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H I G H L I G H T S

• Three ultrafiltration membranes were fouled with whey model solutions.
• Several mathematical models were fitted to the experimental data.
• Model predictions were very accurate for all the membranes and feed solutions tested.
• Membrane characteristics were related to the fouling mechanisms and model parameters.
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In this work, three ultrafiltration (UF) membranes with different molecular weight cut-offs (MWCOs) andmade
of different materials were fouled with several whey model solutions that consisted of bovine serum albumin
(BSA) (1% w/w), BSA (1% w/w) and CaCl2 (0.06% w/w in calcium) and whey protein concentrate (WPC) with a
total protein content of 45% w/w at three different concentrations (22.2, 33.3 and 44.4 g·L−1). The influence of
MWCO and membrane material on the fouling mechanism dominating the UF process was investigated. Exper-
iments were performed using two flat-sheet organic membranes and a ceramic monotubular membrane whose
MWCOswere 5, 30 and 15 kDa, respectively. Hermia's models adapted to crossflowUF, a combinedmodel based
on complete blocking and cake formation equations and a resistance-in-seriesmodelwerefitted to permeateflux
decline curves. The results demonstrated that permeate flux decline was accurately predicted by all the models
studied. However, themodels that fitted the best to permeate flux decline experimental datawere the combined
model and the resistance-in-series model. Therefore, complete blocking and cake formation were the predomi-
nant mechanisms for all the membranes and feed solutions tested.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafiltration (UF) membranes have been widely used in dairy in-
dustries for several applications such as preconcentration of milk, milk
dehydration, fractionation of whey, purification of whey proteins, and
enrichment of micellar casein for the manufacture of milk [1,2].

However, one of the major problems in the UF processes applied in
dairy industry is membrane fouling. Among the different substances
that are present in milk and whey, proteins are the main responsible
for membrane fouling [3]. The most important consequence of fouling
is the gradual permeate flux decline during filtration time. This effect
depends on different parameters, such as operating conditions of the
UF process (crossflow velocity, transmembrane pressure, feed concen-
tration and temperature), interactions between foulants and the

membrane surface or membrane characteristics (hydrophilicity, pore
size and porosity) [1,4].

According to the literature, membrane fouling mechanisms can be
divided in several types. When the solute molecules are smaller than
or similar to themembrane pore size, thesemolecules can penetrate in-
side themembrane pores, reducing their effective radius gradually (ad-
sorptive fouling) or causing the entire pore to be completely blocked
(pore blocking mechanism) [5,6]. If solute molecules are much higher
than membrane pores, they are deposited on membrane surface. In
some cases, the deposited fouling layer may form a cake layer [7,8].

Because of the technical and economical importance of permeate
flux decline, determining the optimum operating conditions to mini-
mize fouling and obtaining a model to predict permeate flux decline
with time are key steps in UF processes. Previous studies found in the
literature have developed permeate flux declinemodels for UF process-
es [9–13]. Among them, empirical models are the most often used due
to their high prediction accuracy because they describe experimental
results by fitting a mathematical equation to the data obtained without
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considering any theoretical parameter (examples of these models are
those provided by regression analysis) [14]. However, as the theoretical
description of fouling phenomena and mechanisms is not reflected
on the mathematical equation proposed by this type of models, the re-
lationship between permeate flux decline and the fouling mechanism
involved in the UF process cannot be explained with empirical models.
On the other hand, theoretical models are able to explain the fouling
phenomena during membrane filtration, although they are less accu-
rate. For those reasons, semi-empirical models, which use simplified
forms of scientific laws and include a certain number of parameters
with physicalmeaning aremore appropriate to provide accurate predic-
tions of the permeate flux decline and also to describe the fouling
mechanism at the same time [5,15,16].

Although severalmathematicalmodels can be found in the literature
to explain the fouling mechanisms affecting UF membranes [9,13,17,
18], Hermia's models [19] applied to dead-end filtration and their adap-
tations to crossflow UF are widely used to fit the experimental data of
different UF processes. Previous studies found in the literature have
demonstrated that Hermia's models can accurately predict permeate
flux decline at different experimental conditions. Mohammadi and
Esmaeelifar [20] analyzed the fouling mechanisms involved in the UF
of wastewaters from a vegetable oil factory working at 3 bar and
0.5m/swith a 30 kDa polysulfonemembrane. Their results demonstrat-
ed that fouling was due to the cake layer formationmechanism, achiev-
ing a value of R2 of 0.99. Vincent Vela et al. [15] investigated the fouling
mechanisms involved in PEG UF using a ceramic membrane of 15 kDa.
They obtained that intermediate blocking model was dominant for a
transmembrane pressure of 3 bar and a crossflow velocity of 1 m/s
and in the case of 4 bar and 2 m/s, with values of R2 of 0.980 and
0.979, respectively. Salahi et al. [5] studied the UF of oily wastewaters
using a polyacrylonitrile membrane of 20 kDa at different transmem-
brane pressures (1.5, 3 and 4.5 bar) and crossflow velocities (0.25,
0.75 and 1.25 m/s). For all the experimental conditions tested, the
cake layer formation model followed by the intermediate blocking
model were the models that fitted the best, with values of R2 ranging
from 0.9852 to 0.9999 in the case of the cake layer formation model
and ranging from 0.8710 to 0.9321 for the intermediate blocking
model. Kaya et al. [21] applied conventional Hermia's models to predict
the fouling mechanism of two nanofiltration membranes (0.4 and
1 kDa) using a paper machine circulation wastewater as feed solution.
The best fitting accuracy (R2 = 0.985) was obtained for the cake layer
filtrationmechanism followed by the intermediate blockingmechanism
(R2 = 0.982) at a transmembrane pressure of 8 bar.

De la Casa et al. [22] combined two fouling mechanisms of Hermia's
models. They proposed two different combinations: the first one con-
siders that only a fraction of membrane surface pores (α) is completely
blocked (complete blocking model equation) while part of the foulant
molecules may pass through the membrane and be adsorbed on the
pore walls that were previously unblocked (1-α) (standard blocking
model equation). The second combination takes into account that a
cake layer of foulant molecules (cake layer formation model equation)
can be formed on the previously deposited molecules that have pre-
viously completely blocked the pores (complete blocking model
equation). The combined models were fitted to the experimental
data obtained during the microfiltration of 0.25 g·L−1 BSA solutions
at a transmembrane pressure of 1 bar and a crossflow velocity of
3.28 m·s−1.

On the other hand, the resistance-in-series model is one of the most
widely used empirical models due to its high accuracy. Choi et al. [23]
applied a resistance-in-series model to batch microfiltration of BSA.
They considered that total resistance was the sum of themembrane re-
sistance, the cake layer resistance and the fouling resistance. This last
one represented the foulant deposits inside the membrane pores. Flux
decline predicted by the model was in a good agreement with the ex-
perimental data obtained. Carrère et al. [24] used a resistance-in-series
model to predict permeate flux decline of lactic acid fermentation

broths crossflow filtration at a transmembrane pressure of 2 bar and a
crossflow velocity of 4m·s−1. Their model considered four different re-
sistances (themembrane resistance, the resistance of the adsorbedmol-
ecules on the membrane surface, the resistance due to concentration
polarization and the cake layer resistance). They obtained a good agree-
ment between predicted and experimental data.

The aim of this work was to investigate the foulingmechanisms that
affect different UF membranes (two polymeric membranes of 5 and
30 kDa and a ceramic monotubular membrane of 15 kDa) using several
whey model solutions (BSA (1% w/w), BSA (1% w/w) and CaCl2 (0.06%
w/w in calcium) and whey protein concentrate (WPC) with a protein
content of 45% at three different concentrations (22.2, 33.3 and
44.4 g·L−1)) as feed solutions during the fouling step. For this purpose,
severalmodelswerefitted to the experimental data obtained during the
UF of whey model solutions: Hermia's models adapted to crossflow UF,
a resistance-in-series model and a combined model based on the
complete blocking and cake layer formation fouling mechanisms. As a
novelty, the last model was developed for this work based on the
Hermia's equations adapted to crossflow for the two fouling mecha-
nisms considered. The influence of bothmembraneMWCOandmaterial
on the dominating fouling mechanism was investigated. The values of
model parameters were estimated for the models with the highest
fitting accuracy. Different equations that relate model parameters with
operating conditions such as the membrane roughness and the particle
size and the protein concentration of the feed solutionswere developed.

2. Modelling

2.1. Hermia's models

The models developed by Hermia [19] are based on classical con-
stant pressure dead-end filtration equations. They consider four main
types of membrane fouling: complete blocking, intermediate blocking,
standard blocking and cake layer formation. These models can be
adapted to consider a crossflow configuration [15,25,26]. Adapted
models to crossflow ultrafiltration incorporate the flux associated with
the back-transport mass transfer, which is evaluated at the steady-
state [27]. The general equation for Hermia's models adapted to
crossflow ultrafiltration is shown in Eq. (1):

− dJ
dt

¼ K J− Jssð Þ J2−n ð1Þ

where J is the permeate flux, K is a model constant and Jss is the perme-
ate flux when the steady-state is achieved.

According to the value of the parameter n, four different models can
be distinguished, based on four different foulingmechanisms: complete
blocking (n = 2), intermediate blocking (n = 1), standard blocking
(n = 1.5) and cake layer formation (n = 0).

In the complete blockingmodel, a solutemolecule that settles on the
membrane surface blocks a pore entrance completely, but it cannot
penetrate inside the pores. This model assumes that a monomolecular
layer is formed on the membrane surface.

The intermediate blockingmodel is similar to the complete blocking
one because it considers that fouling takes place on the membrane sur-
face and not inside the pores. However, intermediate blocking model
allows solute molecules to deposit on previously settled ones.

The standard blocking model takes into account that all the mem-
brane pores have the same length and diameter and the solute mole-
cules are smaller than the membrane pore size. Therefore, these
molecules can penetrate inside the pores.

When the solute molecules are larger than the membrane pores,
they may accumulate on the membrane surface forming a permeable
cake layer. This is the basis of the cake layer formation model.
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