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a b s t r a c t

The transient membrane fouling during the concentration by cross-flow ultrafiltration of soy protein
extracts subjected to electroacidification is examined by combining experimentation with computa-
tional fluid dynamics (CFD) modeling. Transient reversible (water removal) and irreversible (chemical
removal) membrane fouling resistances, permeate flux, protein concentration and protein concentra-
tion dependent viscosity were obtained experimentally. A detailed fouling resistance model to describe
the reversible and the irreversible fouling resistances was developed in terms of the microscopic local
transient and spatial pressure difference, permeate velocity, protein concentration and initial fouling
resistance conditions. This fouling resistance model is used in a boundary condition for the permeate
velocity when solving the momentum and protein concentration continuity equations with CFD. The
lectroacidification
ouling

model estimates agree with experimentally measured permeate flux, protein concentration and tran-
sient irreversible and reversible fouling resistances. In particular, the model estimated accurately the
transient reversible and irreversible fouling resistances, a limitation of most previously published models.
The model shows considerable axial variation of the reversible fouling resistance and the protein concen-
tration at the membrane surface which supports the inadequacy of the film theory and the assumptions
for constant properties. In contrast, the irreversible fouling resistance remains relatively constant with

prote
axial position suggesting

. Introduction

Membrane ultrafiltration (UF) is a pressure driven operation
here liquid and solutes smaller than the membrane pores perme-

te through a membrane while solutes larger than the membrane
ores are retained. The accumulation of solutes near the membrane
urface or within the membrane pores constitutes membrane foul-
ng. Major efforts have been devoted to study fouling and design

ore efficient ultrafiltration membrane systems. However, the
omplexity of fouling has limited the progress to better under-
tand and predict the occurrence of fouling. Modeling studies
epresent an attractive alternative to obtain information on the
ontribution of the feed properties and the operating conditions to

embrane fouling. In particular, mathematical microscopic meth-

ds constitute an attractive approach for the investigation of fouling
echanisms near the membrane surface. These methods are based

n numerically solving Navier–Stokes equations and the continuity

∗ Corresponding author. Tel.: +1 519 888 4567x35254.
E-mail address: cmoresol@uwaterloo.ca (C. Moresoli).

376-7388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2010.05.057
in adsorption.
© 2010 Elsevier B.V. All rights reserved.

equation with additional relationships describing fouling. Analyti-
cal solutions are nearly impossible to obtain due to the complexity
of these equations. Some approximated solutions can be used to
solve the Navier–Stokes equations [1,2] and can be combined with
a complete numerical solution of the continuity equation. In some
cases, the microscopic model considers a spatial or transient fouling
model in the boundary condition to determine the local permeate
velocity and the convection-diffusion equation for species mate-
rial balance. For instance, Yeh et al. [3] combined a simplified steady
state momentum equation with a resistance-in-series model where
the gel layer resistance is proportional to the local transmembrane
pressure to describe dextran ultrafiltration. Tu et al. [4] used sim-
plified partial differential equations for the continuity equation
and computed the transient permeate velocity at the wall from a
resistance-in-series model representing internal pore fouling, con-
centration polarization and gel layer mechanisms. The dynamics of
the different resistances were represented by ordinary differential

equations with power law relationship for the resistances in terms
of concentrations and pressure. To describe a hollow-fiber UF con-
figuration, Secchi et al. [5] used the resistance-in-series model as a
boundary condition of the continuity equation. The resistance-in-

dx.doi.org/10.1016/j.memsci.2010.05.057
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:cmoresol@uwaterloo.ca
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eries model consisted of the intrinsic membrane resistance and an
dsorption resistance with a Langmuir form for the solutes retained
t the membrane surface.

When the approximated relations for the Navier–Stokes and
ontinuity equations are not sufficient, in house or commercial
omputational fluid dynamics (CFD) codes are required. During the
ast decade, a number of studies have illustrated the use of CFD

odeling for solving the complete set of continuity and momen-
um equations for membrane filtration [6–11]. The advantages of
FD modeling for the understanding of the filtration process have
een presented by Ghidossi et al. [12]. CFD models can provide
rigorous and detailed analysis of the local and transient condi-

ions for the permeate velocity, the solute concentration and the
ouling with a reduced number of assumptions. For example, esti-

ates of the transient and local permeate flux and fouling behavior
ere obtained without requiring assumptions on the polariza-

ion layer thickness [11]. The conditions at the membrane surface
ere described by a dynamic resistance-in-series model, based on

he experimental permeate flux profile for the concentration of
oy protein extracts by cross-flow ultrafiltration [11]. The model,
alidated with experimental permeate flux and protein concentra-
ion data, predicted axial variations of the protein concentration
t the membrane surface with a maximum occurring before the
nd of the filter. The existence and importance of axial variations
f the permeate velocity and solute concentration during mem-
rane ultrafiltration of dextran solutions was also reported by Ma
t al. [13] using a finite element model for solving Navier–Stokes
nd the continuity equations. The permeate velocity at the mem-
rane surface was represented by the osmotic pressure model
xpressed in terms of dextran concentration. The concentration
ependency of the viscosity was also shown to be a critical fac-
or for the prediction of a limiting flux, the pressure independent
ux, for the concentration of dextran solutions. The approach pro-
osed by Ma et al. [13] assumes the existence of limiting flux and
teady-state conditions. Schausberger et al. [14] developed a tran-
ient finite volume code and solved the mass, momentum and
pecies conservation equations for the cross-flow ultrafiltration
f BSA with total BSA retention. The model incorporated detailed
smotic pressure, viscosity and diffusion coefficient representation
or BSA. The fouling was described with a modified Darcy’s law and
resistance-in-series model with an irreversible surface adsorption

ouling reaction. A one adjustable parameter model was developed.
xcellent agreement with the model and experimental data was
btained for the permeate flux and different pH and feed veloc-
ty conditions. The agreement was not so good for the effect of
rotein concentration and the concentration polarization and foul-

ng which could be due to membrane–solute interactions that are
eglected in this model.

Soy protein ingredients are contained in a wide variety of pro-
essed food products. A number of studies describe the advantages
f membrane UF for the production of soy protein ingredients with
mproved protein yields and functional properties [15–17]. The

embrane pore size is generally selected to enable the removal of
arbohydrates and minerals by permeation through the membrane
hile retaining and concentrating the major soy proteins. Recent
ork has shown that the combination of electroacidification and
F represents an attractive approach for the concentration of soy
rotein extracts [17–20]. The electroacidification of the soy pro-
ein extract to pH 6 enhances the magnesium, calcium, and phytic
cid removal compared with the non-electroacidified soy protein
xtract at pH 9. However, electroacidification decreases the perme-

te flux during UF which results in longer filtration time. The ionic
trength and the pH are known to affect the strength and the nature
f protein–protein and membrane–protein interactions. Lower
lectrostatic repulsion forces between the proteins at conditions
ear their isoelectric point results in a tighter protein accumula-
rane Science 361 (2010) 191–205

tion on the membrane surface suggested to be responsible for the
lower permeate flux observed in the UF of the electroacidified soy
protein extract [17–20].

The modeling of soy protein UF has generally combined sim-
ple macroscopic models and empirical observations to describe
fouling and process observations. This approach is unable to pro-
vide information on the local behavior of the filtration. Krishna
Kumar et al. [16] modeled the permeate flux with the film theory
mass transfer model and a resistance-in-series model to compare
the performance of tubular and spiral modules for soy protein
concentrates in a total recycle mode at steady-state. The total
fouling resistance was represented by the sum of a concentration
polarization resistance (proportional to the pressure) and a solute
membrane interactions resistance. Constant and global resistances
were estimated from steady-state filtration data. Furukawa et al.
[21] modeled the UF of soy sauce lees considering fouling caused
by the cake formation and limited by the hydraulic lift velocity. They
rearranged this resistance-in-series model to introduce reversible
and irreversible resistances. The reversible resistance is defined to
be proportional to permeate volume. The irreversible resistance is
assumed to change from a pure water membrane resistance to the
total irreversible resistance observed at the initial stage of the filtra-
tion. The total irreversible resistance is assumed to remain constant
during the filtration. The use of the reversible and the irreversible
resistance concept is attractive because these resistances can be
easily estimated experimentally and provide some explanation of
the fouling mechanisms.

The present work was motivated by the desire to understand
the fouling observed during the concentration of electroacidified
soy protein extract in a hollow fiber ultrafiltration system. The CFD
methodology recently developed by Marcos et al. [11] to describe
the feed tank and the hollow fiber UF system for soy protein con-
centration was chosen. The model considers only the proteins and
does not take into account the carbohydrates and the minerals
contained in the soy protein extract. It is assumed that all the
low molecular weight components, carbohydrates and minerals,
permeate freely through the membrane pores such that the pro-
teins are the only membrane foulant. This assumption is based on
the experimental observations reported by Skorepova [18] where
the proteins represented at least 93% of the total solids deposited
on the membrane during the ultrafiltration of non-electroacidified
and electroacidified soy protein extracts. The transient fouling
resistances constitute a boundary condition (Darcy’s law and
resistance-in-series model) when solving the momentum and pro-
tein concentration continuity equations. The formulation of the
dynamic resistance-in-series model in the current study differs
from [11]. In the current study, we have selected a formulation
that allows easily accessible experimental estimation of the fouling
resistances. The global fouling resistance consists of the membrane
resistance, the reversible fouling resistance (water removal) and
the irreversible fouling resistance (chemical removal). A new tran-
sient fouling resistance model based on the initial fouling resistance
conditions, the local permeate flux, pressure difference and pro-
tein concentration, was developed to describe the reversible and
irreversible fouling resistance components. The viscosity of the soy
protein extracts was considered as a function of protein concentra-
tion and pH to represent the electroacidification effect. The model
was calibrated with experimental transient permeate flux and pro-
tein concentration data. Different patterns of initial and transient
irreversible and reversible fouling resistances according to the pH
of the soy protein solution were experimentally observed and sim-

ulated by the model. In contrast to the classical numerical modeling
approach, this study takes advantage of CFD modeling tools to com-
bine the hydrodynamics and the solute transport with the fouling
behavior for a hollow fiber membrane ultrafiltration system and
feed tank and obtain estimates of the spatial and transient pro-
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Fig. 1. Diagram of the feed tank and ultrafiltration hollow fiber module.

ein concentration and velocity profiles inside the fiber by solving
he Navier–Stokes equation coupled with the continuity equation
or the soy protein. The model, validated with independent exper-
mental data, showed the effect of two operating parameters, feed
elocity and transmembrane pressure, on the spatial and transient
ermeate velocity and protein concentration profiles. Estimates of
he spatial and transient reversible and irreversible fouling resis-
ances were also obtained and served to better understand the
oncentration operation and the effect of electroacidification dur-
ng the ultrafiltration of soy protein extracts.

. Modeling

.1. Geometry and computational mesh used

The system that was modeled consisted of the feed tank and the
embrane hollow fiber module (Fig. 1). During a filtration, the feed
as pumped through the module and the retentate was returned

o the feed tank while the permeate was collected. The hollow fiber
embrane module contained 50 fibers with a 5.0 × 10−4 m radius

nd 0.3 m length. Every fiber was assumed identical and only one

ber was modeled. Fig. 2 presents the major hydrodynamic char-
cteristics of a fiber.

Fig. 2. Simplified representation of the hydrodynamics in the hollow fiber.
rane Science 361 (2010) 191–205 193

2.2. Governing equations of the hollow fiber

The governing equations, the equations for conservation of
mass, protein concentration and momentum, in 2D-cylindrical
coordinates are mathematically given in Eqs. (1)–(4) [11,22]. The
Reynolds number is smaller than 1500 so that the flow is laminar.
The equations solved are:

∂vz
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In the previous equations, vz and vr are the velocity components
in the z and r directions, respectively, � is the fluid density, P is the
pressure, � is the fluid viscosity, C is the protein concentration and
D is the average protein diffusion coefficient. The density and the
diffusion coefficient are assumed constant during the filtration; the
viscosity varies during the filtration and depends on the protein
concentration and electroacidification conditions (see Section 2.5).

2.3. Initial and boundary conditions of the fiber

At the inlet of the fiber, the flow is assumed to be fully developed
and a parabolic flow is specified. The maximum velocity (vz,max) of
the inlet parabolic flow is computed from the feed flowrate and
the dimension of the fiber. The outlet pressure (Pout) is related to
the transmembrane pressure TMP and the total pressure drop in
the fiber. Furthermore, the protein concentration at the inlet of the
fiber is taken to be the concentration in the feed tank

at z = 0, vz = vz,max

(
1 −

(
r

R

)2
)

, vr = 0, C = Cfeed(t)

(5a)

at z = L, P = Pout,
∂C

∂z
= 0 (5b)

The outlet boundary condition, Pout, is a common boundary condi-
tion in fluid dynamics as recently used [14].

The fiber is axisymmetric therefore:

at r = 0,
∂vz

∂r
= 0, vr = 0,

∂C

∂r
= 0 (5c)

A no slip boundary condition is defined at the membrane surface
[23]

at r = R, vz = 0, vr = vw (5d)

where vW (z, t) is the permeate velocity.
It is assumed that soy proteins are totally rejected by the 100 kDa
membrane (verified previously where the protein content in the
permeate was approximately 2 wt% and approximately 90 wt% in
the retentate for cross-flow ultrafiltration concentration operation
with a similar system and operating conditions [17]). The aver-
age particle size of the electroacidified and non-electroacidified
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Table 1
Physical properties of the soy protein extracts.

Model parameters Non-electroacidified soy protein extract Electroacidified soy protein extract
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oy protein extracts examined in this study was estimated previ-
usly, 707 and 220 nm, respectively [19]. We also assumed that the
rotein adsorbed on the membrane surface (irreversible fouling) is
egligible compared to the magnitude of the protein concentration
t the wall.

t r = R, vwC − D
∂C

∂r
= 0 (5e)

at t = 0, vz = vz,max

(
1 −

(
r

R

)2
)

, vr = 0, C = Cfeed,

P = Pout (5f)

.4. Governing equations for the feed tank

The feed tank is modeled as a well mixed continuous stirred
ank. The change in the feed volume is obtained by writing a mass
alance over the feed tank

dVfeed

dt
= Qhf − Qfeed = −QPer (6)

No protein accumulation in the pipe between the feed tank and
he hollow fiber module is assumed. With the well mixed assump-
ion, the transient protein concentration is uniform in the feed tank.
he time change in the protein concentration is therefore repre-
ented by Eq. (7) and the permeate flux is obtained by integrating
he local permeate velocity at the membrane surface according to
q. (8):

dCfeed

dt
= QPerCfeed

Vfeed
(7)

per(t) = (2n�R)

∫ L

0

vw(z, t) dz (8)

.5. Physical properties of the solution

The density of the soy protein solution is assumed constant dur-
ng the filtration. The effect of the soy protein concentration on the
iscosity of the solution, however, is considered in the model

= �0 × (1 + ˛C) (9)

here �0 is the water viscosity at 25 ◦C, ˛ is an empirical coef-
cient specific to the electroacidification conditions estimated
xperimentally by Skorepova [18], and can be found in Table 1.
constant diffusion coefficient independent of protein concentra-

ion was assumed as an initial approach. The estimated average
iffusion coefficient of 5 × 10−11 m2 s−1 was obtained from the lit-
rature for the non-electroacidified soy protein extract [24]. This
alue was used as a reference value to roughly estimate the dif-
usion coefficient for the electroacidified soy protein extract using

tokes–Einstein equation. Skorepova [18] reported that the average
ize of the electroacidified soy protein is 2–3 times larger than for
he non-electroacidified soy protein extract. An average diffusion
oefficient of 2.5 × 10−11 m2 s−1 was used for the electroacidified
oy protein extract.
0.0196
2.5 × 10−11

2.6. Permeate flux modeling

The local permeate velocity at the membrane surface
(vw(z, t)r=R), the boundary condition for the Navier–Stokes
equation, was represented by Darcy’s law (Eq. (10)) and the
resistance-in-series model (Eq. (11))

vw(z, t) = �P(z, t)
�0RG

(10)

RG = Rm + RR + RI (11)

�P(z,t) is the local transient pressure difference between the pres-
sure P(z,t) inside the membrane fiber and the pressure outside the
membrane fiber at a given position z along the fiber; �P(z,t) varies
along the membrane and during the filtration process. The pressure
outside the membrane fiber is atmospheric pressure. The operat-
ing transmembrane pressure (TMP) is the average value of �P(z,t)
estimated at the entrance and at the exit of the fiber.

In this study, we have selected a hydrodynamic approach to
represent Darcy’s law and the behavior of the retained compo-
nents at the membrane surface. This approach includes the local
transient pressure difference and sequential fouling resistances
because these terms can be estimated experimentally, are directly
related to the operation of the ultrafiltration process and have
shown to represent accurately the concentration of soy protein
extracts by ultrafiltration under similar operating transmembrane
pressure and concentrations [16]. The alternative thermodynamics
approach, such as the osmotic pressure approach, requires exten-
sive experimental data according to concentration, pH and ionic
strength (Schausberger [14]) or involves the analysis of complex
forces interactions (Bowen [25]) to estimate accurately the multi-
parameter empirical osmotic pressure correlation. This was applied
to BSA, a single protein solution with a five parameter osmotic pres-
sure correlation (Schausberger [14]). We felt that this approach
was not adequate for the investigation of soy proteins, a complex
protein mixture. In our hydrodynamic approach, the contribution
of the osmotic pressure is implicitly described by the sequential
fouling resistances.

The global fouling resistance RG, as per Eq. (11), contains the
clean membrane resistance Rm, the reversible fouling resistance RR

and the irreversible fouling resistance RI. The reversible fouling was
considered surface fouling that can be removed by water. The irre-
versible fouling was considered to occur either on the membrane
surface or inside the membrane pores and is chemically attached to
the membrane. Since the soy protein extracts consist of a mixture of
proteins with different molecular size, standard blocking and pore
blocking could occur during the filtration. These individual mech-
anisms were not distinguished in this study and were grouped as
irreversible fouling.

Numerous models have been presented to describe the dynam-
ics of resistance for the resistance-in-series approach. For example,
Ho and Zydney [26] proposed a combined pore blockage and cake
formation model to describe protein ultrafiltration. The cake for-
mation represents the rate of protein deposit which is assumed

to be proportional to the convective transport of protein. A differ-
ent approach was proposed by Kilduff et al. [27] where the rate
of cake formation contains a convective transport term and a back
transport term for the fouling of organic matter during nanofiltra-
tion operations. Tu et al. [4] proposed a power law approach to
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Table 2
Model parameters.

Non-electroacidified soy protein extract Electroacidified soy protein extract

kR [kg m−1] 1.8 × 10−12 0.8 × 10−12

kI [kg s m−3] 1.4 × 105 2.0 × 105

RI ss [m−1] 2.0 × 1012 4.2 × 1012

Rm [m−1]a 1.5 × 1012 1.5 × 1012

RI initial [m−1] 5.8 × 1011 1.31 × 1012

ˇ [m−1] 1.5 × 1012 0.8 × 1012

� [Pa−1] 2.5 × 10−5 5.7 × 10−5
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a Membrane resistance was 1.5 × 1012 m−1 unless stated.

elate polarization, pore blocking and gel layer resistances to the
ajor parameters and obtained the rate of formation by derivation

f the power law for the fouling of organic matter during nanofil-
ration operations. These models were developed for a macroscopic
nalysis and do not consider the local variations of the wall concen-
ration and the permeate velocity. The model proposed in this study
onsiders the local spatial variation of the fouling resistances and
heir validation with experimental fouling measurements, that is
o say the reversible fouling and irreversible fouling components
hat are related to the major fouling mechanisms (polarization,
ake formation, and adsorption). The contribution of the reversible
nd the irreversible fouling resistances for the microfiltration and
ltrafiltration of biological suspensions and the influence of oper-
ting parameters on the resistances was previously analyzed by
hoi et al. [28]. Li et al. [29] have associated the reversible foul-

ng resistance component to the polarization resistance and the
ake resistance and the irreversible fouling resistance component
o internal fouling for the ceramic filtration of soy sauce. These two
revious studies were limited to steady-state conditions and did
ot present transient variation of the fouling resistances.

The local and spatial variation of the reversible and irreversible
ouling resistance components in the proposed model was devel-
ped as follows. The reversible fouling component was assumed to
onsist predominantly of the polarization resistance and increases
ue to the cake growth and its associated resistance (Li et al. [29],
hoi et al. [28]). Due to the rapid formation of the polarization layer
30,31], the initial reversible resistance RR initial was considered to
e the resistance of the initial polarization layer.

Experimental results, reported in the next sections, indicated
hat the initial reversible resistance, RR initial, increased with increas-
ng TMP and the relationship between RR initial and TMP was linear

ithin the range of 27.5 and 55 kPa. A similar relationship between
olarization resistance and TMP was shown appropriate for the
ltrafiltration of soy protein extracts (Kumar [16]) and the ultra-
ltration of soy sauce (Li et al. [29]) and Tu et al. [4] for filtration
f organic matter. We combined these experimental results of the
nitial reversible resistance with the prior knowledge that polar-
zation layer depends on axial position. Instead of TMP, the local
ressure drop at a given position along the fiber at t = 0 (�P(z,0))
as considered in the representation of the initial reversible fouling

esistance:

R(t = 0) = RR initial = ˇ (1 + � × �P(z, 0)) (12)

he parameters ˇ and � (Table 2) were obtained experimentally
see Section 3.3 for details).

The transient reversible resistance also depends on the axial
osition with the dynamics of the reversible resistance where the

redominant mechanism is cake formation. During the phase of
ake formation, the increase of the cake resistance depends on the
ermeate velocity and protein concentration [21]. In the proposed
odel, the reversible resistance rate was assumed proportional to

he local permeate velocity, vw(z, t), and the local protein concen-
10

tration at the membrane surface at a given position along the fiber,
Cw(z, t)

dRR(z, t)
dt

= vw(z, t)Cw(z, t)
kR

(13)

The parameter kR was obtained by minimizing the error
between the prediction and the experimental data for the permeate
flux and the protein concentration at TMP = 34.5 kPa. Experimental
results obtained at TMP = 41.5 kPa for the non-electroacidified soy
protein extract served for the model validation.

The irreversible resistance refers to the protein adsorption and
depends primarily on the physicochemical properties of the mem-
brane and the soy protein extracts (ionic strength, pH) rather than
the hydrodynamics of the process [32]. The irreversible steady-
state resistance, RI ss, corresponds to the situation where after a
given time, no experimental variation was detected and was con-
sidered as steady-state. Previous studies for BSA indicate that the
protein adsorption on the membrane surface reaches a plateau
with time. Matthiasson [33] filtered BSA solutions with a dead-end
membrane system and observed that the adsorption of BSA had
already reached a plateau after 10 min. Turker et al. [34] inves-
tigated BSA adsorption on hollow fiber membrane surface and
observed an equilibrium after 20 min. Based on these observations,
the dynamics of the irreversible fouling resistance were assumed
to be first-order (Eq. (14)) with an apparent time constant �I that
depends on the protein concentration at the membrane surface and
the initial condition given by Eq. (15)

�I
dRI

dt
= (RI ss − RI), �I = kI

Cw(z, t)
(14)

RI(t = 0) = RI initial (15)

The initial and steady-state irreversible fouling resistances,
RI initial and RI ss, were measured experimentally (Section 3.3) and
were directly used in the computational model. The time constant
parameters kI was obtained as for kR. Fig. 3 illustrates a summary
of the model developed in the current study.

2.7. Mesh geometry

A non-uniform triangular mesh was adopted with the mesh
density being higher near the membrane surface. Subramani et al.
[7], Huang and Morrissey [9] and Marcos et al. [11] used a similar
approach. The specified maximum size of element and the growth
rate of the elements controlled the automatic meshing on the mem-
brane boundary. Different mesh resolutions, 1247, 1773, 2021, and

2405, were considered to identify the mesh dependency of the
model. The protein concentration along the radius of the fiber at
the half length of the fiber (z = 0.15 m) was plotted for each mesh
resolution and percent error at each element was calculated with
Eq. (16). The mesh refinement was stopped when a 0.1% average
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rror was reached

rror (%) =
∣∣∣∣protein concentrationsmall mesh size − protein concentra

protein concentrationsmaller mesh size

Finally, a mesh resolution of 2021 with 15 cells along the sym-
etry line, 17 cells across the half of the channel, and 120 cells for

he membrane was chosen. The solution to the numerical problem
as also obtained with quadrilateral mesh elements. The results
ere compared with the triangular mesh elements and no signifi-

ant differences were observed.

.8. Numerical solution
CFD tools use finite element method or finite volume method.
or membrane filtration, the two methods have been used. For
nstance, Subramani [7], Huang [9] and Ma [13] used finite ele-

ent methods to simulate the velocity and the concentration in
velopment and validation.

rge mesh size

∣∣∣∣ × 100 (16)

the membrane system. The momentum equation is not difficult
to be solved under laminar conditions. The diffusion convection
equation (protein concentration in this study) may present poten-
tial difficulties for the finite element method and the finite volume
method. The large concentration gradient near the membrane and
the large Peclet number in the same region cause challenges for the
accuracy and the artificial diffusion. The use of specific numerical
schemes (UPwind Petrov Galerkine) and a fine meshing addressed

these issues; these features are available in COMSOL and were used
in this study. The commercially available finite element code, COM-
SOL Multiphysics (version 3.5), was used to solve the governing
equations. According to the finite element principles, COMSOL Mul-
tiphysics converts the partial differential equations of the model
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strong form) to the weak form by multiplying the model equa-
ions with a test function, followed by integration which involves
ntegration by parts of the flux term at the boundary. After the
nite element discretization, a set of differential algebraic equa-
ions was obtained and solved by a variable step-size backward
ifferentiation formula (BDF). The BDF order is variable and ranges
etween 1 and 5. The direct solver, UMFPACK, was used to solve
he resulting linear system. UMFPACK solves linear systems with
he nonsymmetric-pattern multifrontal method and direct LU fac-
orization of the sparse matrix. The ordinary differential equations
escribing the resistance dynamics were introduced with the weak
ormulation (related to the mathematical weak form) on the bound-
ry of the domain. The ordinary differential equations describing
he tank dynamics were solved with a Runge Kutta method pro-
ided by COMSOL. For the cylindrical geometry investigated in this
tudy, a validation was performed with the approximated analyt-
cal solution (Yuan’s solution) for Navier–Stokes equation and a
orous wall. Very good agreement was obtained (data not shown)
emonstrating that the CFD numerical tool is adequate. A Pentium
.13 GHz with 2 GB of Ram was used for the numerical tests. The
imulations were assumed to converge when the weighted abso-
ute residual norm was less than 10−5.

. Experimental

.1. Materials and methods

Electroacidified and non-electroacidified soy protein extracts,
ontaining approximately 60% (w/w) protein, 30% (w/w) carbo-
ydrates, and 10% (w/w) ash, were provided by Agriculture and
gri-Food Canada (Saint-Hyacinthe, QC, Canada). A 2% (w/w) soy
rotein extract solution was prepared by mixing a preweighed
mount of SPE powder with Nanopure water (resistivity > 17.5 M	-
m) and was stirred at room temperature for 1 h to allow
ehydration. The suspension was then centrifuged at 10,000 RPM
or 17 min at 23 ◦C using a Beckman Coulter L7-35 ultracentrifuge
Mississauga, ON, Canada) to remove any insoluble components.
he supernatant was used as the feed solution for the ultrafiltra-
ion concentration experiments. The initial protein concentration
n the feed solution was 10 g/L for all experiments.

.2. Experimental setup

The details of the experimental set-up are given in Ref. [18].
riefly summarized, a polysulfone hollow fiber membrane module
GE Healthcare, Baie D’Urfe, QC, Canada) with a nominal molecu-
ar weight cutoff (MWCO) of 100 kDa was used in this work. The
eed was pumped with a progressing cavity pump (Moyno Inc,
pringfield, OH), and the flow rate was measured by a flowme-
er. The pressure was monitored at the feed and the retentate
ide with two pressure transducers. The transmembrane pressure
TMP) was controlled on the retentate side by a manual pinch valve.
he flowmeter, pressure transducers and manual pinch valve were
urchased from Cole Parmer Canada Inc. (Anjou, QC, Canada). The
ermeate was collected in a reservoir, and its mass measured with
balance (Ohaus Corp., Pine Brooks, NJ, USA) and monitored by

abview 7.1 data acquisition system. The permeate flux was mea-
ured by weighing the permeate at specified time intervals. All
he experiments were performed at 25 ± 1 ◦C. The clean membrane
esistance was estimated before each experiment with Darcy’s law
nd �P = TMP in Eq. (10), for different TMP.
.3. Initial fouling resistance estimation

The first sets of experiments were performed to analyze the foul-
ng mechanisms at the beginning of the filtration. The filtration,
rane Science 361 (2010) 191–205 197

performed at different TMP for both electroacidified and non-
electroacidified soy protein extracts, was stopped after 2 min to
measure the reversible and irreversible fouling resistances. After
the 2-min filtration period, the membrane was rinsed with 1L
Nanopure water in both non-recycle and total recycle mode at the
same operating conditions as the filtration. The water flux was then
measured and used to estimate the initial irreversible resistance
(RI initial). The initial reversible resistance (RR initial) was calculated
by subtracting the sum of the clean membrane resistance and the
initial irreversible resistance from the global resistance (Eq. (10)).
The experimental values of RI initial and RR initial were directly used in
the computational model as the initial conditions for the filtration.

3.4. Transient reversible (RR) and irreversible (RI) resistances
estimation

To understand how the reversible and irreversible fouling resis-
tances change during the concentration, filtrations were conducted
at a number of specified VCR and a constant TMP to measure the
reversible and irreversible fouling. The volume concentration ratio
(VCR) is the extent of volume reduction during the filtration oper-
ation and is defined by Eq. (17)

VCR = Vfeed

Vfeed − Vpermeate
(17)

where Vfeed and Vpermeate are the volume of the feed and permeate,
respectively. Vpermeate is calculated by integrating Qper over time.

The reversible and irreversible fouling resistances were mea-
sured at the end of the filtration as described in the previous section
and were then compared with the results obtained from the CFD
model.

3.5. Protein quantification

Protein concentration in the retentate was analyzed according
to the Bradford assay (Standard Procedure for Microtiter Plates,
Bio-Rad Laboratories, Mississauga, ON, Canada) with lyophilized
bovine serum albumin (Bio-Rad Laboratories, #500-0007) as stan-
dard. Absorbance was read at 590 nm in the Multiskan Ascent
microtiter plate reader (Labsystems, Helsinki, Finland).

4. Results and discussion

4.1. Experimental fouling observations

The first step for the model development was to characterize
experimentally the fouling resistances for the initial conditions
and as the concentration operation proceeded. The initial fouling
resistances, measured experimentally after 2 min of concentra-
tion operation and distinguished as reversible fouling resistance
(removed by water wash) and irreversible fouling resistance
(removed by chemical cleaning), are presented in Fig. 4. The initial
irreversible fouling resistance for the electroacidified soy protein
extract is double that of the non-electroacidified soy protein extract
while the reversible fouling resistance is similar. The higher ini-
tial irreversible fouling resistance observed for the electroacidified
soy protein extract suggests more significant protein-membrane
interactions at pH 6, pH conditions closer to the soy protein
isoelectric point (4.8–5.2). These pH conditions represent lower
electrostatic repulsion forces than for the non-electroacidified
soy protein extract at pH 9. Also, the presence of quantifiable

irreversible fouling resistance for both extracts can explain the
observations previously reported for the discontinuous diafiltra-
tion approach, a dilution of the concentrated retentate solution
after an initial concentration step, which was unable to improve the
permeate flux for both the non-electroacidified and electroacidified
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Fig. 4. Effect of TMP on the initial fouling; axial velocity = 1 m s−1; (A) non-
electroacidified soy protein extract; (B) electroacidified soy protein extract
(mean ± SD, n = 2). Solid line shows the fit based on Eq. (13) and parameters Table 2.

soy protein extracts [17]. As expected, the TMP affected mainly the
initial reversible fouling resistance that increases with increasing
TMP. Based on these observations, the effect of TMP on the initial
reversible fouling resistance for the model development was repre-
sented with a linear relationship in Eq. (12) and with the parameters
presented in Table 2. The initial reversible fouling resistances for the
non-electroacidified soy protein extract are slightly greater than
those of the electroacidified soy protein extract.

The second step was to validate the transient resistance model
estimates with independent experimental data obtained for the
entire concentration operation. Table 3 presents model and exper-
imental fouling resistances at different VCR conditions. In general,
there is a good agreement between experimental and model esti-
mates. The reversible fouling resistances are quite similar for both
extracts. In contrast, the irreversible fouling resistances are more
significant for the electroacidified extract. The irreversible foul-
ing resistance increases initially with a subsequent leveling off
observed for both the non-electroacidified and the electroacidified
soy protein extracts. This behavior was estimated by Eq. (14) and
the parameters presented in Table 2. In contrast, the reversible foul-
ing resistance increases as long as the filtration operation continues
as represented by Eq. (13). The increase is more pronounced for the
electroacidified soy protein extract. For example, at VCR = 3, the
reversible fouling resistance of the non-electroacidified soy pro-
tein extract has doubled while for the electroacidified soy protein
extract it has tripled. It appears that pH has an effect on the for-
mation of the reversible fouling resistance related to the formation
of the concentration polarization layer. The lower pH of the elec-
troacidified soy protein extract allows proteins to come into closer
contact forming a denser concentration polarization layer [15].
4.2. Permeate flux and protein concentration modeling

The permeate flux during the entire concentration operation
was modeled for different conditions of inlet axial velocity and



A.R. Rajabzadeh et al. / Journal of Membrane Science 361 (2010) 191–205 199

F
e

T
p
f
t
m
t
o
m
a
v
m
c
a
t
c
T
a
c
t
(
a
m
r
t
e
s
t
w
t
a
n
e
F
t
t

The CFD model, developed in this study and based on the dynam-
ics of the reversible and irreversible fouling resistances specific to
ig. 5. Effect of TMP on the permeate flux; axial velocity = 1 m s−1; (A) non-
lectroacidified soy protein extract; (B) electroacidified soy protein extract.

MP and two types of soy protein extracts. The model incor-
orated the behavior of the initial and steady-state irreversible
ouling resistances deduced from experiments. The model con-
ained two adjustable parameters, kR, kI (Table 2) estimated by

inimizing the error between the prediction and the experimen-
al data for the permeate flux and the protein concentration at
ne TMP (34.5 kPa). There is a very good agreement between the
odel and the experimental data for the permeate flux (Fig. 5)

nd the protein concentration in the retentate (Fig. 6). The model
alidation also shows a good agreement between model esti-
ates and experimental data for the permeate flux and the protein

oncentration of the non-electroacidified soy protein extract at
different TMP (41.5 kPa) (Figs. 5A and 6A). The effect of elec-

roacidification pretreatment on the permeate flux and protein
oncentration (Figs. 5 and 6) is also well captured by the model.
he estimates of the individual contribution of the reversible
nd the irreversible fouling resistances at different concentration
onditions (VCR) corresponding to independent experiments for
he non-electroacidified and electroacidified soy protein extract
Table 3) are also very good and demonstrates the applicability
nd ability of the CFD model to provide insights on the fouling
echanisms. Experimental and model estimates indicate that the

eversible resistance is always higher than the irreversible resis-
ance for the electroacidified and non-electroacidified soy protein
xtract. The difference is less pronounced for the electroacidified
oy protein extract. The more significant reversible fouling resis-
ance in comparison to the irreversible fouling resistance agrees
ith the observation made by Li et al. [29] for the microfiltra-

ion of raw soy sauce. Note that this model was able to estimate
ppropriately the magnitude of the two fouling resistance compo-
ents and their transient behavior. Recent models have difficulty to
valuate accurately the balance between the different resistances.

or instance, the model of Schausberger et al. [14] underestimated
he polarization resistance and overestimated the adsorption resis-
ance (with respect to their experimental measurements).
Fig. 6. Effect of TMP on the bulk protein concentration; axial velocity = 1 m s−1; (A)
non-electroacidified soy protein extract; (B) electroacidified soy protein extract.

The model provides information on the two important oper-
ating parameters, TMP and inlet axial velocity. Increasing the
TMP from 27.5 to 41.5 kPa, improved the permeate flux during
the entire concentration operation for both types of soy protein
extracts. As the permeate flux is inversely proportional to the global
fouling resistance (Eq. (10)), a significant global resistance corre-
sponds to a low permeate flux. The simulated results at VCR = 5
show a more pronounced effect of the TMP on the total fouling
resistance (RR + RI) for the non-electroacidified soy protein extract,
7.20 × 1012, 6.46 × 1012, and 5.79 × 1012 m−1 at TMP of 41.5, 34.5,
and 27.5 kPa, respectively in comparison with the electroacidified
soy protein extract, 1.22 × 1013, 1.09 × 1013 and 9.54 × 1012 m−1

at TMP of 41.5, 34.5, and 27.5 kPa, respectively. The effect of the
TMP on the protein concentration was less pronounced but became
more important only after 3000 s. The model estimates indicate that
increasing the inlet axial velocities from 0.5 to 1.5 m s−1 reduces
more significantly the filtration time to reach VCR = 5 for the elec-
troacidified soy protein extract (8100 and 6840 s) compared to the
non-electroacidified protein extract (5430 and 4890 s) as shown
in Fig. 7. The limited effect of the inlet axial velocity to improve
the permeate flux supports the experimental observations where
a significant irreversible fouling was already observed after 2 min
of the concentration operation. A consequence of the limited effect
of increasing axial velocity is reflected in the very small differences
for the protein concentration in the retentate for different axial
velocities (Fig. 8).

4.3. Effect of electroacidification on the fouling behavior
each soy protein extract (Eqs. (13) and (14)), provided spatial infor-
mation on the axial fouling behavior, i.e. along the length of the fiber
as the concentration operation proceeded (Figs. 9 and 10). Differ-
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Fig. 7. Effect of axial velocity on the permeate flux; TMP = 34.5 kPa; (A) non-
electroacidified soy protein extract; (B) electroacidified soy protein extract.

Fig. 8. Effect of axial velocity on the bulk protein concentration; TMP = 34.5 kPa; (A)
non-electroacidified soy protein extract; (B) electroacidified soy protein extract.

Fig. 9. Effect of VCR on the estimated reversible fouling resistance; TMP = 34.5 kPa;
axial velocity = 1 m s−1; (A) non-electroacidified soy protein extract; (B) electroacid-
ified soy protein extract.

Fig. 10. Effect of VCR on the estimated irreversible fouling resistance;
TMP = 34.5 kPa; axial velocity = 1 m s−1; (A) non-electroacidified soy protein extract;
(B) electroacidified soy protein extract.
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Table 4
Model estimates of the maximum reversible fouling resistance during soy protein concentration by cross-flow ultrafiltration at TMP = 34.5 kPa and axial velocity = 1 m s−1.

VCR Non-electroacidified soy protein extract Electroacidified soy protein extract

Estimated maximum reversible fouling resistance, RR [m−1] Position [m] Estimated maximum reversible fouling resistance, RR [m−1] Position [m]

1 3.82 × 1012 0 2.96 × 1012 0
2 4.10 × 1012 0.0135 4.98 × 1012 0.158
3 4.38 × 1012 0.0387 5.97 × 1012 0.158
4 4.63 × 1012 0.06 6.62 × 1012 0.158
5 4.87 × 1012 0.0682 7.12 × 1012 0.149
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fiber. This uniform bulk protein concentration can be explained by
the small permeate velocity compared to the axial velocity. The
thickness of the concentration boundary layer increases along the
fiber length but represents less than 10% of the fiber radius. The
Fig. 11. Estimated protein concentration profile inside the fiber, TMP = 34.5

nces were observed according to the type of soy protein extract
nd the type of fouling resistance. The simulated reversible foul-
ng resistance profile reached a maximum before the end of the
ber, which is more pronounced for the electroacidified soy protein
xtract and at higher VCR (Table 4). As VCR increases, the estimated
eversible fouling resistance increases more significantly for the
lectroacidified soy protein extract. The reversible fouling resis-
ance is related to the profile along the fiber of the permeate flux
nd the protein concentration at the membrane surface, which will
e discussed in the next section. The simulated irreversible foul-

ng resistance profile is very different. As shown in Fig. 10, a sharp
ncrease at the entrance of the fiber is predicted with a subsequent
elatively constant value for the remaining fiber length. The initial
harp increase could be related to the concentration boundary layer
hat was not fully developed (Fig. 11). The initial sharp increase was

ore pronounced for the electroacidified soy protein extract. For
CR = 3 and higher, the irreversible fouling resistance did not vary
ery much and seemed to reach a plateau and this behavior was
bserved previously [33,34].

As noted, the fouling behavior is different between the elec-
roacidified and non-electroacidified soy protein extracts. The
ifferences come from the pH effect. According to Marshall et al.
32], the pH affects protein for three reasons: the pH changes the
rotein conformation and its ability to deposit on the membrane;
he pH changes the size of the protein or the size of protein aggre-
ates; the pH changes the charge between the membrane and the
rotein. For soy protein extracts, previous studies reported size
nd charge differences according to electroacidification conditions.
ondor et al. [19] reported a larger mean particle diameter for

he electroacidified soy protein extract at pH 6 reconstituted in

ater compared with the non-electroacidified soy protein at pH
and Skorepova and Moresoli [17] reported reduced interactions

etween proteins having a reduced negative charge for the elec-
roacidified soy protein extracts and cations (minerals and phytic
cids). In the context of fouling, the reduced negative charge and the
axial velocity = 1 m s−1; t = 4020 s; non-electroacidified soy protein extract.

larger diameter for the electroacidified soy protein extract could be
associated with a more important protein adsorption and the more
severe irreversible fouling observed experimentally in this study
for the soy protein extracts subjected to electroacidification.

4.4. Protein concentration and velocity profile inside the
membrane fiber

The estimated spatial protein concentration inside the fiber
at VCR = 3 for non-electroacidified soy protein extract (Fig. 11)
presents a uniform protein concentration profile along the fiber
length and away from the membrane surface confirming that the
bulk protein concentration does not change significantly along the
Fig. 12. Estimated axial velocity profile along the fiber radius, TMP = 34.5 kPa; axial
velocity = 1 m s−1; t = 4020 s; non-electroacidified soy protein extract. Insert shows
the profile near the membrane surface.
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ig. 13. Effect of VCR on the estimated protein concentration at the membrane sur-
ace; TMP = 34.5 kPa; axial velocity = 1 m s−1; (A) non-electroacidified soy protein
xtract; (B) electroacidified soy protein extract.

xial velocity profile (Fig. 12) corresponds to the classical parabolic
rofile for laminar flow. It shows that the axial velocity inside the
ber is affected by the permeate velocity and the concentration
oundary layer on the membrane surface as shown in the close-
p of the membrane surface where a different profile is observed
ccording to position along the fiber.

Since the fouling is determined by the conditions near the
embrane surface, it is important to analyze the protein concentra-

ion at the membrane surface (Cw(z, t)) and the permeate velocity
vw(z, t)). The estimated protein concentration at the membrane
urface increased significantly along the fiber length as concen-
ration proceeded, i.e. increasing VCR (Fig. 13) for both extracts.
he position and the magnitude of the maximum are different

ccording to VCR and type of soy protein extract. As the protein
oncentration at the membrane surface is related to the reversible
ouling resistance according to Eq. (13), their differences are inter-
elated. The estimate of the average protein concentration at the
embrane surface, for the non-electroacidified and electroacidi-

ig. 15. Effect of viscosity on the estimated protein concentration at the membrane sur
rotein extract; (B) electroacidified soy protein extract.
Fig. 14. Effect of VCR on the estimated permeate velocity at the membrane surface;
TMP = 34.5 kPa; axial velocity = 1 m s−1; (A) non-electroacidified soy protein extract;
(B) electroacidified soy protein extract.

fied soy protein extract are 116 and 118 g/L at VCR = 2 and then
increases to 258 and 250 g/L at VCR 5. These values have the
same order of magnitude as those found in Ref. [16] for soy pro-
tein concentrate. A predicted maximum protein concentration at
the membrane surface before the exit of the membrane was also
reported by Marcos et al. [11] for soy protein extracts and Ma et
al. [13] for dextran solutions and was explained by a variable per-
meate velocity as considered in the current study. Fig. 14 presents
the estimated axial permeate velocity at the membrane surface.
A decreasing local permeate velocity is predicted along the fiber
length for both types of extracts. The decrease is linear at the
beginning of the filtration (VCR = 1, data not shown) because of
the decreasing local transmembrane pressure along the fiber (asso-

ciated with the pressure drop inside the fiber). The decrease is
more pronounced as the VCR increases and is more significant for
the electroacidified soy protein extract. A non-linear axial velocity
decrease was also predicted by Ma et al. [13] for dextran solu-
tions when a variable viscosity was considered. Marcos et al. [11]

face; TMP = 34.5 kPa; axial velocity = 1 m s−1; VCR = 3; (A) non-electroacidified soy
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ig. 16. Model sensitivity analysis for the estimated protein concentration at the m
xtract; TMP = 34.5 kPa; axial velocity = 1 m s−1; VCR = 3 (t = 4020 s).

eported a linear decrease as the concentration proceeded for non-
lectroacidified soy protein extracts. The viscosity relationship may
xplain the different predictions between our results and those
eported by Marcos et al. [11].

.5. Effect of viscosity

UF is a pressure driven process in which the pressure drop
long the fiber and the transmembrane pressure play an impor-
ant role in the fouling behavior. During the filtration, the protein
oncentration increases in the retentate and consequently the vis-
osity of the solution (Eq. (9)). As the viscosity increases, the

ressure drop will also increase. The effect of the viscosity on the
stimated Cw is significant (Fig. 15). When a low and constant
iscosity (water) is considered, the protein concentration at the
embrane surface increases along the fiber such that the maxi-
um is observed at the end of the fiber. However, when a high
ane surface of the non-electroacidified (a–c) and electroacidified (d–f) soy protein

viscosity with a protein concentration dependency is considered
(Eq. (9)), the maximum protein concentration at the membrane
surface increases for both extracts and occurs before the exit
of the fiber for the non-electroacidified soy protein extract. The
critical viscosity, corresponding to the maximum protein con-
centration at the membrane surface is 0.002 Pa s. Increasing the
viscosity from 0.001 Pa s (water) to 0.002 Pa s is associated with a
negligible increase of the average total fouling (Rr + RI) at VCR = 3
(0.07% for the non-electroacidified and 0.6% for the electroacid-
ified soy protein extracts). A more significant increase of the
total fouling, 5%, was estimated for both non-electroacidified and
electroacidified soy protein extract when the constant value of

0.001 Pa s for the viscosity was replaced by the concentration
dependent viscosity (Eq. (9)). This shows the importance of hav-
ing the appropriate viscosity relationship with the contribution
of the protein concentration and the effect of electroacidifica-
tion.
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.6. Model sensitivity analysis

Three parameters were selected to perform the model sensi-
ivity analysis: the diffusivity coefficient, the parameter kR (Eq.
13)), and the parameter kI (Eq. (14)). The diffusivity coefficient was
hanged by ±50% and selected according to previous studies for BSA
here the diffusion coefficient varies by about 50% when the con-

entration is multiplied by 10 (Keller et al. [35]). The parameters
R and kI were changed by ±10%. The protein concentration at the
embrane surface (Cw) was chosen to evaluate the influence of the

hree selected parameters because it represents a local variable and
as a very important role in the fouling dynamics. The effects of the
ifferent parameters were investigated for VCR = 3 and are reported
or the non-electroacidified soy protein extract (Fig. 16a–c) and for
he electroacidified soy protein extract (Fig. 16d–f).

The effect on the protein concentration at the membrane sur-
ace (Fig. 16a and d) when the diffusion coefficient decreases by 50%
esulted in 52% and 32% increase for the non-electroacidified and
lectroacidified soy protein extract, respectively. In contrast, the
ffect of a 50% increase for the diffusion coefficient resulted in 15%
nd 11% decrease of the protein concentration at the membrane
urface for non-electroacidified and electroacidified soy protein
xtract, respectively. These estimates indicate that the protein con-
entration at the membrane surface is much more sensitive to the
iffusion coefficient for the non-electroacidified soy protein sug-
esting that back transport associated with the diffusion coefficient
lays a more important role.

A 10% increase in the irreversible fouling parameter, kI shown
n Fig. 16b and e, results in a negligible increase of the protein
oncentration at the membrane surface (1%). Increasing by 10%
he reversible fouling resistance parameter, kR, increases the pro-
ein concentration at the membrane surface by 4.6% for both the
on-electroacidified soy protein extract and the electroacidified
oy protein extract (Fig. 16c and f). Increasing the parameters kR

nd kI decrease the rate of growth of the fouling resistance that
ventually increases the convective protein flux and the resulting
rotein concentration at the membrane surface.

. Conclusion

Computational fluid dynamics (CFD) provided an attractive tool
or the modeling of the complete sequence, feed tank and hollow
ber ultrafiltration unit. A model was developed to investigate the
ransient permeate flux and protein concentration and the spatial
ouling behavior during the concentration of soy protein extracts by

embrane ultrafiltration and subjected to electroacidification. The
FD model solved the transient Navier–Stokes equations and the
ontinuity equation in 2D cylindrical coordinates. A new transient
wo-component fouling resistance model based on the local pres-
ure difference, permeate velocity and protein concentration and
tted from experimental data was implemented in the resistance-

n-series flux model to describe the dynamics of the reversible
nd irreversible fouling during the filtration. The concentration
ependency of the viscosity of the solution and the effect of elec-
roacidification were considered in the model development and
hown to affect significantly the estimated protein concentration at
he membrane surface. The model provided an accurate prediction
f the experimental permeate flux, the protein concentration and
he fouling dynamics during the concentration operation. In partic-
lar, the model was able to estimate accurately each of the transient

eversible and irreversible fouling resistances and the contribu-
ion of electroacidification, a limitation of many models previously
ublished. The model shows a uniform bulk protein concentration
long the fiber but spatially non-uniform protein concentration
rofile near the membrane surface where the concentration gra-
rane Science 361 (2010) 191–205

dient is high. The model estimates show that a moderate increase
of the permeate velocity can be achieved when increasing the
axial velocity. In contrast, increasing the TMP increases more sub-
stantially the permeate flux. Experimental results showed that
polarization layer is not the only phenomenon affecting the perme-
ate flux decrease at the beginning of the filtration; the irreversible
fouling is an important factor to be considered for the concentra-
tion of soy protein extracts. The irreversible fouling at the beginning
of the filtration contributes to 20% and 40% of the total fouling
for non-electroacidified and electroacidified soy protein extracts,
respectively. The model estimates suggest that the irreversible
fouling is associated with protein adsorption since a plateau is esti-
mated for both types of extracts. Therefore, the improvement of
the concentration of soy protein extracts subjected to electroacid-
ification will be achieved by manipulating the interactions leading
to irreversible fouling, i.e. between the proteins and the membrane
surface. The model sensitivity analysis showed that the viscosity of
the soy protein solution is a sensitive parameter and the concen-
tration dependant viscosity changes significantly the profile of the
protein concentration at the membrane surface. The concentration
at the membrane surface is also much more sensitive to the diffu-
sion coefficient for the non-electroacidified soy protein suggesting
that protein back transport associated with the diffusion coefficient
plays a more important role. Future work will focus on the inter-
action between the proteins and the membrane surface as well as
the contribution of the minerals in these interactions. This will be
achieved by the modeling of multi-component system considering
mineral and carbohydrate transport as well as protein adsorption
mechanisms. The role of the diffusion coefficient will also be further
examined.
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Nomenclature

C protein concentration (kg m−3)
Cw protein concentration at the membrane surface

(kg m−3)
Cfeed feed tank protein concentration (kg m−3)
D diffusion coefficient (m2 s−1)
kR reversible resistance coefficient (kg s m−2)
kI irreversible resistance coefficient (kg s m−3)
L fiber length (m)
n number of fibers in the ultrafiltration module
P pressure (Pa)
Patm atmospheric pressure (Pa)
Pout outlet pressure (Pa)
pI isoelectric point
�P local transmembrane pressure (Pa)
Qfeed feed tank volumetric rate (m3 s−1)
Qhf outlet hollow fiber volumetric rate (m3 s−1)
Qper permeate flux (m3 s−1)
r radial coordinate (m)
R fiber radius (m)
RR reversible resistance (m−1)

RR initial initial reversible resistance (m−1)
RI irreversible resistance (m−1)
RI initial initial irreversible resistance (m−1)
RI ss steady state irreversible resistance (m−1)
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RG global resistance (m−1)
Rm clean membrane resistance (m−1)
t time (s)
TMP average transmembrane pressure (Pa)
VCR volume concentration ratio
Vfeed volume of the feed solution (m3)
Vpermeate volume of the permeate solution (m3)
vw permeate velocity (m s−1)
vr radial velocity (m s−1)
vz axial velocity (m s−1)
vz,max maximum axial velocity (m s−1)
z axial coordinate (m)
˛ viscosity model constant (m3 kg−1)
ˇ initial reversible fouling model constant (m−1)
� initial reversible fouling model constant (Pa−1)
� viscosity of the soy protein solution (Pa s)
�0 viscosity of water (Pa s)
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