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ABSTRACT

In this work, the shear-induced diffusion model has been used to predict flux decline in ultrafil-
tration. Two types of monotubular ceramic membranes were used in the experiments: Carbosep
M2 ZrO,-TiO, membranes with a MWCO of 15 kg/mol (Orelis, S.A., France) and TiO,-Al,O, Tami
MSKT membranes of 5 kg/mol (Tami, S.A., France). Polyethylene glycol (PEG) of 35 kg/mol was
used in the preparation of the feed aqueous solution. The experiments were performed at constant
temperature (25°C) and at different feed flow rates (1-3 m/s), transmembrane pressures (TMPs)
(0.1-0.5 MPa) and feed concentrations (5-15 g/L). In this work the gel layer concentration was
empirically estimated form steady-state permeate flux values. Model predictions were compared
with the experimental results and discussed. For the Carbosep M2 membranes, model predic-
tions were better for high TMPs and low crossflow velocities. For Tami MSKT membranes, model
predictions for initial permeate flux decline were worse when fouling was severe (high TMPs and
feed concentrations and low crossflow velocities) than in the case of mild fouling conditions. An

explanation for this is given in this paper.
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1. Introduction

Ultrafiltration is one of the most promising techniques
for macromolecular solute separation from aqueous ef-
fluents. Nevertheless, the applicability of ultrafiltration
is restricted by the fact that permeate flux decreases with
time. This phenomenon is commonly termed as mem-
brane fouling [1]. The influence of operating conditions
on permeate flux have been widely studied and a wide
range of experimental data have been collected and dis-
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cussed. Despite, more effort has to be done to understand
the mechanisms affecting fouling and to develop a model
for permeate flux decline with time. Many models have
attempted to predict permeate ultrafiltration rate as a
function of time for solutions of gel forming polymers.
However, all of them fail to accurately predict the behav-
iour of permeability of ultrafiltration membranes. This
work focuses on the shear-induced diffusion model [2,3],
which is one of the non-empirical models that achieves
better predictions of permeate flux decline with time
when compared with other non-empirical models [4-8].

Presented at EuroMed 2008, Desalination for Clean Water and Energy Cooperation among Mediterranean Countries of Europe and the
MENA Region, 9-13 November 2008, King Hussein Bin Talal Convention Center, Dead Sea, Jordan.



140 M.-C. Vincent-Vela et al. / Desalination and Water Treatment 10 (2009) 139-143

2. Materials and methods
2.1. Membranes

Two types of monotubular ceramic membranes were
used in the experiments: Carbosep M2 ZrO,-TiO, mem-
branes supplied by Orelis, S.A. (France) with a molecular
weight cut off (MWCO) of 15 kg/mol and TiO,~-AlO, Tami
MSKT membranes supplied by Tami, S.A. (France) with
a MWCO of 5 kg/mol. The membranes area was 35.5 cm?
and they had an internal diameter of 6 mm.

2.2. Fouling experiments

Polyethylene glycol (PEG) of 35 kg/mol was selected
as the feed solute because it has been very often used as
a standard macromolecule in fouling ultrafiltration tests
carried out for modelling purposes [9,10]. The PEG used
in the preparation of the feed aqueous solution was sup-
plied by Merck-Schuchardt (Germany).

The experiments were performed at different feed
flow rates (1-3 m/s), transmembrane pressures (TMPs)
(0.1-0.5 MPa) and feed concentrations (5-15 g/L). All the
experiments were carried out at constant temperature
(25°C). Ultrafiltration tests were performed with the ul-
trafiltration pilot plant described elsewhere [2,4,5].

2.3. Membrane cleaning

Carbosep M2 membrane was cleaned at 40°C with an
aqueous NaOH solution of 0.2% w/w in deionised water.
Membrane cleaning procedure for Tami MSKT membrane
was carried out with a 0.25 g/L. NaOCl aqueous solution
at a pH of 11 achieved by NaOH addition. The NaOH
and the NaOCl were both supplied by Panreac (Spain).
The cleaning protocol managed to recover initial mem-
brane pure water permeability. Consequently, the same
membrane was used in all the experiments.

3. Modelling

The shear-induced diffusion model [3] is capable of
predicting ultrafiltration permeate flux decline due to
gel layer formation and growth with simple equations.
The model considers that the growth of the gel layer is
governed by the mechanisms of feed-forward filtration.
According to the model, for long time scales the tangen-
tial flow compensates the convection of solutes towards
the membrane surface due to the permeate flow. The
tangential flow also prevents the growth of the gel layer
and allows achieving a quasi-steady state.

The two main model hypotheses are the following:
individual particles collapse with other particles and
undergo random displacements from the streamlines
and a gel layer adhered to the membrane surface forms
instantly from the beginning of ultrafiltration. The main
equation of the model has been proposed by Davis [3],

who calculated permeate flux, ], as a function of time by
means of Eq. (1).
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where AP is the transmembrane pressure, p is the dy-
namic viscosity of the permeate, R is the membrane
hydraulic resistance, B is the dimensionless resistance
of the cake layer, D is the solute diffusivity, C is the
solute concentration in the feed expressed in volume per
volume, C_is the solute concentration in the gel layer in
volume per volume, C, is the feed concentration, C, is
the gel layer concentration, D, is the hydraulic diameter
of the membrane, R is the specific resistance of the gel
layer and ¢ is time.

The specific resistance of the gel layer can be estimated
by means of Eq. (2) [7, 3, 11].
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where E is the cake porosity and 4, is the radius of the
solute molecule.

The diffusivity of PEG 35 kg/mol at 25°C was esti-
mated according to the procedure followed by Pradanos
et al. [12] and Cheryan [13]. The Stokes-Einstein radius
of PEG molecules was estimated according to Mockel et
al. [14-16]. The gel layer concentration was empirically
estimated from experimental values of steady-state per-

meate flux ], by means of the following equation [17]:
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where D,  is the internal membrane diameter, v is the

kinematic viscosity and v, is the crossflow velocity. This
equation is valid for tubular membranes and turbulent
flow.

In this work, the experimental data and the results
predicted by the model were compared.
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The calculation sequence used to estimate permeate
flux decline was the following: Estimation of the gel layer
concentration was performed by means of Eq. (3); the es-
timated value was used for the calculation of the gel layer
porosity and the dimensionless specific resistance of the
gel layer according to Egs. (1), (2); finally, the permeate
flux as a function of time was obtained by means of Eq.(1).

4. Results and discussion

The shear-induced diffusion model [2,3] is one of the
non-empirical models that achieves better predictions
of permeate flux decline with time when compared
with other non-empirical models [4-8], particularly for
the lowest crossflow velocity tested (1 m/s), for which
gel layer formation is more likely to occur. To estimate
permeate flux, first, the gel layer concentration was em-
pirically calculated by means of Eq. (3). The estimated
values of the gel layer concentration were 24.86 g/L for a
crossflow velocity of 1 m/s and 24.04 g/L for a crossflow
velocity of 3 m/s. Therefore, Eq. (3) predicts that the gel
layer concentration slightly decreases as the crossflow
velocity increases.

In Figs. 1-6, model predictions with empirical
estimation of the gel layer concentration from steady-
state permeate flux values [Eq. (3)] are compared with
experimental results. The symbols correspond to the
experimental results and the continuous lines to those
predicted by the model.

In Fig. 1 the best model predictions are attained for
the highest TMP tested. Although the shape of the curve
for model predictions is similar to that obtained for ex-
perimental results, permeate fluxes are over-predicted for
low time scales and under-predicted for high time scales
when compared with experimental results.

In Fig. 2 it can be observed that model predictions
are worse than those observed in Fig. 1. Experimentally
observed flux decline with time was very low. Never-
theless, the reduction in permeate flux decline observed
when increasing crossflow velocity was higher for the
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Fig. 1. Experimental data and model predictions for a cross-
flow velocity of 1 m/s and a feed concentration of 5 g/L for the
Carbosep M2 membrane.

experimental results than in the case of model predictions.
In both cases permeate fluxes are over-predicted for low
time scales and under-predicted for high time scales.

When the results represented in Figs. 1-2 are com-
pared to those obtained with the same model but with
theoretical estimation of the gel layer concentration [2],
it can be observed that when the gel layer concentration
is empirically estimated the model predicts higher mem-
brane fouling than that predicted when of the gel layer
concentration is theoretically estimated. The reason can
be the higher value of the gel layer concentration that was
obtained when it was empirically estimated. Therefore,
empirical estimation of the gel layer concentration does
not result in better model predictions.

Comparing Figs.1-2 and Figs. 34, it can be observed
that for the same operating conditions better predictions
are obtained for steady-state permeate flux for Tami
MSKT membranes than in the case of Carbosep M2
membranes. The amount of molecules that contribute to
the gel layer formation in the case of Carbosep M2 mem-
branes is lower than in the case of Tami MSKT membranes.
Retention values for Carbosep M2 membranes with PEG

<+ TMP = 0,1 MPa
= TMP = 0,2 MPa
— o TMP = 0,3 MPa
A TMP = 0,4 MPa

0 5000 10000 15000

Time (s)

20000 25000

Fig. 2. Experimental data and model predictions for a cross-
flow velocity of 3 m/s and a feed concentration of 5 g/L for the
Carbosep M2 membrane.
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Fig. 3. Experimental data and model predictions for a crossflow
velocity of 1 m/s and a feed concentration of 5 g/L for the Tami
MSKT membrane.
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Fig. 4. Experimental data and model predictions for a crossflow
velocity of 3 m/s and a feed concentration of 5 g/L for the Tami
MSKT membrane.

35 kg/mol were around 86% while values ranging from
90.5% t0 99.7% were obtained for Tami MSKT membranes.

The shear-induced diffusion model attains the best
predictions for permeate flux decline with time when
the Tami MSKT membrane is slightly fouled during the
ultrafiltration process (Fig. 4). For those experimental
conditions differences between pure water permeate flux
and permeate flux obtained for the PEG 35 kg/mol aque-
ous solution are small. When fouling is severe (Fig. 3),
model predictions are worse than in the case of mild
fouling conditions. The reason can be that other foul-
ing mechanisms not taken into account by this model
can participate in the fouling of the membrane, such as
pore blocking. Moreover, pore blocking is more likely
to occur at the early stages of the ultrafiltration process,
when the highest discrepancies between experimental
and predicted flux were obtained.

For the Tami MSKT membrane the best results were
obtained for highest crossflow velocity (3 m/s) and the
lowest feed concentration (5 g/L) tested (Fig. 4). For that
experimental conditions fouling and differences between
pure water permeate flux and permeate flux with the feed
solution are the lowest.

Figs. 5 and 6 correspond to the results obtained with
the highest solute concentration tested (15 g/L). The mod-
el predicted a higher initial permeate flux decline for high
feed concentrations and for low crossflow velocities (Figs.
3-6). However, this was not experimentally observed for
the Tami MSKT membrane. An explanation for this can be
found in the assumption that initial permeate flux decline
occurred instantly at the beginning of ultrafiltration and
it was not experimentally detected. Therefore, predictions
corresponding to the more favourable conditions for gel
layer formation: high feed concentration and low cross-
flow velocity (Fig. 5), are not better than those achieved
when operational conditions are less favourable for gel
layer development (Fig. 6). Nevertheless, steady-state
permeate flux predictions were good for the Tami MSKT
membrane.
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Fig. 5. Experimental data and model predictions for a cross-
flow velocity of 1 m/s and a feed concentration of 15 g/L for
the Tami MSKT membrane.
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Fig. 6. Experimental data and model predictions for a cross-
flow velocity of 3 m/s and a feed concentration of 15 g/L for
the Tami MSKT membrane.

In all cases, model predictions and experimental
results show that the effect of TMP on permeate flux
decreases with an increase in TMP and/or feed concen-
tration. However, differences between experimental and
predicted results may be due to model assumptions not
being correct for all the experimental conditions tested.
For example, gel layer formation may not be the only
fouling mechanism.

5. Conclusions

Experimental results are not in accordance with model
predictions for all the experimental conditions tested.

For the Carbosep M2 membranes, permeate fluxes are
over-predicted for low time scales and under-predicted
for high time scales when compared with experimental
results for all the experimental conditions tested. More-
over, predicted permeate flux with empirical estimation
of the gel layer concentration was not better than in the
case of theoretical estimation. Model predictions were
better for high TMPs and low crossflow velocities for
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Carbosep M2 membranes, when gel layer formation is
more likely to occur.

However, the opposite was observed with Tami MSKT
membranes. When fouling was severe (high TMPs and
feed concentrations and low crossflow velocities) model
predictions for initial permeate flux decline were worse
than in the case of mild fouling conditions. This could be
due to an instantaneous initial permeate flux decline that
was not experimentally detected. Better predictions were
obtained for steady-state permeate flux for Tami MSKT
membranes than in the case of Carbosep M2 membranes.
An explanation for this can be found in the amount of
molecules that contribute to gel layer formation being
inferior in the case of Carbosep M2 membranes than in
the case of Tami MSKT membranes.
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