steady state flux.

After the formation of the ‘gel’ layer (i.e. after a certain

critical value of �P), an increase in �P does not result

in any increase in steady state permeate flux. A subse-

quent decrease in �P below the critical value results in

an irreversible reduction in steady state permeate flux.

It is imperative however, to measure the transient

unsteady permeate flux as a function of time for each

step change in �P. If the filtrate flux is measured at

long filtration times as was done by van Oers et al. [1],

the unsteady-state effects described above would be

masked due to change in the bulk feed concentration.

Fig. 6 shows the steady state permeate flux for two val-

ues of �P (200 and 400 kPa) for Dextran T70 and sili-

ca as a function of initial bulk feed concentration. As

can be seen, for both solutes, an increase in feed con-

centration leads to a lower steady state flux. Further,

since Dextran T70 does not form a ‘gel’, an increase

in �P leads to a corresponding increase in permeate

flux, whereas the steady state permeate flux is insen-

sitive to �P. Hence, if truly unsteady-state measure-

ments are made for step changes in transmembrane

pressure �P, the nature of the flux-�P profile could

be analyzed to determine the nature of the ‘gel’ layer.

6. Conclusions

Unsteady-state permeate flux measurements for step

changes in transmembrane pressure are shown to result

in unique responses for each of the following three

cases: (i) solute which exerts an osmotic pressure but

does not form a ‘gel’ (e.g. Dextran T70); (ii) solute

which does not exert an osmotic pressure but forms a

‘gel’ (e.g. silica particles) and (iii) solute which exerts

an osmotic pressure and also forms a ‘gel’ (e.g. BSA).

For stirred cell UF, the changes in the bulk feed vol-

ume and concentration are shown to be negligible for

time scales required for the establishment of a steady

permeate flux. Measurements made within this time

frame would not be masked by changes in the bulk

properties (concentration and volume).

The unsteady-state flux response to each of the

above three cases is as follows.

1. At the beginning of the filtration, there is a decline

in the permeate flux as a function of time till

a steady state is reached. After steady state is

reached, a step increase in transmembrane pres-

sure results in a sharp increase followed by a

gradual decrease to a higher steady state value

for the permeate flux. A subsequent reduction in

the transmembrane pressure to the original value

results in a sharp drop followed by a gradual in-

crease in the permeate flux to stabilize at the same

value as for the initial steady state before the step

increase in pressure.

2. At the beginning of the filtration, there is a critical

time for which the permeate flux is time invariant,

during which time, the concentration at the mem-

brane surface increases. After the critical time,

a ‘gel’ layer of accumulated particles causes the

permeate flux to decrease with time before attain-

ment of a steady state. A subsequent step increase

in transmembrane pressure causes a sharp increase

in the permeate flux which gradually decreases to

the same steady value before the step increase. A

further step decrease in transmembrane pressure

results in a sharp drop followed by a gradual rise to

the same steady state as before. Hence, in such sit-

uations, after the critical time period, the system is

self regulatory and the steady permeate flux is inde-

pendent of the change in transmembrane pressure.

This is in line with the recently reported experimen-

tal results of Hamachi and Mietton-Peuchot [5].

3. At the beginning of the filtration there is a gradual

drop in permeate flux with time before stabiliz-

ing at a steady state. A step increase/decrease in

transmembrane pressure results in a corresponding

reversible increase/decrease in the steady state per-

meate flux. After a certain critical transmembrane

pressure, a step increase in pressure does not result
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in any steady state increase in permeate flux. This

is indicative of the formation of a ‘gel’ layer. A

subsequent decrease in transmembrane pressure

below the critical value results in an irreversible

reduction in the steady state permeate flux.
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