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An application of the gas-liquid two-phase flow for the flux enhancement during the microfil-
tration of aqueous titanium dioxide dispersions on aluminium oxide tubular membrane has been
studied. This study focused on the influence of the liquid and gas flow velocities and feed concen-
tration on the flux and on the development of a mathematical model for the flux prediction. The
results of experiments showed a positive effect of the constant gas-liquid two-phase flow on the flux.
It might be concluded from the analysis of experimental results based on dead-end filtration model
that two-phase flow seemed to expand the particle cake as it increased both the cake porosity and
thickness, thus allowing higher fluxes. For the periodical gas flow, the flux enhancement was not so
significant and strongly depended on the periodical gas flow mode as well as on the concentration
of dispersion used. On the other hand, an air injection influenced the permeate flux for any con-
centration studied. A mathematical model for the flux prediction during the two-phase gas-liquid
microfiltration has been developed. The results showed a good agreement between experimental

data and model prediction.

A rapid permeate flux decrease at the beginning of
the filtration is the general problem of the cross-flow
microfiltration and ultrafiltration. The deposition of
particles on the membrane surface and inside pores
makes microfiltration ineffective since it diminishes
the flux and increases the energy consumption for
required separation. The steady-state permeate flux
may be as low as 2—10 % of that of pure water flux.
Therefore, there is a tremendous potential to reduce
or control concentration polarization and fouling in
membrane processes and hence alleviate these limita-
tions. Many techniques for reduction of particle depo-
sition and concentration polarization have been stud-
ied. Still, some of them have not been experimentally
tested yet. The survey of these methods is summarized
in [1]. There are at least three possible approaches to
reduce or control the concentration polarization and
fouling: changes in surface characteristics of the mem-
brane; pretreatment of the feed; and fluid management
methods.

Recently, some studies have referred to the area
of use of gas-liquid two-phase flow techniques in the
concentrate stream during ultrafiltration in order to
enhance the flux for different applications (biolog-
ical treatment, drinking water production, macro-

molecules separation) and different membrane geome-
tries (hollow fibre, flat sheet or tubular). The ap-
plication of gas-liquid two-phase flow for microfiltra-
tion and ultrafiltration intensification is based on a
change of hydrodynamic conditions inside the mem-
brane module, which positively increases the wall
shear stress, thus preventing the membrane fouling
and enhancing the mass transfer of the separated com-
pound (solvent, most frequently water).

At present, studies of two-phase gas-liquid flow
in membrane filtration processes have mostly exper-
imental character and are goal-directed on ultrafiltra-
tion. Only very few research works have been focused
on the theoretical aspects of the process. Cui et al.
[2—4] have shown that air injection can reduce the
concentration polarization in ultrafiltration of macro-
molecules (dextran, dyed dextran, and bovine serum
albumin) in the case of flat sheet modules and hol-
low fibre membranes. The explanation given for the
flux enhancement is that air sparging into the liquid
stream increases turbulence near the membrane sur-
face as well as the cross-flow velocity, thus limiting
the boundary layer thickness. Mercier et al. [5, 6] re-
ported a significant flux enhancement (200 % of flux
increase) by air sparging in ultrafiltration tubular in-
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organic membranes with two kinds of suspension (ben-
tonite and yeast).

Cabassud et al. [7, 8] have presented results con-
cerning two-phase gas-liquid flow for particle suspen-
sions (clay suspensions) inside hollow fibres. In these
cases, flux improvement was linked to the hydrody-
namic control of the particle deposition on the mem-
brane. For all studied concentrations, significant in-
creases in permeate flux have been observed even at a
very low air velocity. The air injection process leads to
an increase of up to 155 % at specific conditions. How-
ever, good results have been obtained for very low air
velocities (under 0.2 m s=1). Lee et al. [9] used air slugs
entrapped in cross-flow stream to prevent the flux de-
cline during filtration of bacterial cell suspensions. Ul-
trafiltration and microfiltration flat sheet membranes
have been used and the best performance was ob-
tained for the ultrafiltration (maximum enhancement
of 200 % is reported).

An accurate model that would enable to predict
the permeate flux during microfiltration with two-
phase flow has not been proposed yet. Vera et al. [10]
expressed a steady-state flux of gas-sparged micro-
filtration and ultrafiltration using two dimensionless
numbers: generalized shear stress number and resis-
tance number. The validations of graphic relations be-
tween them and explanation of the line slopes have to
be confirmed by another experiments. Experiments of
Vera et al. [10] were carried out with dextran, waste-
water effluent, tap water, and ferric hydroxide suspen-
sions. The maximum flux enhancement of 200 % was
achieved. The ultrafiltration model of Ghosh and Cui
[11] was based on a diffusion mechanism of perme-
ate transport through the membrane surface and gave
predicted flux values lower than experimental ones.
The model consisted in dividing the two-phase flow in
membrane into three zones enclosed in one gas slug.

The aim of this study is to explain the influence
of two-phase gas-liquid flow on the flux, determine
which operating parameters are involved in the flux
enhancement, and propose a semi-empirical model for
the time-dependent flux prediction. Such model as-
sumes that a nondiffusive transport phenomenon is
the main mechanism of particles back-transport from
a membrane surface and thus the diffusion can be ne-
glected. The validation of this model by laboratory
experiments is also presented.

THEORETICAL

Cakl et al. [12] developed a semi-empirical model
describing the time-dependent decrease of permeate
flux modified for backflushed cross-flow microfiltra-
tion. Their model was derived from a dead-end filtra-
tion model in which cake resistance was determined
by the mass accumulated during the time of initial
flux decrease. This procedure has been shown to yield
a very good approximation to the exact solution for a
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time-variable permeate flux, J [13].
The particle mass balance adapted for the back-
flush [12] is given by

ddc ddc
dt

|:(J—JS)+E Pp = Pc— - (1)

where J is the permeate flux, Jg the steady-state flux
without backflushing, ®#r, ¢ are the solid volume
fractions in the suspension and in cake, respectively,
and ¢ is the cake layer thickness. The product Js®p
is suggested to describe the particle flux out of the
membrane wall. This model has been experimentally
proved for the backflush microfiltration of various sus-
pensions and emulsions [12].

Considering that the transport of particles from
the membrane wall is proportional to the velocity gra-
dient on the membrane surface in the case of gas-
liquid microfiltration, the influence of gas flow veloc-
ity should be represented in the particle mass balance.
Then, the particle mass balance for the microfiltration
with gas-liquid two-phase flow is expressed by

ddc ddc
_ D0 g = o 2C 2
(kJ = Js) + | F 3 (2)

where Jg is the steady-state flux during microfiltration
without two-phase flow. The quantity & indicates the
influence of gas sparging on the immediate permeate

flux.
The resistance model is expressed by

AP
J = 3
noRt (3)

where AP is the transmembrane pressure, 79 the dy-
namic viscosity of the permeate, and Rt the total re-
sistance to permeate flow, which can be defined as

Rt = Rm + Rr + Rir (4)

where Ry, Rr, and Rjg are the membrane, re-
versible, and irreversible resistances, respectively. The
irreversible resistance represents the membrane pores
blocking due to the particle size or adsorption phe-
nomena. When the particles cannot enter into the
membrane pores, e.g. when a large gap between the
biggest pore diameter and the smallest particle diame-
ter exists, the irreversible resistance can be neglected.
The reversible resistance is actually the cake resistance
(thereinafter called R¢), which could be expressed as
a product of specific cake resistance (R¢) and cake
thickness. According to the Darcy’s equation, the flux
is defined as

AP

J=— 7 5
no(dcRe + Ru) (5)
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Combining eqns (2) and (5) the following differen-
tial equation is obtained

1 1

T2 (kJ — Js)

Prno R

dJ = (D¢ — dp) AP

at  (6)

For the integration of eqn (6), the following con-
ditions are considered: the initial flux is equal to the
pure water permeate flux (J = Jy; t = 0); the specific
cake resistance is constant over the period of filtration;
and the filtration cake is incompressible.

The following expression for the time-dependent
permeate flux is a result of the integration

-1
t

oL ko (k= Js T\ JsPrmRo
- kJ—Js Jo)

Jo T Bo — Bp) AP
(7)
where Jy is the pure water permeate flux, Jg the
steady-state flux during microfiltration without two-
phase flow, t time, and 7y the dynamic viscosity of the
permeate. Two experimental measurements have to be
done before the calculation. First, with pure water for
Jo and Ry evaluation, and then a microfiltration ex-
periment without two-phase flow to obtain the values
of Js and specific cake resistance calculated from dead-
end filtration model ( IC,D-E) [14]. The value of @¢
was substituted by the maximum solid volume frac-
tion in filtration cake (0.65), reported in [14]. The gas
flow, k, as an exponential function of injecting factor,

r, was estimated from previous measurements [15]

k = exp(—r) (8)
The injecting factor, r, is defined as

po_te (9)

/ I
Ug + uy,

where ug and uf, are superficial gas and liquid flow
velocities, respectively.

The expression of specific cake resistance during
the microfiltration with two-phase flow is based on
the specific cake resistance during the microfiltration
without two-phase flow (R;p ). The relation be-
tween Rg and R'C’D_E is a function of k valid for the
whole gas flow velocity range

6 = kR/C,D-E (10)

Then, the flux, J, for various gas flow velocities
during the microfiltration with two-phase flow could
be predicted. Eqn (7) is implicit in J and can be
solved, e.g. in MS Excel with program Solver.
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EXPERIMENTAL

The microfiltration experiments were performed
with an aqueous dispersion of titanium dioxide (Ver-
sanyl B-K7020) obtained from Ostacolor a.s., Pardu-
bice, Czech Republic. The mean diameter of particles
was 443 nm, however, the distribution of particle size
was very wide (from 210 nm to 850 nm). The solids
content in the dispersion was 1 mass % and 5 mass %
during the microfiltration experiments. During con-
centration experiments, the dispersion solids content
increased from 5 mass % to 18 mass %. The dispersion
of titanium dioxide was stable during the experiments.

The membranes used in the experiments with two-
phase gas-liquid flow were asymmetric multi-layered
ceramic membranes (Terronic a.s., Hradec Krélové,
Czech Republic). Composed of a thin alumina layer
deposited on the internal surface of the alumina sup-
port, the membranes were configured as single 0.1 m
long, 6 mm i.d., and 10 mm o.d. cylindrical tubes. The
microfiltration membranes with the 91 nm mean pore
diameter were used in microfiltration experiments.
The pore size distribution of the membrane was de-
termined by the liquid displacement method [16].

The two-phase gas-liquid apparatus used in our ex-
periments was shown schematically in [14]. The stain-
less steel circulating loop contained a 5 dm?® retentate
tank, a diaphragm pump, a 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 retentate loop were
varied independently by means of a pump controller
and an appropriate needle valve. Air was added to
the liquid stream through a capillary at the inlet of
the membrane. The airflow rates were controlled by
means of a flowmeter.

After the membrane had been placed in the mem-
brane module, distilled water was circulated in the test
loop at the moderate operating pressure for about 2 h.
During this time a stabilization of the membrane was
observed giving relatively stable water permeability.
Then, a feed substance concentrate preheated to a de-
sired temperature (25°C) was introduced to the unit
and the operating pressures as well as the retentate
velocity were adjusted by the regulation system.

The flux through a membrane was measured by
weighing the permeate collected during a chosen pe-
riod of system operation (using a computer-interfaced
balance). Both, the retentate and permeate were re-
circulated back into the retentate container. There-
fore, the concentration in the recirculation loop re-
mained virtually constant. After each set of experi-
ments was finished, the circuit and membrane were
rinsed with water and the pure water flux was mea-
sured again under the conditions of initial testing
until the steady state was obtained. The differences
of subsequent steady-state pure-water fluxes were



taken as a measure of the membrane fouling ten-
dency.

RESULTS AND DISCUSSION
Constant Gas Flow

The direct observations of two-phase gas-liquid
flow mode through the transparent tubular pipe (of
the same i.d. as the membranes) confirmed the pub-
lished results [17]. Each flow pattern corresponded to
the value of superficial gas velocity, ug, and the super-
ficial liquid velocity, uf,, respectively. Both values were
calculated as if each phase was circulating separately.
For a given liquid velocity, the main structures ob-
served when the gas velocity was increased, included
the bubble flow, slug flow, churn flow, and annular
flow. Previous studies showed that slug flow is the
most efficient regime giving significant enhancement
of the mass transfer [5, 7]. Moreover, for a given liquid
flow rate, the presence of gas increases the mean lon-
gitudinal velocity of the fluid, and in association with
the great variations in the wall shear stress and the
turbulence, it can improve the process performance.

The effects of gas-liquid two-phase flow on perme-
ate flux were measured at various experimental con-
ditions keeping constant the liquid flow velocity 1 m
s~! and transmembrane pressure difference 100 kPa.
The permeate flux obtained in the presence of gas was
always larger than that without gas flow. Fig. 1 shows
the results of experiments realized with and without
two-phase flow in the feed stream. A typical behaviour
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Fig. 1. Influence of a constant gas-liquid flow on immediate
permeate flux for uj =1 ms~!, AP = 100 kPa, wp =
0.01, and gas injecting capillary i.d. 1.08 mm. ug /(m
s=1): 00, ® 0.25, (1 0.53, W 0.81, A 1.11, A 1.70, {
2.36.
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Fig. 2. Normalized steady-state permeate flux against inject-
ing ratio for 1.08 mm (0) and 2.31 mm (@) i.d. capil-
laries (uj, = 1 ms~!, AP = 100 kPa, wy = 0.01).

for cross-flow microfiltration when the permeate flux
without injecting air in the feed stream decreases with
time, was observed. During the first few minutes the
flux decreased sharply, due to a particle deposit for-
mation that constituted an additional flow resistance.
Then the flux seemed to level off. The deposit be-
haved like a second membrane, with a constant flow
resistance with time.

In the experiments using two-phase flow, air was
injected throughout the filtering period. Here an ini-
tial flux decline was also observed but it was less im-
portant than the one observed without air injection.
When the gas velocity was higher, the flux was main-
tained at a higher level during the filtering period as
shown in Fig. 1. The values of the normalized steady-
state permeate flux are plotted as a function of inject-
ing ratio, r, in Fig. 2. The normalized permeate flux
first increased with the air velocity until it reached
a limit corresponding to ug = 0.8 m s~!. That is to
say that a further increase in air velocity would not
result in any significant improvement in the perme-
ate flux until the change of flow conditions. For ug
= 0.5—1.25 m s~ !, large bubbles were observed with
size of the order of the internal diameter of the tube
(Taylor bubbles). Due to reduction in the available
cross-section for the liquid phase, a thin liquid film al-
ways remained over the surface of the membrane and
moved in the opposite direction with respect to the
main flow. This phenomenon induces a highly vari-
able 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 ex-

Chem. Pap. 56 (1)7—13 (2002)



GAS-LIQUID TWO-PHASE FLOW IN MICROFILTRATION OF DISPERSIONS

isting in the churn flow (ug = 1.5—2.3 m s7!), can
improve the performance.

It is clear that increasing either liquid velocity
or gas velocity will enhance permeate flux. However,
the increase of liquid velocity will require more pump
power than the increase of gas velocity. Accordingly,
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 (ug = 0.8 m s71), leading to the reduc-
tion of energy consumption. Moreover, it is interesting
to notice that even at a relatively low velocity, the two-
phase flow could enhance the flux (increase of 70 % for
r = 0.35).

Periodical Gas Flow

Fig. 3 represents the evolution of the permeate flux
vs. time for ug; = 0 m s™*, and for ug = 0.8 m s™*
for a constant and a periodical gas flow mode. In the
periodical gas flow mode, a 10 min period of air flow
alternated with a 30 min period without air injection.
The permeate flux increased after 1.5 h in compari-
son with the flux without air for the feed content of
1 mass %. However, after each air flow interruption,
the permeate flux decreased sharply. It can be better
seen for the feed content of 5 mass % (see Fig. 3).
Within the first minutes of air flow interruption, a
particle deposit was created on the membrane surface,
which was difficult to remove when the air injection
was restored. The difference between the two modes
is as follows: constant gas flow permits to prevent a
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Fig. 3. Permeate flux for microfiltration without air addition
(0), and with constant (LJ) or periodical (®) air flow
for u = 1ms1, ug = 0.8 m s~1, AP = 100 kPa,
and wg = 0.05. Periodical mode: 10 min with air flow,
30 min without air flow.
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Fig. 4. Permeate flux vs. feed concentration for u; =1 m s—1,

ug = 0.8 m s~ !, and AP = 100 kPa. Microfiltration
without (O) and with constant (@), or periodical ([J)
air addition.

cake deposit, whereas in the periodical gas flow air has
to eliminate the deposit built up during the air flow
interruption. At similar experimental operating con-
ditions, a constant injection process is more efficient
than a periodical one, for which higher air velocities
may be necessary to sweep the deposit.

Effect of Particle Concentration

A study of the dispersion concentration effect on
the permeate flux was undertaken by comparing the
conventional single-phase cross-flow microfiltration to
the two-phase flow membrane system in continuous or
periodical air flow modes. Fig. 4 represents the rela-
tionship between the solid mass fraction of the disper-
sion and the permeate flux for the three modes tested.
For ug, = 0, the flux decreased sharply with concentra-
tion. This decrease may be related to the cake layer
behaviour when the particle deposit became denser
and less permeable. It is worthwhile that, compared
to the filtration mode without intensification, the two-
phase gas-liquid flow enabled processing of dispersion
with twice higher solids concentration at the same fil-
tration time.

Model Validation

A typical plot of flux vs. time showing a compari-
son of experimental results and the model prediction
is shown in Fig. 5. The model developed in this study
was able to describe the experimental filtration be-
haviour. However, an overestimation of the initial flux
could be observed. Still, the prediction of the steady-
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Fig. 5. Comparison of experimental fluxes with model predic-
tion for uf =1ms~!, ug = 0.8 m s~1, and AP =100
kPa and for wp = 0.01 (O — experiment, dashed line
— model) and wg = 0.05 (LJ — experiment, solid line —
model).
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Fig. 6. Comparison of experimental (O) and predicted values
(dashed line) of steady-state permeate flux for various
injecting ratio and for u;, = 1 m s~1, AP = 100 kPa,
wr = 0.01, and gas injecting capillary i.d. 1.08 mm.

state flux values is more important for industrial appli-
cations of two-phase gas-liquid flow in microfiltration
processes.

Fig. 6 shows the values of steady-state permeate
flux experimentally measured and predicted by the
model. The values are predicted for the operation time
of 2 h, when stable conditions for titanium dioxide dis-
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persions filtration could be considered. The difference
between experimental and model results varied from
+20 % to —7 %. While for the low value of gas flow ve-
locity (r = 0.2) the model overestimated the permeate
flux, for higher gas flow velocities (r = 0.3—0.7) the
model was nearly correct or slightly underestimated
the fluxes. The overestimation in the range of r =
0.1—0.3 can be attributed to unstable flow conditions
of bubble flow pattern observed.

CONCLUSION

The experimental results demonstrated that in
cross-flow microfiltration of dispersions the gas-liquid
two-phase flow is able to maintain the permeate flux
at a constant and high level during the whole exper-
imental run. The experiments carried out at a large
number of flow conditions showed that periodical gas
flow seems to be less effective than a constant one in
similar experimental operating conditions. However,
the permeate flux improvement for periodical mode
was observed compared to experiments without an air
addition. The intensification ability of the periodical
gas flow depends on the periodical gas flow mode and
on the dispersion concentration. The hydrodynamic
regime inducing the largest enhancement in flux is
slug flow in the case of aqueous titanium dispersion
where a permeate flux plateau is reached at the be-
ginning of the slug flow regime. Application of slug
flow pattern is a good compromise between the flux
enhancement and the air consumption during the mi-
crofiltration process. The results showed an agreement
between model prediction and experimental observa-
tion. Since other factors may influence the permeate
flux, more experiments should be done in order to op-
timize and validate this model for its application in
a wider area of process conditions and tested suspen-
sions.
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SYMBOLS
J permeate flux m s~ ! (dm® m~2 h™1)
Jo pure water permeate flux
ms~! (dm® m~2 h™1)
Js steady-state permeate flux without inten-
sification m s~ ! (dm® m~2 h™1)
Jsint. steady-state permeate flux with inten-
sification m s~ ! (dm® m~2 h™1)
k gas flow velocity factor, eqn (8)
AP transmembrane pressure difference Pa
T injecting ratio, eqn (9)
R resistance m~!
R specific resistance m~2
t time S
uf, superficial liquid flow velocity ms!
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y
Wp
dc
Ho
2%¢
Pr

m s !

superficial gas flow velocity

mass fraction of dispersion in the feed
cake thickness m
permeate viscosity Pas
maximum solid volume fraction in the cake

solid volume fraction in the feed
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