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The influence of the two techniques (membrane backflushing and two-phase
gas-liquid flow) on permeate flux during the microfiltration of model dispersions on ce-
ramic membrane has been studied.

The experiments were carried out with aqueous titania dispersions filtered
through a ceramic tubular membrane. The influence of various transmembrane pres-
sures, feed concentrations, backflushing duration and frequencies, liquid and gas flow
velocities, and the influence of periodic gas flow is also presented.

Based on the results of experiments presented in this work, it appears that con-
stant gas-liquid flow has a positive influence on permeate flux. The level of flux en-
hancement depends both on the gas flow rate and flow pattern. From analysis of exper-
imental results it may be concluded that two-phase flow seems to expand the particle
cake as it increases, both, cake porosity and thickness, thus allowing higher fluxes. The
enhancement of flux was better observed during the microfiltration of more concen-
trated dispersions. Periodic gas flow is not so significant for the flux enhancement and
strongly depends on the periodic gas flow mode and on the concentration of the disper-
sion.

This experimental study demonstrated that in cross-flow microfiltration of disper-
sions, the membrane backflushing could maintain permeate flux at a constant and high
level over the duration of an experiment. It was observed that the effect of back-
flushing on flux enhancement was more pronounced when the backpulse duration was
shorter, the transmembrane pressure difference was higher, and the retentate velocity

was lower in forward filtration.
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Introduction

The membrane filtration processes are cur-
rently mostly used in the production of ultrapure
water, the processing of food and dairy products,
the recovery of electrodeposition paints, the treat-
ment of oil and latex emulsions and in biotechnol-
ogy oriented applications such as fractionation of
fermentation broths and high performance reac-
tors for enzymatic and fermentation processes.
However, the present membrane processes for lig-
uid feed streams are complicated by the phenom-
ena of membrane fouling and of concentration
polarisation in the liquid boundary layer adjacent
to the membrane wall.

Concentration polarisation occurs when a con-
centration gradient of the retained components is
formed on or near the membrane surface. Fouling is
the deposition of material on the membrane surface
or in its pores, leading to a change in membrane be-
haviour or even pluggage. These phenomena mani-
fest themselves as such that with time and in-
creased operating pressure, the permeate flux
reaches an asymptotic value beyond which further

increases in operating time and pressure do not re-
sult in increased flux. The severity of the effects of
these phenomena varies with the membrane type
and the composition of the process stream.

Concentration polarisation is a function of
the hydrodynamic conditions in the membrane
system. Membrane fouling is usually character-
ised as irreversible; however, when cross-flow sys-
tems are used, the imposed stress of the cross-flow
tends to shear the fouling layer. Hence, varying
the fluid mechanics of a system is very important
in maximising the total capacity of a membrane
module. In the past, a number of investigators at-
tempted the manipulation of fluid hydrodynamics
or the membrane surface morphology to enhance
permeate flux.

There are at least three possible approaches
to reduce or control concentration polarisation
and fouling:

1) Changes in surface characteristics of the
membrane,

2) pre-treatment of the feed and,
3) fluid management methods.
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In Ref.!, a morphological analysis of means of
reducing concentration polarisation and fouling is
presented. Of the various methods mentioned in
Ref.!, hydrodynamic or fluid management tech-
niques have proved to be quite effective and eco-
nomical in reducing concentration polarisation
and fouling. Recently some studies have pointed
out the interest in the area of use of gas-liquid
two-phase flow technique in the concentrate
stream during ultrafiltration in order to enhance
the flux for different applications (biological treat-
ment, drinking water production, macromolecules
separation) and different membrane geometries
(hollow fibre, flat sheet or tubular).

Application of gas-liquid two-phase flow for
microfiltration intensification is based on change
of hydrodynamic conditions inside the microfiltra-
tion module which positively increase the wall
shear stress, preventing the membrane fouling
and enhancing the mass transfer of separated
compound (solvent, the most frequently water).

Cui and co-workers?* have shown that air
sparging can reduce the concentration polaris-
ation in ultrafiltration of macromolecules (dex-
tran, dyed dextran and bovine serum albumin),
for flat sheet modules and hollow fibre mem-
branes. The explanation given for the flux en-
hancement is that air sparging into the liquid
stream increases turbulence near the membrane
surface, as well as the cross-flow velocity, thus
limiting the boundary layer thickness.

Mercier and co-workers®® obtained significant
flux enhancement (200 % of flux increase) by air
sparging in ultrafiltration tubular inorganic mem-
branes with two kinds of suspension (bentonite
and yeast).

Cabassud and co-workers”® have presented
results concerning two-phase gas-liquid flow for
particle suspensions (clay suspensions) inside hol-
low fibres. In that case, flux improvement was
linked to hydrodynamic control of the particle de-
position on the membrane. Significant increases
in permeate flux have been observed, even at a
very low air velocity, and for all the concentra-
tions studied. The air injection process led to an
increase of flux up to 155 % for specific conditions.
However, good results have been obtained for very
low air velocities (under 0.2 m s™).

Lee and co-workers? used air slugs entrapped
in cross-flow stream to prevent the flux decline
during filtration of bacterial cell suspensions.
Ultrafiltration and microfiltration flat sheet mem-
branes have been used and the best performances
were obtained for the ultrafiltration (maximum
enhancement of 200 % is reported).

The membrane backflushing process is car-
ried out by periodic by reversing the direction of
permeate flow (in cycles). This is achieved by ap-
plying pressure pulses on the permeate side of the
membrane, often with the help of an automatic
time switch or a microprocessor. Clear liquid is

then forced in reverse direction through the mem-
brane, thereby lifting off the boundary layer and
washing it out of the membrane surface. Although
backflushing gives a loss of permeate to the feed
stream, it decreases the effective operating time
and it was reported in literature that the average
flux per cycle may be much higher than the steady
flux at longer time, when the membrane back-
flushing is not used!%-1113-15,19,

Initial research showed mainly that back-
flushing reduces long-term membrane fouling and
that the backflush duration of 5 — 20 seconds and
pulses of 3 — 10 times per hour were recommen-
ded!'!. Further studies showed that frequent
transmembrane pressure pulsing could also re-
duce concentration polarisation resistance, and
shorter backflush intervals were suggested where
backflush duration was 1-5 s with frequencies of
1-10 times per minute (backpulsing techni-
que)'? 1%, Wenten'6 even carried out experiments
in which pulse is done every few (1-5) seconds
with a backflush time less than 0.1 second (back-
shock technique).

The objective of this paper is to report the
comparison of the gas-liquid two-phase flow and
membrane backflushing for flux enhancement
during the microfiltration of a model dispersion
on tubular ceramic membranes.

Experimental
Membranes

The membranes used in our two-phase
gas-liquid flow experiments were asymmetric,
multi-layered, ceramic membranes (Terronic a.s.,
Hradec Kralové, Czech Republic). They were con-
figured as single cylindrical tubes 0.1 m long, 6
mm ID and 10 mm OD, consisting of a thin alu-
mina layer deposited on the internal surface of the
alumina support. The microfiltration membranes
used in our experiments had an average diameter
of 91 nm. The pore size distribution of this mem-
brane was determined by the liquid displacement
method.!?

The membranes used for membrane
backflushing experiments were obtained from
Membralox, SCT Bazet, France. They were config-
ured as single cylindrical tubes 0.25 m long, 7 mm
inner diameter, consisting of a thin zirconia layer
deposited on the internal surface of the tubular
a-alumina support. The average pore diameter of
the active layer reported by the membrane pro-
ducer equaled to 100 nm.

Feeds

The microfiltration experiments were per-
formed with an aqueous dispersion of titanium di-
oxide (Versanyl B-K7020), obtained from Osta-
color a.s., Pardubice, Czech Republic. The mean
diameter of particles was 443 nm, however, the
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distribution of particles was very wide (from 210
nm to 850 nm). Concentration of solids in the dis-
persion was w= 1 and 5 %. However, during con-
centration experiments the concentration of solids
in the dispersions varied from w = 5 to 20 %.

Equipments

The microfiltration studies were carried out
in the membrane filtration units equipped with
ceramic membranes. These experimental units
were nearly the same for both the flux enhance-
ment methods (see Figs. 1 and 2).

As shown in Fig. 1 the unit can be broken
down into two major parts consisting of the circu-
lation loop and the backflushing system.

The velocity and pressure in the retentate
loop are varied independently by means of pump
controller and an appropriate needle valve. The
resulting feed velocities and average transmem-
brane pressures reach up to 5.8 m s! and 0.4
MPa, respectively. The circulation loop is con-
structed of stainless steel and contains a five-liter
retentate container, a diaphragm pump, mem-
brane module, and flow control valve at the mod-
ule outlet. The loop is also equipped with a ther-
mal regulation system, and a pressure and flow
monitoring system. The permeate is collected in a
reservoir placed on an electronic balance, which is
connected to a personal computer.

The backflushing unit uses an air driven pis-
ton mechanism mounted on the permeate port of
the membrane housing. Furthermore the system
contains a timer for setting the frequency and du-
ration of the pulses (computer controlled), and

Fig. 1 - Set up of membrane backflushing experi-
mental apparatus
1,19 - electrical switches, 2 — pump, 3 -
pump speed controller, 4,7,12,15 — valves, 5
- to waste, 6 — temperature regulating sys-
tem, 8 — retentate container, 9,10 — flow-
meter, 11 — temperature indicator, 13 — pres-
sure indicator, 18 — membrane module, 14 —
backflushing unit, 16 — permeate reseruvoir,
17 - electronic balance, 20,21,22 — computer
acquisition system

.Q§_<}

C——— R

Fig. 2 — Set-up of two-phase gas-liquid flow experi-
mental apparatus
1 - membrane module, 2 — pulse dampener,
3 — pump, 4 - storage tank, 5 — regulating
valve, 6 — pressure gauge, 7 — electronic bal-
ance, 8 — computer, 9 — pump regulating
valve, 10 — thermal regulating system, 11 —
air inlet, 12 — air regulating valve, 13 — air
valve, 14 — flowmeter, 15 — pressure gauge,
16 — air inlet, 17 - by-pass cock, 18 — closing
cock, F — feed, P — permeate, R — retentate

pneumatic valves. The set up is capable of han-
dling pulse times of 100 ms and larger. In the be-
ginning of each backflushing cycle the first stage
of the piston stroke closes the permeate outlet;
than follows the second stage in which piston
pushes the permeate back through membrane.
The amount of permeate used for backpulsing can
be varied in the range from 0 to 5.2 x 10% m3.

The two-phase gas-liquid experimental appa-
ratus used is shown schematically in Fig. 2. The
circulating loop was constructed of stainless steel
and contained a five-liter retentate container, a di-
aphragm pump, the membrane module and a flow
control valve at the module outlet. The loop was
also equipped with a thermal regulating system
and pressure, temperature and flow monitoring
systems. The velocity and pressure in the reten-
tate loop were varied independently by means of
pump controller and an appropriate needle valve.
Air was added to the liquid stream at the inlet of
the membrane, through a capillary. The airflow
rates were controlled using a flowmeter.

Procedure

After the membrane was placed in the mem-
brane module, distilled water was circulated in
the test loop at the moderate operating pressure
for about 2 hours. During this time a stabilization
of the membrane was observed giving relatively
stable water permeability. A concentrate of feed
substance was then introduced to the unit, pre-
heated to the desired temperature (25 °C), and the
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operating pressure as well as retentate velocity
were adjusted by the regulation system. The flux
through membrane was measured by weighing
the permeate and timing the collection period (by
use of a balance interfaced with a computer).
Both, the retentate and the permeate, were re-
circulated back into the retentate container.
Therefore, the concentration in the recirculation
loop remained virtually constant. After each set of
experiments the circuit and membrane were
rinsed with water and the pure water flux was
measured again under the conditions of initial
testing until the steady state was obtained. The
differences in the steady state pure water flux
were taken as a measure of the fouling tendency
of the membrane.

Results and discussion

Application of the methods is discussed from
the point of view of process efficiency (permeate
flux) and the process operating conditions (trans-
membrane pressure, feed concentration, back-
flushing duration and frequency, liquid and gas
flow velocity, and the influence of periodic gas
flow).

Two-phase gas-liquid flow

The direct observations of two-phase gas-li-
quid flow mode through the transparent tubular
pipe (of the same internal diameter as membra-
nes) confirmed published results®%!®. Each flow
pattern corresponded to values of the superficial
gas velocity, u, and the superficial liquid velocity,
u, respectively, both of them being calculated as
each phase was separately circulating. The main
structures, which were observed when the gas ve-
locity was increased for a given liquid velocity, in-
cluded the bubble flow, slug flow, churn flow and
annular flow (Fig. 3).

t T
X

f
a) b) c) d)

Fig. 3 - Two-phase flow patterns in vertical tubes
a) bubble flow, b) slug flow, ¢) churn flow, d)
annular flow

For uy = 0.25-1.25 m s71, large bubbles were
observed with size of the order of the internal di-
ameter of the tube (Taylor bubbles). Due to reduc-
tion in the available cross-section for the liquid
phase, a thin liquid film always remained over the
surface of the membrane and moved in the oppo-
site direction with respect to the main flow. This
phenomenon induces a highly variable large shear
rate against the pipe wall. It should be noted that
for a given liquid flow-rate, the presence of the gas
increases the mean longitudinal velocity of the
fluid which, in association with the great varia-
tions in the wall shear stress and the turbulence
existing in the churn flow (u; = 1.5-2.3 m s,
can improve the performance. Previous work
showed that slug flow is the most efficient regime
for significant enhancement of mass transfer?’.

The effects of gas-liquid two-phase flow on
permeate flux were measured. In the range of the
experimental conditions (liquid flow velocity 1
m s~! and transmembrane pressure difference 100
kPa), the permeate flux obtained with gas flow
was always higher than under single liquid condi-
tions, and the enhancement was maximum for a
moderate liquid velocity (0.5 — 1.0 m s!) and a
high proportion of injected gas (Fig. 4). It is clear
that increasing either liquid velocity or gas veloc-
ity will enhance permeate flux. However, the in-
crease of liquid velocity will require more pump
power than the increase of gas velocity. Accord-
ingly, the same permeate flux obtained with a
higher liquid velocity but without gas slugs can
also be achieved with a lower liquid velocity and
moderate gas velocity with gas slugs (u; = 0.8
m s71), leading to reduced energy consumption.

Jsint s [-]

0 0.5 1 1.5 2 2.5
uG [ms]

Fig. 4 - Influence of constant gas flow velocity on
normalized steady state permeate flux
(w =1ms, Ap = 100 kPa, x’ = 0.01)

The influence of two-phase flow on cake
structure has then been analysed?'. Figure 5
shows the evolution of cake porosity ¢, with gas
velocity for a transmembrane pressure difference
100 kPa and liquid velocity 1 m s™'. The cake po-
rosity increases as air is injected, and can reach
nearly 0.55. In the presence of air, the cake of par-
ticles is very porous. No improvement in porosity
is obtained under u; = 0.5 m s
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Fig. 5 — Influence of constant gas flow velocity on
cake porosity and cake thickness
(w=1ms Ap = 100 kPa, x’ = 0.01)

Furthermore, the cake thickness also in-
creases with air injection, as shown in Fig. 5. The
cake thickness is nearly 700 um without air injec-
tion. When two-phase flow is used, it can reach

nearly 1600 um, for a gas velocity around 2 m s

These results show that air injection seems to
expand the particle cake: the cake obtained is
thicker but more porous than without air, and
thus allows higher permeation fluxes.

Figure 6 represents the evolution of the per-
meate flux vs. time for u; = 0 and for u; = 0.8
m s! for a steady and a periodic gas flow mode.
The periodic gas flow mode consists in stopping
air injection for 10 min every 30 min.

x with air
a 10 min without air, 30 min with air
o without air
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Fig. 6 - Influence of a periodic gas flow mode on the
permeate flux
(w=1ms71, ug=08m sL, Ap = 100 kPa,
x’ = 0.01)

The first thing is that even for the periodic gas
flow mode, the permeate flux after 1.5 h is increased
in comparison with the flux without air. But after
each interruption, the permeate flux decreases
sharply. Within the first minutes of airflow inter-
ruption, on the membrane surface, a particle de-
posit is created which is difficult to remove when
the air injection is restored. Then after filtering for
1.5 h the permeate flux reaches 170 I m2 h™! with a
steady gas flow, whereas with the periodical gas
flow mode it barely amount to 90 1 m~2 h~1. The aim

of each process is different: the steady process per-
mits to prevent a cake deposit, whereas in the peri-
odical gas flow mode air has to eliminate the deposit
built up during the air flow interruption. In similar
experimental operating conditions a steady inject-
ing process is more efficient than a periodic one, for
which higher air velocities may be necessary to
sweep the deposit.

Backflushing

To facilitate comparison of experimental data,
the measured average permeate flux Jg ;,, was
firstly normalized with respect to the steady state
flux J¢ without backflushing at the corresponding
operating conditions (transmembrane pressure
difference and retentate velocity). Calculated val-
ues of normalized flux were then plotted as a
function of the duration of forward filtration ¢,
duration of backpulses ¢, forward filtration
transmembrane pressure difference Apy, reverse
flow transmembrane pressure difference Apg,, and
feed flow velocity u, respectively. Figure 7 shows,
for example, the normalized flux vs. duration of
forward filtration ¢, for w = 5%. Titania disper-
sion operated at duration of backpulses ¢, = 0.2 s
at different retentate velocities. The magnitude of
the reverse transmembrane pressure difference
had a relatively small effect and all presented re-
sults are given for Ap, = 550 kPa.

The membrane backflushing results demon-
strated that a 1.5-fold increase in the permeation
flux could be maintained (operating at low tan-
gential velocity) over the long-term flux in the ab-
sence of membrane backflushing.

It can be observed in Fig. 7, that with reten-
tate velocity increasing the normalized permeate
flux increased, however, values were strongly ve-
locity dependent. At lower retentate velocities
(0.5 — 1 m s1) the resistance due to boundary
layer and/or particle cake layer was high and
could easily be removed during reverse flow pe-
riod. Thus effectiveness of membrane back-
flushing was high under these conditions. Of
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Fig. 7 — Normalized permeate flux Jg;,i/Jg as a func-
tion of forward filtration time ty for various
feed flow velocities u
(Ap = 100 kPa, tp = 0.2 s, x’ = 0.05)
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course, if the retentate velocities were too low, the
removed particles would not be swept out of the
retentate channel by axial flow and the permeate
flux would fall down progressively. On the other
hand, the higher the retentate velocity (1.5 -
2 m s71) the thinner the temporary boundary lay-
ers on the membrane surface, and the permeate
flow would be membrane controlled; also, the loss
of permeate into the retentate stream would be-
come significant, and consequently the influence
of bacflushing decreased.

The experiments reported in Fig. 7 were car-
ried out at a fixed transmembrane pressure differ-
ence of 100 kPa during the forward filtration period.
This was a practically convenient value of driving
force in order to perform experiments in the region
of boundary layer control regime. It could be seen in
the literature!® that the effect of backpulsing was
much more pronounced when the transmembrane
pressure in forward filtration was higher enough to
obtain a polarized layer of solids that control mass
transfer phenomena. This was not surprising con-
sidering, that in the initial period of forward filtra-
tion (flow through clean membrane), the permeate
flux was increasing the function of the
transmembrane pressure difference (hydrodynamic
controlled region). If transmembrane pressure dif-
ference was increased over a critical value, it could
result in the irreversible membrane fouling (e.g. in-
ternal pore blocking) with the reverse flow unable
to restore the original flux!®.

Comparison of the methods

The gas-liquid two-phase flow and membrane
backflushing were effective for cross-flow micro-
filtration intensification and for each method opti-
mal experimental conditions were found (trans-
membrane pressure difference Ap = 100 kPa and
feed flow velocity = 1 m s7!) for the comparison.
Flux enhancement distinctness has mainly de-
pended on feed concentration for other process pa-
rameters, constant and optimal.

Figures 8 and 9 illustrate the advantage of
constant gas-liquid two-phase flow and back-
flushing methods for aqueous titania dispersions
(mass fraction 1 and 5 %) respectively. As in
convectional single-phase cross-flow microfiltra-
tion the initial flux decline could still be observed.
The presence of gas flow and/or backflushing does
not modify the general behaviour of the flux varia-
tion with time. The steady state flux was gener-
ally increased and the flux decrease was slower.

There is a difference in the steady state flux
between the two intensification methods. In the
case of the feed mass fraction 1 %, the flux en-
hancement of both intensification methods has
been nearly twice higher. The hydraulic resis-
tance, which is added to the membrane resistance,
could significantly be decreased by both flux en-
hancement methods. However the effect was more
dramatic for gas-liquid two-phase flow than for
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Fig. 8 - Influence of gas-liquid flow and membrane
backflushing on permeate flux in microfil-
tration of dispersion
(w=1ms1 Ap = 100 kPa, x’ = 0.01)
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Fig. 9 - Influence of gas-liquid flow and membrane
backflushing on permeate flux in microfil-
tration of dispersion
(w=1ms1, Ap = 100 kPa, x’ = 0.05)

membrane backflushing. Under similar experi-
mental conditions gas-liquid flow in the vicinity of
0.8 m s! reduced the resistance by a factor of 2
for mass fraction of dispersion 1 % and by factor
of 3 for mass fraction of dispersion 5 %.

Gas-liquid two phase flow and membrane
backflushing were able to eliminate part of fouling
and partly reduce the overall resistance at a lower
retentate velocities (0.5 — 1 m s™1), which was not
possible to reduce by increasing liquid flow velo-
city or transmembrane pressure difference during
the microfiltration of dispersions.

A more extensive study of the effect of the con-
centration of the dispersion on permeate flux was
made in studies comparing the permeate flux of
two-phase flow and membrane backflushing sys-
tems (Fig. 10). The results show that an operational
run time produces a reasonable flux where it may be
assumed that the concentration corresponding to
the steady state flux value is reached. To facilitate
comparison between the two different systems con-
sidered the normalized permeate flux was plotted as
a function of the concentration of the dispersions
(see Fig. 11). The intensification effects of both
methods were nearly the same. For feed mass frac-
tion 10 % the permeate flux was three times higher
then flux without intensification.
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Conclusions

The results of this experimental study dem-
onstrated that in cross-flow microfiltration of dis-
persions, the gas-liquid two-phase flow and mem-
brane backflushing could maintain the permeate
flux at a constant and high level over the duration
of an experiment.

The experiments under a large range of flow
conditions showed that the constant gas-liquid
two-phase flow enhances microfiltration flux
better than periodic gas flow. However, this phe-
nomenon depends on the periodic gas flow mode
and on dispersion concentration. This effect is
probably due to the high and transient wall shear
stress induced by the gas flow. The hydrodynamic
regime inducing the largest enhancement in flux,
is a slug flow in the case of aqueous titania disper-
sion, where a permeate flux plateau is reached at
the beginning of the slug flow regime.

It was observed that the effect of backflu-
shing was much more pronounced when the back-
pulse duration was shorter, the transmembrane
pressure difference was higher, and the retentate
velocity in forward filtration was lower.
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List of symbols

J - permeate flux, Im2 h!

Jg — steady state permeate flux without intensification,
ImZ h?

Jg it steady state permeate flux with intensification,
Im2 h?

Ap - transmembrane pressure difference, kPa
Apy— reverse transmembrane pressure difference, kPa
t — time, s

tp — duration of backpulses, s

tp — duration of forward filtration, s

u - superficial liquid velocity, m st

ug — superficial gas velocity, m st

x’  — mass fraction of dispersion

0 — cake thickness, m

¢ — cake porosity

w — percentage by weight

References

1. Mikuldsek, P., Collect. Czech. Chem. Commun. 59
(1994) 737

2. Cui, Z. F., Wright, K. I. T., J. Membr. Sci. 117
(1996) 109

3. Cui, Z. F., Bellara, S. R., Homewood, P., J. Membr.
Sci. 128 (1997) 83

4. Li, Q. Y., Cui, Z. F., Pepper, D. S., Chem. Eng. J. 67
(1997) 71

5. Mercier, M., Fonade, C., Lafforgue-Delorme, C.,
Biotechnol. Tech. 9 (1995) 853

6. Mercier, M., Fonade, C., Lafforgue-Delorme, C., dJ.
Membr. Sci. 128 (1997) 103

7. Cabassud, C., Laborie, S., Lainé, J. M., J. Membr.
Sci. 128 (1997) 93

8. Laborie, S., Cabassud, C., Durand-Bourlier, L.,
Lainé, J. M., Filtration & Separation 34 (1997) 887

9. Lee, C. K., Chang, W. G., Ju, Y. H., Biotechnol.
Bioeng. 41 (1993) 525

10. Parnham, C. S., Davis, R. H., J. Membr. Sci. 118
(1996) 259

11. Cakl, J., Dolecek, P., Boundary layer phenomena in
backflushed cross-flow microfiltration, 13" Inter-
national CHISA Congress, Prague, 1998

12. Redkar, S. G., Davis, R. H., AIChE J. 41 (1995) 501

13. Roger, V. G. J., Sparks, R. E., J. Membr. Sci. 68
(1992) 149

14. Redkar, S. G., Kuberkar, V., Davis, R. H.,
J. Membr. Sci. 121 (1996) 229

15. Jones, W. F., Valentine, R. L., Rodgers, V. G. .,
J. Membr. Sci. 157 (1999) 199

16. Wenten, I.G., Filtration&Separation, 32 (1995) 252

17. Mikuldsek, P., Dolecek, P., Sep. Sci. Technol. 29
(1994) 1183

18. Taitel, Y., Bornea, D., Dukler, A. E., AIChE J. 26
(1980) 345

19. Cakl, J., Bauer, 1., Dolecéek, P., Mikuldsek, P., Desa-
lination 127 (2000) 189

20. Laborie, S., Cabassud, C., Durand-Bourlier, L.,
Lainé, J. M., Chem. Eng. Sci. 54 (1999) 5723

21. Mikuldsek, P., Pospisil P., Sci. Pap. Univ. Pardu-
bice Ser. A 6 (2000) 79






