
Water Flux Reduction in Microfiltration
Membranes: A Pore Network Study

A 3D pore network model was developed to simulate the removal of dextran from
water. Advanced scanning electron microscopy combined with focused ion beam
analysis was used to obtain the sizes of the different pore networks that represent
the microscopic structure of a porous membrane. The required input transport
parameters for modeling were obtained by performing dynamic experiments on
dextran adsorption within the pores of a polysulfone membrane. The simulated
flux changes demonstrated a good agreement with the experimental data showing
that such a model can be used to study the effects of various parameters during
the process. Specifically, the results showed an increase in the applied pressure, de-
creased membrane thickness, increased pore size, while small sizes of contaminant
molecules lead to a rise of the flux passing through the membrane.
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1 Introduction

Water reclamation is becoming a critical worldwide issue, in
particular for developing countries that have a growing de-
mand for water in agriculture and industry [1, 2]. For the pro-
duction of high quality water, several membrane-based pro-
cesses including microfiltration, ultrafiltration, and reverse
osmosis have been applied [3–7]. A continued problem hinder-
ing the wide use of membranes for water-treatment processes
is fouling, which hinders flow through the membrane and
degrades the membrane’s performance [8]. Strategies such as
optimization of operational conditions and feed pretreatment
may be applied to mitigate the fouling problem [9]. Membrane
properties including the membrane material, pore size, hydro-
philicity, and surface roughness play a key role in membrane
fouling [10–12]. Efforts have been made to improve the anti-
fouling properties of membranes, mostly by introducing new
types of membrane [13]. In addition, a numerical tool for the
modeling of membranes helped to reduce trial and error to
achieve an optimal membrane through understanding the
mechanisms contributing to the membrane fouling.

So far, the modeling of membrane processes has often
been based on the continuum form of conservation equations
[14–16]. When applying these models, the membrane is con-
sidered as a continuum domain characterized by its macro-
scopic transport properties, such as porosity and permeability,
and the exact morphology of the membranes, the pore sizes,
and the pore connections are neglected [17]. The macroscopic
transport properties originate from various pore-scale charac-
teristics. The SEM images of membranes clearly show their
complex porous structure. Therefore, an accurate use of macro-
scopic modeling requires an understanding of the links be-

tween these two distinctive scales, that is, the pore scale and the
continuum macroscopic scale.

In contrast to continuum methods, pore-scale numerical
approaches such as network modeling and lattice Boltzmann
represent the pore structures of the porous medium. In a pore
network model, the void spaces of porous media are considered
as an assemblage of pores and throats. In the simplest case of
network modeling, the porous membrane is represented by a
bundle of straight cylindrical tubes [18, 19].

Although the pore network has been used widely to examine
mass transport and the separation of gaseous mixtures in
porous membranes [20–25], to our knowledge, it has not been
used to model liquid-phase separation. During membrane sep-
aration processes in the liquid phase, fouling of the membrane
by contaminants causes problem owing to pore blocking, pore
constriction, caking, or a combination of these mechanisms
[26]. In complete blockage, particles block pore entrances, the
so-called pore-sealing effect. In an intermediate blockage,
unlike the complete blockage, a number of particles block the
pores, which leaves behind a considerable fraction of the pore
space. In pore constriction (i.e., standard blocking), particles
accumulate at the wall of the membrane void space, which low-
ers the pore size to create pore constrictions. When particles
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accumulate at the external surface of a membrane in the feed
side, caking takes place. Although different in the underlying
processes responsible, all of these mechanisms prevent flow
and reduce the flux through the membrane [27–29].

Based on the blocking mechanisms, various models have
been proposed in the literature. Tracy and Davis [30] modeled
fouling of polycarbonate microfiltration membranes used for
removing bovine serum albumin (BSA) protein by considering
several mechanisms. They showed that the slope of the total
resistance curve as a function of time changed when the domi-
nant mechanism was varied. Noticeably, they showed that
when pore constriction or complete pore blocking were domi-
nant, the curve was concave up and for cake filtration or inter-
mediate blockage it was concave down. Ho and Zydney [31]
modeled the protein-fouling microfiltration process by com-
bining pore blockage and cake filtration mechanisms. They
found a smooth transition from the pore blockage to cake fil-
tration regime. Consequently, there was no need to explicitly
use different mathematical formulations to separately describe
these two phenomena. Bolton et al. [26] provided five com-
bined fouling models in constant pressure filtration and con-
stant flow operation. They also derived equations from Darcy’s
law. Duclos-Orsello et al. [32] modeled a microfiltration mem-
brane by considering both internal and external fouling.
Beuscher [33] developed a simplified 2D series of independent
layers with a pore-size distribution in each layer as a structure
of the membrane to study the retention behavior. In this study,
the probability of a particle being captured in a pore smaller
than the particle size itself was only dependent on the fraction
of pores that were smaller than the particle. The modeling re-
sults confirmed the observed behavior of experimental reten-
tion data, which showed that the filtration efficiency decreased
considerably over time. Zhou et al. [34] developed a model for
predicting the flux decline in the filtration process by assuming
that both pore blockage and cake formation occur simulta-
neously. Griffiths et al. [35] used a stochastic simulation ap-
proach in a constant pressure filtration process. They assumed
that blocking is the same for all the throats and the flux in
every tube depended only on the number of particles it had
sustained. In their model, the probability of a tube receiving a
particle was correlated with the flux through it. Krupp et al.
[19] extended the proposed model by Griffiths et al. for more
complex particle-tube interactions. In these two studies the
structure of the membrane was considered as a bundle of paral-
lel tubes. However, the challenge still remains to determine
how the interactions of the membrane structure and the opera-
tional conditions influence the flux, which will lead to the opti-
mal membrane.

The objective of this study was to develop a pore-scale model
to understand the effect of the filtration process within the
membrane. A polysulfone membrane was considered owing to
its board application in membrane processes, and dextran-T40
was selected as the target contaminant to be removed from the
water phase. In our model, fouling was considered as being due
to the adsorption of contaminant at the surface of pores and
throats over time. Surface coverage would lead to the reduction
of the flux and thus would affect the membrane permeability.
This method is most accurate when the contaminant size is
smaller than the membrane pore size [36, 37], and for the feed

streams with low concentration of contaminants, internal foul-
ing due to adsorption is shown to be the responsible fouling
mechanism [38]. In particular, this study aimed to (1) use a 3D
pore network for the construction of a membrane structure;
(2) validate the modeling predictions against the experimental
data for dextran molecules by considering the effect of internal
fouling due to the adsorption of contaminants; (3) explore how
depressurization may lead to high rates of permeate; (4) exam-
ine the effect of the dextran molecule size; (5) investigate
the impact of the pore size on the separation of dextran mole-
cules as a contaminant in water; and (6) investigate how the
contaminant removal is affected by the thickness of the mem-
brane.

2 Modeling Procedure

In this study, the pore-network modeling approach was used to
represent the pore structure of a membrane and the mass
transport through it.

2.1 Representation of Membrane Structure Using
Pore Network Model

2.1.1 Geometry

A 3D cubic network with spherical pores and cylindrical
throats was used in which every pore was connected to six ad-
jacent pores, i.e., the coordination number is 6 for internal
pores. Although the real pore structures are more complex
(e.g., Raoof and Hassanizadeh [39] developed pore networks
with pore coordination numbers up to 26), this type of pore
network is the most widely used type. The pore-connectivity
distribution is most important for multi-phase flow (often due
to phase tapping) and less significant under saturated flow,
which is the purpose of this study. Following a comparison of
the results with the experimental observations, this assumption
will be reconsidered. The pore-size ranges, which control solute
mixing and flow, however, were taken form a realistic pore-size
distribution.

2.1.2 Characterization of Structure

To assign pore sizes to each pore, a normal distribution func-
tion was used:

Rpi ¼ Rmax � Rminð Þxi þ Rmin (1)

in which Rmin
1) and Rmax are the minimum and maximum

radii of pores and xi is a random number between zero and
one. The radius of each throat was chosen to be equal to the
minimum radius of the two adjacent pores connected to it to
reach the proper porosity.

Chem. Eng. Technol. 2018, 41, No. 8, 1566–1576 ª 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

–
1) List of symbols at the end of the paper.

Research Article 1567



Fig. 1 shows the constructed 3D pore network and two
neighboring pores connected using a cylindrical throat on the
permeable side of membrane.

2.2 Obtaining Pressure in Each Pore

Initially, all the pores were set to be saturated with the liquid
water. By applying mass balance and continuity equations for
each pore and applying two pressure boundary conditions at
opposite sides of the membrane, the internal distribution of
pressure was obtained. Next, the flow rate, fij, flowing through
a given throat ij that connects pore i with pore j, was obtained
by:

fij ¼
DPij

Rij

; where Rij ¼
8mlij

pr4
ij

(2)

in which Rij is the resistance to flow in throat ij (1/Rij repre-
sents the conductance of throat ij) and DPij is the pressure dif-
ference between two adjacent pores i and j. rij and lij are the
radius and the length of throat ij, respectively, and m is the
dynamic viscosity of the liquid that flows through throat ij.

For an incompressible liquid phase, the continuity equation
can be written as:

X
j

fij ¼ 0 (3)

in which the summation is run for each pore i that is connected
to a set of pores indicated by j. Combination of Eqs. (2) and (3)
provides a system of algebraic equations:

GP ¼ b (4)

in which G is a sparse matrix that contains flow conductance, P
is a vector that contains unknown pressure values, and b is a

known vector containing the effect of boundary conditions.
Solution of this system provides pressure values in each pore
and the flow in each throat can be calculated from Eq. (2).

2.3 Obtaining Concentration in Each Pore and
Throat

To model the mass transport through the porous membrane,
mass balance equations should be written for each pore and
throat.

For our model the following assumptions were made:
– The free molecular diffusion coefficient (D0), density (r), vis-

cosity (m), and temperature (T) are constant.
– Mass transport may occur by axial convection and diffusion

along throats.
– Fouling occurs owing to the adsorption of contaminants at

the walls of pores and throats.
Based on the above-mentioned assumptions, a mass balance

for a given pore body i may be written as:

Vi
dci

dt
¼
XCN

j¼1

fijcij � Fici �
XCN

j¼1

DAij
ci � cij

lij=2
� Ai

dsi

dt
(5)

in which ci is the average pore-body mass concentration, cij is
the average throat mass concentration, Fi is the total water flux
leaving the pore body (defined in Eq. (6)), Vi is the volume of
pore body i, fij is the flow rate in throat ij, dsi/dt is the adsorp-
tion rate in pore i, D is the effective diffusion coefficient
(defined in Eq. (7) similar to that in the literature [40]), CN is
the coordination number of pore body i, and Aij and Ai are the
cross-sectional area of throat ij and the internal surface of pore
i, respectively:

Fi ¼
XCN

j¼1

fij (6)

D ¼ D0 1� rA

rij

 !4

(7)

D0 ¼
kBT

6pmrA
(8)

D0 is the free molecular diffusion coefficient of the
species, which is calculated by the Einstein-Stokes
equation [41] (Eq. (8)), rA and rij are the radius of
diffusing species and throat ij, respectively. kB, T,
and m are the Boltzmann constant, the absolute
temperature, and the dynamic viscosity of the liq-
uid, respectively. To obtain the adsorption rate, the
equation for adsorbed mass concentration can be
defined as:

ds
dt
¼ kacn1 � kdsn2 (9)
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Figure 1. (a) 3D pore network model with different pore sizes; (b) schematic of
two neighboring pores connected using a cylindrical throat.
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in which s is the average pore-scale concentration in the solid
phase, ka and kd are the attachment and detachment rate coeffi-
cients, respectively, and n1 and n2 are constant coefficients.
Under equilibrium conditions ds/dt = 0, leads to:

kacn1 � kdsn2 ¼ 0 fi s ¼ ðka

kd
Þ

1

n2 c
n1

n2 fi s ¼ Kcm (10)

Eq. (10) is the Freundlich isotherm, which was used in this
study to relate the pore-scale concentration and adsorbed con-
centration at the pore walls. K and m are Freundlich parame-
ters that can be obtained from experimental data. By applying
a chain rule to the time derivative of adsorbed mass, we ob-
tained:

dsi

dt
¼ dsi

dci

dci

dt
¼ Kmcm�1

i
dci

dt
(11)

Pore bodies are connected by pore throats. For a given pore
throat ij, the mass balance may be written as:

Vij
dcij

dt
¼ fijcj � fijcij � DAij

cij � ci

lij=2
� DAij

cij � cj

lij=2
� Aij

dsij

dt

(12)

in which cj and cj are the average pore-body mass concentra-
tion in pore i and j, respectively; cij is the average throat mass
concentration; Vij, Aij, and lij are the volume, the cross-section-
al area, and the length of throat ij, respectively; fij is the flow
rate in throat ij; D is the effective diffusion coefficient; and
dsij/dt is the adsorption rate in throat ij (defined by Eq. (13)).
The first and second terms in the right-hand side of Eq. (12)
are convection terms, and the third and fourth terms represent
diffusion in throat ij.

dsij

dt
¼

dsij

dcij

dcij

dt
¼ Kmcm�1

ij

dcij

dt
(13)

The dextran molecule can be assumed to be spherical and its
radius (rA in meters) can be calculated as [42]:

rA ¼ 0:33 · 10�10MW0:46 (14)

in which MW is the molar mass in g mol–1.

2.4 Fouling Mechanism

As previously mentioned, three classical fouling mechanisms
exist in membrane-filtration processes: pore constriction, pore
blockage (complete and intermediate), and cake filtration [28].
Pore constriction is an internal fouling process whereas the
other two are external fouling processes. Each process leads to
a decline in the flux, and, as a result, decreases the filtration
efficiency over time. In this study, internal fouling was consid-
ered to be the dominant fouling mechanism owing to the small
size of the contaminant molecule relative to the pore sizes, the
well-stirred feed side, and the low concentration of the feed.
The molecules of diffusing species (i.e., dextran) diffuse in the

throats to be possibly adsorbed in the walls of the pore and the
throat. The fractional saturation of the active sites is given by
using an adsorption isotherm, S=S(C), in which C is the
average pore-scale concentration of the contaminant species in
the solution phase and S is the average pore-scale concentra-
tion in the solid phase. By utilizing the experimental data, the
adsorption parameter values S=4 ·10–28C10.921 (R2=0.9317)
were obtained by curve fitting using the method introduced in
Madaeni and Salehi [43]. The thickness of the dynamically
adsorbed layer, d, can be calculated as [44]:

d2 � 2Rdþ 8SRrA

3
¼ 0 (15)

in which R is the throat or pore radius, rA is the radius of
the diffusing species, and S is the adsorption isotherm. Thus,
the radius of the throat or pore after adsorption becomes
R* = R–d. Therefore, the porosity value is not constant and will
decrease during the flow process.

The resistance (Rij) in throat ij defined in Eq. (2) may change
with time owing to the increase in the thickness of the ad-
sorbed layer. The modified form of Rij is described as [45]:

Rij ¼
8ml lij

pr4
ij 1� eij
� �2 (16)

in which eij is the volume fraction of the adsorbed layer.

3 Experimental Section

3.1 Materials

For this study, polysulfone (PSf, Udel P-1700 from Solvey) was
used as the polymer, together with N-methyl-2-pyrrolidone
(NMP) and polyethylene glycol (PEG) with a molecular weight
of 200 Da from Merck, and dextran (T-40) from Solarbio.

3.2 Preparation of the PSf Membrane

A non-solvent-induced phase separation (NIPS) method was
applied to prepare the PSf membrane. The doped solution was
prepared by dissolving certain amounts of PSf and PEG in
NMP at 60 �C under constant stirring until a homogeneous
solution was obtained. The composition of the doped solution
was 18 wt % PSf, 10 wt % PEG, and 72 wt % NMP. The homoge-
neous solution was then allowed to degas overnight. After-
wards, the solution was cast on a glass plate and immediately
immersed in distilled water (40 �C) to induce phase separation
until the formed membranes were detached freely from the
plate. The water bath was refreshed at least three times to com-
plete solvent exchange. Finally, the membrane was dried and
stored at 5 �C.
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3.3 Imaging of the Membrane

To obtain accurate information on the pore structures, scan-
ning electron microscopy combined with focused ion beam
(FIB-SEM) (FEI Company, Eindhoven, Netherlands) was used
to slice and image the membrane (see the video in the Support-
ing Information). By using the obtained images one can use an
image analysis method to extract the morphology of the mem-
brane. The pore size and porosity of the membrane was ob-
tained by analyzing the 3D images. A membrane 1 cm2 was
prepared for imaging. First, the sample was sputter-coated with
platinum (ca. 8 nm) (HQ280; Cressington Scientific Instru-
ments Ltd, Watford, UK). Then the prepared sample was
placed in the vacuum chamber for FIB-SEM. The imaging con-
ditions were set to 2 kV and 21 pA. The FIB acceleration voltage
was set to 30 kV for all processes (e.g., deposition, rough cut-
ting, polishing). Detailed information on the FIB-SEM imaging
technique can be found in the report by Aslannejad et al. [46].
Fig. 2 shows the SEM image of the surface of the membrane
and one layer of the scanned inner structure of the membrane.
By reassembling the scanned images of the inner structure of
the sample and setting a threshold value, the 3D structure of
the material was extracted (Fig. 2 c). Fig. 2 shows the presence
of a network of pores and throats from which the pore sizes
were extracted as well.

3.4 Membrane Filtration

A membrane filtration experiment was conducted in a self-
made dead-end filtration system. Before the filtration test, the
pure-water flux through the membrane was measured at a
transmembrane pressure of 1.5 bar. The system was then filled
with dextran solution (1.0 g L–1) and the flux of the membrane
was measured for six hours:

J ¼ M
At

(17)

in which J is the permeate flux (kg m–2h–1), M is the collected
mass of water (kg), A is the membrane surface area (m2), and t
is time (h).

3.5 Model Validation

To verify the developed model the following procedure was
taken. The coefficient of determination (R2) and mean-squared
error (MSE), defined in Eqs. (18) and (19) similarly to that of
Hamzehie et al. [47], were used to validate the model with the
experimental results.

R2 ¼
Pn

i¼1 aexp � aavg
� �2 �

Pn
i¼1 aexp � amod
� �2Pn

i¼1 aexp � aavg
� �2 (18)

MSE ¼ 1
n

Xn

i¼1

aexp � amod
� �2

(19)

where aexp, aavg, and amod are the experimental value, the aver-
age of experimental values, and modeling value, respectively.

4 Results and Discussion

For the pore-scale modeling, a domain size of 11 ·20 ·20 pores
was considered. Such a domain percolates through the whole
thickness of the membrane and has sufficient pores in the
cross-sectional direction. Simulation parameter values repre-
senting the separation of dextran (T-40) have been considered,
including T = 25 �C, DP = 1.5 bar, and m = 8.9 ·10–4 Pa s. Trans-
port properties of the membrane are provided in Tab. 1.
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Figure 2. (a) SEM image of the membrane surface; (b) a layer of the inner structure during FIB-SEM imaging;
(c) 3D structure obtained by reassembling the successive 2D images.

Table 1. The properties of the membrane.

Membrane type polysulfone

Mass per sheet [g] 0.031

Porosity [%] » 67

Thickness [mm] 140

Area [cm2] 4.9

Maximum radius of pore [mm] 6.6

Minimum radius of pore [mm] 4.8
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Initially, at the beginning of the process, no contaminant is
present within the membrane pores in the solution phase (i.e.,
c(x,0) = 0). The adsorbed mass is also initially equal to zero
(i.e., s(x,0) = 0). The boundary conditions used at the inlet, feed
side, is c0 = 1000 ppm and that for the outlet face (i.e., at x = L)
is set to dc/dx = 0.

4.1 Flux over Time

To validate the pore-network model, the same domain size and
boundary conditions as those used for the experiments were
applied to the simulation, and the results were compared with
the experimental observations. As the experiment progresses,
the adsorption causes shrinkage of the pore spaces, and, conse-
quently, a decrease of the water flux through the membrane.
Fig. 3 shows a comparison of the modeling results for the tem-
poral evolution of water flux over time together with the exper-
imental data. A clear decrease in water flux though the pore
spaces was observed, which is similar to the experimental data.
The maximum discrepancy between the modeling and experi-
mental results are at the initial times. This divergence may par-
tially be due to ignoring the exact morphology of the mem-
brane or the external fouling such as cake formation at the feed
side. As shown by FIB-SEM analysis in the previous section,
the exact morphology of the membrane structure is complex
and considering the void spaces of the membrane as regular
pore network may partially affect the results. Moreover, when
the membrane is placed in contact with the feed solution, the
contaminant may form a cake layer at the membrane surface
that affects the resistance to flow through the membrane.
Despite this, the modeling results are in good agreement with
the experimental data (R2 = 0.9055, MSE = 0.0024). After
around 50 min, the rate of flux reduction decreases, which indi-
cates the beginning of a quasi-steady-state period. The decrease
of the water flux is due to the adsorption of contaminant at the
pore walls. Fig. 4 a illustrates the profile of the adsorbed phase
along the membrane thickness. To obtain the profiles of
Fig. 4 a, the adsorbed mass concentrations were averaged over
the pores located at several longitudinal distances over the
domain cross-section. Pores near the feed side, due to their
higher solution phase concentration, get a larger amount of
adsorbed mass. The amount of adsorption increases over time,

which causes a decrease of the pore space volume, and there-
fore porosity, of the medium. The pore scale modeling formu-
lation, in contrast to the continuum scale modeling, allows for
tracking of pore volume changes (i.e., porosity) over time,
which is important in membrane filtration. Fig. 4 b depicts how
the porosity of the membrane decreases during the process
time mainly due to the adsorption of contaminants at the
membrane.

After the validation of the model, the effects of the applied
pressure difference, dextran molecule size, membrane pore size,
and membrane thickness were examined. To explore the effect
of each of these parameters, at each stage only the parameter
under study was varied. In addition, unlike adsorption in the
gas phase, adsorption parameters (K and m) are not dependent
on pressure in a liquid system. Therefore, they will be consid-
ered to be constant in all of the simulations.

4.2 Effect of Applied Pressure Difference

Gradients in the chemical potential, the electrical potential, and
the pressure are the driving forces in membrane processes.
According to this classification, microfiltration processes simi-
lar to ultrafiltration and reverse-osmosis processes are classified
as pressure-driven processes [48]. In many microfiltration
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Figure 3. A comparison of the normalized flux of the permeate
between the model and experimental data over time.

Figure 4. (a) Normalized amount of adsorption versus mem-
brane thickness at three different times; (b) porosity of the
membrane over time and a schematic representation of pore
constriction.
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applications, the flux of the permeate may vary with operation-
al conditions such as applied pressure. The effect of the applied
pressure difference on the permeate flux of was investigated for
the range of 1–2 bar. The flux-decline curves exhibited a com-
parable behavior for three applied pressure differences as
shown in Fig. 5. On increasing the applied pressure difference,
the permeate flux increased as well. This action led to an in-
crease in the driving force, which was also studied experimen-
tally [49–51]. In practice, the magnitude of the applied pressure
difference for the membrane can be varied to obtain an opti-
mum performance.

4.3 Effect of the Molecular Size of Dextran

The effect of the molecular size of the contaminant was investi-
gated for three molecule sizes of dextran (T-10, T-40, T-70). On
increasing the molecular weight of the dextran the radius of the
contaminant will change (Eq. (14)). Fig. 6 shows the effect of
this parameter on the flux and porosity. The size of the mole-
cule affects the diffusivity and the thickness of the adsorbed
layer (as explained in Sect. 2) at the wall of pores and throats,
and eventually alters the permeate flux. On increasing the mo-
lecular size of the contaminant, the resistance rises, and the
molecules may not be able to pass through the pores and
throats. As a result, the permeate flux will decrease. In addition,
the application of larger molecules causes an earlier blockage of
the membrane and a decrease of the membrane porosity and
flux though it. This trend is consistent with a previous experi-
mental study [52].

4.4 Effect of Pore-Size Distribution

By changing the casting solution composition [53, 54], casting
conditions [55], and coagulation bath composition [56], the
structure of the membrane (including pore sizes and porosity)
can be altered [57]. As discussed in Sect. 2, the normal distribu-
tion function is used for pore-size distribution. It is clear that
when the maximum and minimum radii are multiplied by a
constant number, the mean pore size will be multiplied by the
constant number, too. Three pore-size distributions (i.e., three
mean pore sizes: 1.2R, R, and 0.8R in which R is the mean pore

size of the validated model) were considered to study this effect
and how it causes a flux reduction. The results are provided in
Figs. 7 and 8. As can be seen from Fig. 7, an increase in the
pore size of the membrane leads to an increase in the flux as
there is more void space for the fluid to pass through the
membrane. In contrast, when the pore size of the membrane
decreases at a constant molecule size (dextran-T40), the
resistance to flow in the membrane increases. This is shown by
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Figure 5. The flux of the permeate over time under different ap-
plied pressures.

Figure 6. (a) Flux of the permeate; (b) porosity of the membrane
over time for different sizes of dextran.

Figure 7. The flux of the permeate over time for different mem-
brane pore sizes (R is the mean pore size of the validated
model).
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the flux drop in Fig. 7. This result confirms the fact that the
maximum fouling (minimum porosity) can be achieved using a
membrane with a pore size close to the diameter of the con-
taminant particles in the solution to be filtered [29, 49].

The variation of the porosity shows two different behaviors
during the process. The porosity in the three different pore
sizes is almost the same before 30 minutes and it deviates after
this time as shown in Fig. 8 a. The reason for this is explained
in Fig. 8 b, in which the average volume fraction of the
adsorbed layer in the network over time is shown. As a whole,
the thickness of the adsorbed layer increases over time. How-
ever, up to a certain point (30 minutes), the volume fraction
does not change sufficiently for the three different pore sizes.
Consequently, the overall porosity of the membrane will be the
same in the three pore sizes. Afterwards, the volume fraction of
the adsorbed layer increases by decreasing the pore size.
Accordingly, the porosity of the medium will be low at small
pore size distributions.

The normalized average concentration, �c x; tð Þ, is
defined as:

�c x; tð Þ ¼ 1
c0

PNt

i¼1 ci x; tð ÞFiPNt

i¼1 Fi

" #
(20)

in which c0 and Nt are the feed concentration and
the total number of pore bodies, respectively. The
breakthrough curve at the outlet is plotted in Fig. 9.
On increasing the mean pore size, the diffusivity of
the contaminant and adsorption capacity will be
affected. The normalized concentration will in-
crease at the same time and with decreasing mean
pore size, the breakthrough curve is widened.
This means that decreasing the mean pore size
of the membrane delays the time of total satura-
tion.

4.5 Effect of Membrane Thickness

In this step, the cross-sectional area of the mem-
brane and other simulation parameters were kept
constant and the thickness of the membrane was
modified. Three sizes of membrane were used and
the results are shown in Fig. 10. As can be seen in
Fig. 10 a, as the membrane thickness increases,
owing to the increase in the path length of fluid
passing through membrane, the overall resistance
of the membrane increases, and, therefore, the per-
meate flux over time decreases. This trend can also
be seen in other studies [58]. In addition, increas-
ing the membrane thickness causes the effective
adsorption area to grow. Thus the reduction of
porosity in a thicker membrane will be
smoother than that of a thinner membrane
(Fig. 10 b). Fig. 10 c depicts the effect of the mem-
brane thickness on the breakthrough curve. A thin-
ner membrane, due to low adsorption area, will be
saturated sooner.
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Figure 8. (a) Porosity over time for different membrane pore sizes; b) volume
fraction of the adsorbed layer over time.

Figure 9. Breakthrough curve at the outlet of the network over
time for different pore-size distributions.
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5 Summary and Conclusion

An understanding of the flux reduction and the ability to pre-
dict the membrane performance is essential to improve the
water purification efficiency. The flux reduction through the
membrane has been studied in the literature. Here, built on the
previous studies, we have developed a mechanistic-based quan-
titative pore-scale model to consider several important opera-
tional conditions and the pore structure of the medium.

In this study, a 3D pore-network model was developed to
model a polysulfone membrane in the treatment of dextran
from water. We assumed internal blocking (i.e., standard block-
ing or pore constriction) as the dominant mechanism responsi-

ble for the adsorption. A remarkable aspect of this work is the
use of nonlinear adsorption kinetics, which was numerically
applied by using a chain rule. This procedure lowers the num-
ber of kinetic parameters to two using the Freundlich equation
and lowers the computational time.

Unlike in the continuum-scale models, the porosity was dy-
namically varied in the pore-scale model based on the calcula-
tion of the adsorbed layer. Implementing this model including
adsorption and blockage showed a good agreement with the
experimental data on the flux reduction. After validation with
the experimental observation on flux reduction, the model was
used to evaluate the influence of several key parameters includ-
ing (1) applied pressure difference, (2) dextran molecule size,
(3) pore-size distribution, and (4) membrane thickness. Clearly,
increasing the applied pressure difference increased the driving
force for separation. Increasing the size of the contaminant
molecules reduces the permeate flux owing to the blocking and
thus decreases the porosity. Pore-size distribution affects the
membrane performance. So small pore sizes increase the resis-
tance to flow and reduces the flux. Thin membranes have less
resistance to flow. In summary, it may be concluded that the
pore-network model has a good agreement with the experi-
mental data and can be utilized for the prediction of membrane
fouling during separation processes. Therefore, such a method-
ology provides hope for performing modeling studies to predict
flux reduction behavior before performing experimental stud-
ies. In this way, the experimental cost and the associated time
can be considerably optimized.

The authors have declared no conflict of interest.

Symbols used

A [m2] membrane surface area
Ai [m2] internal surface of pore i
Aij [m2] cross-section of throat ij
b [–] known vector
�c [–] normalized average concentration
c0 [ppm] feed concentration
ci [ppm] average mass concentration of pore i
cij [ppm] average mass concentration of throat ij
CN [–] coordination number of pore body i
D [m2s–1] effective diffusion coefficient
D0 [m2s–1] free molecular diffusion coefficient of

the species
fij [m3s–1] flow rate in throat ij
Fi [m3s–1] total water flux leaving pore body i
G [m4kg–1] sparse matrix that contains flow

resistance
J [kg m–2h–1] permeate flux
ka [mg g–1ppm–n1] attachment rate coefficient
kB [J K–1] Boltzmann constant
kd [mg1–n2gn2–1] detachment rate coefficients
K, m [–] Freundlich parameters
lij [m] length of throat ij
M [kg] collected mass of water
MW [g mol–1] molar mass
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b)

c)

Figure 10. (a) Flux of the permeate, (b) porosity, and (c) break-
through curve at the outlet of the network over time for differ-
ent membrane thicknesses.
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n1, n2 [–] power of adsorbed mass
concentration equation

Nt [–] total number of pore bodies
P [Pa] vector that contains unknown

pressure values
DPij [Pa] pressure difference between two

adjacent pores i and j
rA [m] radius of diffusing species
rij [m] radius of throat ij
R2 [–] coefficient of determination
Rij [m] resistance to flow in throat ij
Rpi [m] radius of pore i
Rmax [m] maximum radius of the pores
Rmin [m] minimum radius of the pores
si [mg g–1] average concentration in the solid

phase of pore i
sij [mg g–1] average concentration in the solid

phase of throat ij
t [h] time
T [K] absolute temperature
Vi [m3] volume of pore i
Vij [m3] volume of throat ij
xi [–] a random number between zero and

one

Greek letters

aavg [–] average of experimental values
aexp [–] experimental value
amod [–] modeling value
d [m] thickness of the adsorbed layer
eij [–] volume fraction of adsorbed layer in

throat ij
m [Pa s] dynamic viscosity of liquid

Abbreviations

BSA bovine serum albumin
MSE mean-squared error
NIPS non-solvent-induced phase separation
NMP N-methyl-2-pyrrolidone
PEG polyethylene glycol
PSf polysulfone
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