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INTRODUCTION

Membrane technology is a good alternative to other 
conventional separation methods because of its numer-
ous advantages such as lower energy consumption, 
high efficiency and environmental friendly aspects [1, 
2]. Microfiltration (MF) and ultrafiltration (UF) are 
widely used in various separation industries such as the 
dairy and food industries, water treatment and biotech-

nology [3]. However, the performance of MF and UF 
membranes technologies has been largely limited by 
the severe flux decline, which occurs during the filtra-
tion of solution [4]. Flux decline during filtration is an 
undesirable phenomenon, which can be caused by con-
centration polarization and fouling [5]. Both of them 
lead to a significant increase in hydraulic resistance 
against permeate flow through the membrane pores [6].

In general, the fouling phenomenon is explained by 
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various mechanisms including cake or gel formation, 
adsorption (within the pores and/or on the membrane 
surface) and particle precipitation. Based on the rela-
tive size of pores and solutes, four different possible 
mechanisms such as cake formation, complete, inter-
mediate and standard blockages have been proposed. 
Each of these mechanisms may occur individually, but 
two or more mechanisms are also likely to occur, si-
multaneously [7]. 

In order to improve the performance and efficiency 
of the membrane processes, it is essential to minimize 
the undesirable membrane fouling. Influential param-
eters on the membrane fouling have been classified into 
three main categories including membrane materials, 
feed properties and operating conditions. Characteris-
tics like membrane initial materials [8], pore size [9], 
hydrophilicity/hydrophobicity [10, 11] and surface 
roughness [12, 13] are considered in membrane mate-
rial category. Feed properties consist of feed concentra-
tions [14], pH [15, 16] and particle size [17]. Operating 
conditions include temperature [18], cross flow veloc-
ity [19] and transmembrane pressure [16, 20].

Among polymeric membranes, polyolefin mem-
branes such as high density polyethylene (HDPE) 
and polypropylene (PP) membranes have been used 
in membrane processes due to their unique character-
istics such as high chemical resistance and thermal 
stability, excellent processability and low cost [21, 
22]. However, these hydrophobic membranes are eas-
ily fouled because proteins are likely adsorbed onto 
the hydrophobic surfaces rather than the hydrophilic 
surfaces [10, 11, 23, 24]. Therefore, increasing the 
hydrophilicity of hydrophobic polymer membranes 
can enhance their antifouling property [25, 26]. To 
do this, modification of membrane materials may be 
considered. There are several modification methods 
such as grafting, plasma treatment, coating, chemical 
modification and blending. Among them, blending is 
preferred due to the advantages such as more stability, 
easy operation, providing modification of membrane 
internal pores, avoiding extra manufacturing steps and 
suitability for mass production of hollow fiber mem-
branes [27, 28].

In our previous work, high density polyethylene/
ethylene vinyl acetate (HDPE/EVA) blend mem-
branes with and without polyethylene-graft-maleic 

anhydride (PE-g-MA) compatibilizer were prepared 
and characterized and the results showed that the wa-
ter flux and mechanical tensile of blended membranes 
were higher than those of neat HDPE membrane [29]. 
Moreover, it was revealed that HDPE/EVA/PE-g-MA 
membrane with the ratio of 87.5:10:2.5 was the opti-
mum membrane. In the present work, microfiltration 
of bovine serum albumin (BSA) protein solution us-
ing pure HDPE and optimum HDPE/PE-g-MA/EVA 
blend membranes was carried out. Antifouling prop-
erties of membranes were evaluated using the resis-
tance-in-series (RIS) model. The main drawback of 
the RIS model, however, is this assumption that all 
above mentioned resistances are in series with each 
other [30]. Therefore, RIS model does not give any 
mechanistic information regarding the type and time 
dependency of fouling phenomena. To overcome this 
issue, pore blocking fouling models as the most com-
prehensive fouling models were also used to investi-
gate the dominant fouling mechanisms in microfiltra-
tion of BSA protein.
 
THEORY
Resistance-in-series model
The resistance-in-series (RIS) model, consisting of 
membrane resistance, reversible and irreversible re-
sistances, has been particularly applied to analyze the 
flux decline and to express the fouling mechanism in 
UF and MF membranes [31, 32]. This model is de-
scribed as follows:      

tR
PJ

µ
∆

=         (1)

where J is the flux (m3m-2s-1), µ is the dynamic viscos-
ity of solvent at operating condition (Pa.s), ∆P is the 
transmembrane pressure (Pa) and Rt is the total filtra-
tion resistance (m-1). Rt consists of various resistances 
that result in a flux decline as follows:

Rt = Rm + Rr + Ri      (2)

where Rm is the inherent membrane resistance, Rr is 
the hydraulic resistance due to such reversible phe-
nomena as concentration polarization and cake forma-
tion, and Ri is the hydraulic resistance due to irrevers-
ible deposition in the matrix of membrane or on the 
surface of membrane, such as irreversible adsorption 
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or internal pore blocking [32]. Rr is usually considered 
as the sum of concentration polarization resistance 
(Rcp) and cake layer resistance (Rc). The dimensions 
of all resistances are presented in m-1. In order to iden-
tify the contribution of each term to the membrane 
fouling, first Rm was calculated by measuring the pure 
water flux (PWF) through an origin membrane (J0). 
Then total hydraulic resistance (Rt) was calculated by 
measuring the BSA protein solution flux through the 
membrane (J). The sum of Rcp + Rc + Ri could be cal-
culated by subtracting Rm from Rt.

The fouled membrane was then used to filter pure 
water, and Rm + Rc + Ri was calculated by measuring 
water flux (J1). By subtracting Rm from Rm + Rc + Ri the 
sum of Rc + Ri was calculated. After that, the fouled 
membrane was cleaned physically, and the cake layer 
was gently removed from the membrane surface. The 
sum of Rm + Ri was calculated by measuring the PWF 
(J2) through the cleaned membrane. Then, Ri was ob-
tained by subtracting Rm from Rm + Ri. Finally, Rc was 
calculated by subtracting Ri from Rc+Ri. Prevailing 
resistance was determined by using the ratio of each 
component to the total hydraulic resistances. Govern-
ing equations used in the present paper are described 
as below:

0
m J
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µ
∆

=         (3)

m
2

i R
J
PR −

µ
∆

=         (4)

im
1

c RR
J
PR −−

µ
∆

=         (5)

t
t J

PR
µ
∆

=         (6)

)RRR(RR icntpc  
 

++−=        (7)

Pore blocking models
For a constant pressure microfiltration process, flux 
decline can be expressed by the equation that was sug-
gested by Hermans and Bredee as below [33]:

m
2

2
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=          (8)

where t is the filtration time, V is the filtration volume, 
K is the resistance coefficient and m is the blocking in-

dex. All parameters are functions of blocking modes, 
e.g., m= 0 is for cake formation, m= 1 is for intermedi-
ate blocking, m= 1.5 is for standard blocking and m= 
2 is for complete blocking [34].

Using the basic flux equation (Eq. (9)), the flux re-
duction can be written as Eq. (10):
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The analytical solution of Eq. (10) for each “m” value 
including 0, 1, 1.5 and 2 are given in Table 1. After 
plotting the filtrate fluxes data using linear forms of 
flux equations, the expression with maximum regres-
sion coefficient would be considered as the governing 
fouling mechanism in the filtration system.

Although the classical Hermia’s model provides 
useful information about fouling mechanisms, many 
studies demonstrated the inability of this model to de-
tect fouling mechanism. In fact, fouling is a complex 
phenomenon and in most cases cannot be predicted 
by a single mechanistic fouling model. Therefore, in 
order to explore the fouling mechanism of the entire 
microfiltration process, we also used combined pore 
blocking model. A summary of pressure constant 
combined pore blocking models are listed in Table 2. 
In the case of combined fouling models, the volume 
of permeate stream vs. filtration time was fitted using 
the combined models and the best fit was determined 
by minimizing the sum of squared residuals (SSR) or 
sum of square errors (SSE). The residual value was 
equal to the difference between an experimental data 
and the model prediction [35].

Table 1. Solutions to Eq. (10) for different m values in dead-
end microfiltration [35].
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equation form
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EXPERIMENTAL

Materials
High density polyethylene (HDPE, grade: EX3, 
Mw=119500, MFI=0.35) was provided by Amirkabir 
Petrochemical Company and used as the main compo-
nent of the membrane matrix. Ethylene vinyl acetate 
(EVA, grade:8430, ρ= 0.932) was provided by Hyun-
dai Petrochemical of Korea and used as the polymer 
modifier. Polyethylene-graft-maleic anhydride (PE-g-
MA, grade:MB-226, MFI=4.5) was purchased from 
Pluss Polymers, India and used as the compatibilizing 
agent. Bovine serum albumin (BSA, Mw=67 kDa), 
purchased from Sigma-Aldrich, was used as organic 
model foulant to evaluate the membrane performance. 
Phosphate buffered saline (PBS, pH=7.4) was pre-
pared by adding a certain amounts of buffer salts to 
deionized water. Paraffin oil and acetone as diluent 
and extracting agent, respectively, were purchased 
from Merck. All chemicals were used as received, un-
less otherwise described.

Preparation of BSA solution as model foulant
Stock BSA protein solution was prepared by dissolv-
ing 1.0 g BSA in 1 L phosphate buffer solution in or-
der to obtain the suspensions used in fouling and flux 
decline experiments. During the microfiltration pro-
cess, the temperature and pH of suspension were kept 
constant at 4-8°C and 7.4, respectively. 

Preparation of pure HDPE membrane
HDPE membranes were prepared via thermally-in-

duced phase separation. 20 wt. % HDPE and 80 wt. % 
paraffin oil were fed to a glass vessel and sealed. The 
sealed glass vessel was kept in a silicone oil bath at 
160°C and the mixture was melt-blended for approxi-
mately 2 h. The solution was allowed to degas for 30 
min and then cast on a pre-heated glass plate using 
an applicator. The glass plate was transferred into the 
water bath (60°C) and kept for about 10 min. Then, 
it was transferred to another water bath (30°C) and 
again was kept for another 10 min, to induce phase 
separation. After 24 h, the membrane was detached 
from the glass plates, and immersed into acetone to 
extract diluents and dried at oven for 24 h. Details of 
the preparation of HDPE membranes via thermally-
induced phase separation are available in [34].

Preparation of HDPE/PE-g-MA/EVA blend membrane 
A mixture containing 17.5 wt.% HDPE, 2.0 wt.% EVA, 
0.5 wt.% PE-g-MA and 80 wt.% paraffin oil was melt 
blended using a sealed glass vessel kept in a silicon oil 
bath at 160°C to prepare HDPE/PE-g-MA/EVA blend 
membrane. The other procedures were similar to the 
method mentioned in the previous section.

ATR-FTIR analyses
In order to investigate the chemical structure and the 
type of functional groups created on the blend mem-
brane, ATR-FTIR analysis was carried out by an infra-
red spectroscopy apparatus (Bruker, Tensor 27). 

Static contact angle measurement and AFM analysis
The degree of hydrophilicity/hydrophobicity of the 

Table 2. Some of the combined fouling models at constant pressure [36].
Models Expressions Fitted parameters

 Cake filtration-complete blocking
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 Cake filtration- intermediate blocking
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membranes was determined by the contact angle mea-
surement. The static contact angle of a drop of water 
on the membrane surface was measured by a contact 
angle goniometer (PGX, Thwing-Albert Instrument 
Co.). The contact angle of each sample was measured 
5 times and the average value was reported. In order 
to analyze the surface roughness of prepared mem-
branes, atomic force microscopy (AFM) examinations 
were carried out using a Nanosurf Mobile S micro-
scope. The tapping mode was used to map the mem-
brane morphology at the room conditions. Samples 
were prepared by cutting the membranes with a size 
of 5 × 5 mm.

Porosity measurement
The overall porosity of the membranes was calculated 
by the following equation [34]:

100)1(%      

polymer

membrane ×
r
r

−=ε      (11)

Also, the membrane density (rmembrane) for pure mem-
brane was determined by mass of membrane divided 
by membrane volume and for blend membranes was 
calculated by the following equation [37]:

2211P xx ×r+×r=r       (12)

where rp is the polymer density, and r1 and r2 are 
densities of the polymers in the mixture; x1 and x2 are 
mass fractions of the polymers in the mixture.

FESEM, pore size distribution and mean pore diameter  
The morphology of the fabricated membranes was 
characterized by a field emission scanning electron 
microscope (FESEM, MIRA3 Tescan) with an accel-
erating voltage of 1.0 kV. Cross-section samples were 
prepared by fracturing the membranes in the liquid ni-
trogen. All samples were coated with gold by sputter-
ing before observation to make them conductive. The 
FESEM images were used to measure the mean pore 
diameter and the pore size distribution of the mem-
branes using Image J analyzer software. In this meth-
od, each pore is supposed to be disconnected from its 
neighbors and was assumed to be circular. 

PWF measurement
The PWF of fabricated membranes was determined 

using an in-house prepared dead-end filtration system 
with a 4.9 cm2 effective membrane area. The sche-
matic diagram of the dead-end microfiltration set-up 
is shown in Figure 1. To minimize the impact of com-
paction, the pre-wetted membranes were compacted 
for about 30 min at 2 bar. Then the pressure was re-
duced to 1 bar and after reaching steady state, water 
flux was calculated using the following equation:
      

tA
VJ

 

=        (13)

where J is the water flux (Lm-2h-1), V is the permeate 
volume (L), A is the surface area (m2), and t is the 
filtration time (h). 

Membrane performance
Membrane rejection was calculated by measuring the 
concentration of BSA in both permeate and feed solu-
tions according to the following equation:                 

100
C
C

1(%)R
f

p
 ×








−=       (14)

where Cp and Cf are the values of BSA concentrations 
in the permeate and BSA solutions, respectively. The 
concentration of BSA protein in permeate was deter-
mined using a spectrophotometer at the absorption 
wavelength of 280 nm. 

Filtration experiments and fouling analyses 
In order to evaluate the protein anti-fouling character-
istics of pure and blend membranes, the membranes 
were tested in a dead-end filtration system (Figure 
1) filled with BSA protein solution. The procedure 
was described in detail in the previous studies [34, 

Figure 1. Schematic of the microfiltration and pure water 
flux setup.
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38]. The solution was prepared by dissolving 1.0 g of 
BSA powder in 1 L of standard phosphate buffer sa-
line (PBS) solution. All of fouling experiments were 
operated under a constant pressure of 1 bar and stir-
ring speed of 400 rpm for 300 min. The conditions 
applied to investigate the fouling with membranes are 
presented in Table 3.

RESULTS AND DISCUSSION

ATR-FTIR analyses
The results of ATR-FTIR analysis for HDPE mem-
brane and HDPE/PE-g-MA/EVA membrane are shown 
in Figure 2. The characteristic peaks of EVA are ob-
served in the spectra of HDPE/PE-g-MA/EVA blend 
membrane. The bands at 1720-1750 cm-1 and 1000-
1300 cm-1 could be attributed to the stretching vibra-
tion of C=O and C-O, respectively [39]. The bands 
in the wavelength range of 2700-2950 cm-1 and 1460 
cm-1 could be attributed to the C-H bond stretching 
vibration and CH2 bond bending vibration of HDPE 
membrane. Obtained results show that EVA molecules 
are successfully blended into the HDPE matrix. 

Static contact angle, porosity measurement, AFM 
analysis and pure water permeation flux
The results of static contact angle measurement, mean 
pore diameter, porosity and pure water flux (PWF) of 
the pure and blend membranes are shown in Table 4. It 
can be seen that the contact angle of HDPE membrane 
decreased after adding EVA. As mentioned in our pre-
vious work [29], decrease in contact angle could be 
attributed to the presence of polar groups in the struc-
ture of EVA. The obtained results also revealed that 
the porosity of blend membranes is higher than that of 
pure HDPE membrane. 

The results of PWF indicated that the addition of 

EVA to the polymeric mixture increased the water per-
meability (by nearly 260%). Therefore, blend mem-
brane had a higher permeability as expected. Howev-
er, there was some doubt as to whether a slight change 
in the contact angle and porosity was responsible for 
the remarkable increase in the water permeability. 

In order to clarify the issue, AFM analysis was per-
formed, and results are shown in Figure 3. AFM im-
ages show that surface roughness of the blend mem-
brane is higher than that of pure membranes. The 
degree of roughness amplifies the wettability of the 
surface toward its intrinsic properties [34, 38]. For a 
surface like polyethylene in which the contact angle is 
greater than 90°, roughening will increase the contact 
angle. On the other hand, due to the polar functional 
groups of EVA molecules, membrane hydrohphilic-
ity increases and contact angle decreases. Thus, the 
two aforementioned contrary factors controlling the 
final contact angle balance the hydrophilic property of 
blend membrane, and therefore no discernible change 
is achieved. 

FESEM analysis and pore size distribution
The surface and cross-section morphologies of blend 
and pure membranes are shown in Figure 4. From 
cross-section FESEM images, it can be seen that both 
the membranes have leafy structure in which the poly-

Table 3. Operating conditions for fouling experiments.

Step  TMP
(bar)

 Temperature
(°C)

 Time
(min) pH

 membrane
 area (cm2)

 Membrane
thickness (µm) Feed stream

Pure water flux measurement
Fouling experiment
Rinsing
Physical cleaning
Rinsing

1
1
1
̲
1

20±5
6±2
20±5
20±5
20±5

45
300
20
̲

20

7±0.1
7.4

7±0.1
7±0.1
7±0.1

4.9
4.9
4.9
4.9
4.9

230
230

̲
̲
̲

Pure water
BSA Solution
Pure water
Pure water
Pure water

Figure 2. ATR-FTIR spectra of pure HDPE and HDPE/PE-g-
MA/EVA blend membranes.
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mer leaves are randomly connected to each other. This 
is due to the solid-liquid phase separation of paraffin 
oil-HDPE system. Although, blend membrane showed 
a slight decrease in the surface porosity, it exhibited 
a remarkable increase in the bulk porosity. However, 
the higher bulk porosity of blend membrane may be 
related to the presence of PE-g-MA. When the dope 
solution of HDPE/ PE-g-MA/EVA was quenched in 
water bath, more water molecules may be entrapped 

within crystalized polymer due to the affinity between 
PE-g-MA and water and consequently, bulk porosity 
of the blend membrane increased in comparison with 
pure membrane.   It is mainly due to the fact that the 
existence of EVA decreases the crystallinity of HDPE 
polymer and hence results in higher porosity with re-
spect to the pure membranes [29].    

The pore size distribution curves of the pure and 
blend membranes are shown in Figure 5, in which 
the X-axis represents the membrane pore diameter, dp 
(µm) and the Y-axis also shows the probability den-
sity. 
It is revealed that for pure HDPE membrane, the 
distribution of pore sizes is wider than that of blend 
membrane. The surface of pure membrane also has a 
higher portion of small and very big pores than that 
of blend membrane. In other word, compatibilizing 
agent keeps the EVA molecules mainly in the bulk of 
the membrane and results in uniform distribution of 
pore size rather than the pure membrane. More evi-
dences on this issue are available in our previous pub-
lished work [29].

Fouling behavior 
Resistance-in-series model
Both membranes were examined under the same con-
ditions; therefore, any difference in the fouling behav-
iors could be attributed to the surface properties of the 
fabricated membrane. Table 5 represents the magni-
tude of the membrane inherent resistance, reversible 
resistance including concentration polarization and 
cake layer resistances, irreversible resistance and total 
hydraulic resistance. Comparing the Rm values; 0.611 
×1013m-1 and 0.237 ×1013m-1 for pure and blend mem-
branes, respectively, confirms that the inherent resis-
tance of pure membrane is higher than that of blend 
membrane in the filtration of BSA solution. The results 
show that Ri and Rr for pure membrane are also higher 
than those for blend membrane. Total fouling resis-
tance and irreversible fouling resistance reduce from 
2.725 ×1013m-1 and 0.525 ×1013m-1 to 1.181×1013m-1 

Table 4. Characteristics of the pure HDPE and HDPE/PE-g-MA/EVA blend membranes.

Membrane sample Contact angle (deg.)  Mean pore diameter of
membrane surface (µm) Porosity (%)  Pure water

flux (L/m2h)
Pure HDPE membrane
HDPE/PE-g-MA/EVA blend membrane

115 ± 4
98 ± 5

0.604
0.637

63 ± 5.00
68 ± 3.60

58.87± 4.63
150.88 ± 7.12

Figure 3. AFM images of (a) pure HDPE and (b) HDPE/PE-
g-MA/EVA blend membranes.

(a)

(b)
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and 0.154×1013m-1 for pure and blend membranes, re-
spectively. As reported in literature, membrane foul-
ing is greatly influenced by membrane pore size, pore 
size distribution and membrane-foulant interactions 

[4, 40]. Membrane-foulant interactions generally in-
fluence the fouling in the initial stages of the filtration 
corresponding to the irreversible adsorption on the 
membrane surface and/or within the membrane pores.
In the case of HDPE/PE-g-MA/EVA blend membrane, 
the hydrophobic interaction between protein and 
membrane has been decreased due to relative increase 

Figure 4. membranes FESEM images: (a-1) upper surface of HDPE membrane (low magnification); (a-2) upper surface of 
HDPE membrane (high magnification); (a-3) cross-section of HDPE membrane; (b-1) upper surface of HDPE/PE-g-MA/EVA 
membrane (low magnification); (b-2) upper surface of HDPE/PE-g-MA/EVA membrane (high magnification); (b-3) cross-section 
of HDPE/PE-g-MA/EVA membrane.

Figure 5. Normal distribution of pore size of membrane sur-
face for pure HDPE and HDPE/PE-g-MA/EVA blend mem-
branes. µ: mean of the distribution, σ: standard deviation.

Table 5. The magnitude of the individual filtration resistance 
for pure HDPE and HDPE/PE-g-MA/EVA blend membranes 
in the filtration of 1 g/L BSA solution, Rm: membrane resis-
tance, Rr: reversible resistance, Ri: irreversible resistance, 
Rt: total hydraulic resistance.
 Membrane
sample

 Rm

(1013 m-1)
 Rr

(1013 m-1)
 Ri

(1013m-1)
 Rt

(1013 m-1)
 Pure HDPE
membrane

 0.611
(± 0.047)

 1.578
(± 0.652)

 0.525
(± 0.253)

 2.725
(± 0.344)

HDPE/PE-g-
 MA/EVA blend
membrane

 0.237
(± 0.011)

 0.789
(± 0.466)

 0.154
(± 0.008)

 1.181
(± 0.469)
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in surface hydrophilicity. On the other hand, studies 
showed that the adsorption capacity increased with in-
creasing the membrane pore size [41, 42].  Although, 
the blend membrane exhibited a slight increase in 
mean pore diameter, it had a more uniform distribu-
tion of pore size than that of pure membrane. In other 
words, for the blend membrane, the portion of very 
large pores is lower than that of pure membrane, as 
shown in  Figure 5. According to the statements, it 
seems reasonable that the pure HDPE membrane ex-
hibits a higher irreversible fouling resistance. It might 
be due to the stronger hydrophobic–hydrophobic in-
teractions with BSA molecules as well as higher ca-
pacity for pore blocking. 

Higher reversible resistance of pure membrane im-
plies the strong attraction force between the membrane 
surface and BSA molecules, which results in accumu-
lation of BSA molecules on the membrane surface; 
it consequently results in the formation of a thicker 
cake layer and creates higher resistance against the 
permeate stream. The ratios of the each hydraulic re-
sistance to the total hydraulic resistance for the pure 
HDPE and blend membranes are shown in Table 6. 
It can be seen that the ratios of the inherent mem-
brane resistance to the total hydraulic resistance for 
the pure and blend membranes are about 22.42% and 
20.06%, respectively. Also the Ri/Rt and Rr/Rt ratios in 
the pure membrane are 19.27% and 57.90%, respec-
tively. This result indicates that a large portion of the 
flux decline is due to both irreversible and reversible 
depositions and/or adsorptions of BSA molecules on 
the membrane surface or within the membrane pores. 
Meanwhile, for the blend membrane, the Ri/Rt and Rr/
Rt ratios are about 13.03% and 66.81%, respectively. 
These results also indicate that the introduction of hy-
drophilic vinyl groups into the blend membrane leads 
to the decrease of the contribution of irreversible foul-

ing and, consequently, the increase of the contribution 
of reversible fouling. 

It should be noted that the irreversible hydraulic re-
sistance was decreased remarkably after the addition 
of EVA (about 3.5 times); which was mainly attributed 
to the improvement in the hydrophilic properties as 
well as the membrane pore size distribution.

Flux reduction during microfiltration of BSA protein 
solution 
The decline of permeate flux during microfiltration of 
BSA solution with the pure and blend membranes is 
shown in Figure 6. In the both cases, a drastic reduc-
tion in the fluxes occurred at the early stages of filtra-
tion, followed by a gradual decrease of the fluxes. It 
can be explained by the fact that BSA molecules ar-
riving at the membrane can block some small pores or 
enter into the big pores which consequently leads to 
a sharp reduction in permeate flux. Then further de-
position occurs on the membrane surface, causing a 
gradual reduction in water flux. However, comparing 
the experimental fluxes of both membranes shows a 
rather various behaviors in the flux reduction of the 
two membranes. One can observe that the initial and 
final fluxes of the blend membrane are about 250% 
and 430% higher than that of pure HDPE membrane, 
respectively. Moreover, pure HDPE exhibited a more 
severe flux decline. It can be seen that a rapid flux 
decline took place during the first hour of the filtra-
tion; about 64% and 48% for pure and blend mem-
branes, respectively. It comes from the fact that BSA 
molecules penetrates more easily into the very large 
pores of the pure membrane rather than the blend 
membrane. In addition, smaller pores can be com-

Table 6. The ratio of the hydraulic resistances to the total hy-
draulic resistance for pure HDPE and HDPE/PE-g-MA/EVA 
blend membranes in the filtration of 1 g/L BSA solution, Rm: 
membrane resistance, Rr: reversible resistance, Ri: irrevers-
ible resistance.

Membrane sample
Ratio of resistances (%)

 Rm/Rt Rr/Rt Ri/Rt

Pure HDPE membrane
 HDPE/PE-g-MA/EVA
blend membrane

22.42
20.06

57.90
66.81

19.27
13.03 Figure 6. Flux during microfiltration of BSA solution.
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pletely blocked by the BSA molecules. Therefore, in 
the case of pure membrane, more severe flux decline 
at the early stages of filtration was probably due to the 
higher extent of the pore blocking. In order to explore 
the fouling mechanism, the pore blocking analysis us-
ing the Hermia’s model and combined pore blocking 
models were carried out, which their results are dis-
cussed in the next sections. 

Pore blocking mechanisms
Hermia’s model
Although, the RIS model provided useful information 
regarding the portions of reversible and irreversible 
fouling resistances, the governing fouling mechanism is 
not distinguished yet. Therefore, the classical Hermia’s 
models as well as the combined pore blocking-cake fil-
tration models were applied to determine the dominant 
fouling mechanism. In this regard, flux experiment data 
was substituted in the flux equation of Hermia’s models 
and fitted the linear regression. The best fit was select-
ed based on the comparison between the magnitudes 
of R2 values and the dominant fouling mechanism was 
determined. The values of fitted parameters, K factors 
and the degree of fitness (coefficients of determination 
(R2)) for the pure and blend membranes are presented 
in Table 7. The fitting of cake and blocking mechanisms 
for the pure and blend membranes are also shown in 
Figures 7 and 8, respectively. 

As shown in Table 7, in the case of blend membrane, 
all of R2 values (except complete blocking mecha-
nism) are relatively high (R2>0.9) which can be at-
tributed to the relatively small changes in the flux data 
with time. By comparing the magnitude of R2 values, 
it is concluded that cake filtration (m=0) followed by 
intermediate blocking (m=1) are the most appropriate 
fouling mechanisms. It means that at the initial stage 
of filtration, some protein molecules partially blocked 
the pores while the rest settled on the others that previ-

ously deposited. At the later stage, cake layers formed 
and covered the membrane surface. 

As shown in Figure 7 , none of the classical models 
were able to accurately predict the experimental fluxes 
decline and the fouling mechanisms for pure HDPE 
membrane. It is also in accordance with the low mag-
nitude of R2 values, which are presented in Table 7. 
However, it should be mentioned that the R2 values 
can only be compared between different mechanisms 
under the same conditions. It is not correct to compare 
these values between the same mechanism and the dif-
ferent fouling experiments. In other words, higher R2 
value does not necessarily mean that it gives better fits 
to experimental data [43, 44]. 

Moreover, both the membranes exhibited the least 
fitting of complete mechanism with the experimen-
tal data. This observation can be explained as follow: 
complete blocking occurs when the membrane pores 
are approximately equal to or smaller than the particle 
size. A BSA molecule is a prolate ellipsoid with the 
dimension of 14.09 × 4.16 × 4.16 nm [7]. As it was 
observed in the “FESEM analysis and pore size distri-
bution” section, average pore diameters for pure and 
blend membranes were 0.604 and 0.637 µm, respec-
tively, which are larger than the BSA molecule size. 
However, because of the wide distribution of pore 
sizes, especially in the case of pure membrane, there 
are pores with the same size or even smaller than the 
size of BSA molecule. Hence, pore blocking can occur 
during complete blocking type. But because the pores 
of the low fraction are smaller than the size of BSA, 
the possibility of this mechanism is the lowest in com-
parison with the other mechanisms. Low overall BSA 
rejections, 66.419% and 65.431% for pure and blend 
membranes, respectively, also confirm this observa-
tion. Details in membranes rejection will be discussed 
in the “Membrane performance” section.

According to the physical concept of Hermia’s pa-

Table 7. Values of K in Hermia’s fouling model and coefficients of determination (R2) for pure HDPE and HDPE/PE-g-MA/EVA 
blend membranes in the filtration of 1 g/L BSA solution.

Membrane sample
m=0 m=1 m=1.5 m=2

k R2 k R2 k R2 k R2

Pure HDPE membrane
 HDPE/PE-g-MA/EVA
blend membrane

0E-5 2.00

1.10E-6

0.8207

0.9626

2.00E-4

4.00E-5

0.8603

0.9412

4.00E-4

2.00E-4

0.8496

0.9085

3.60E-3

2.70E-3

0.8072

0.8572
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rameters (K value) presented by Bowen et al. [7], 
these parameters can be used to compare the severity 
of membrane fouling which means that the values of 
fitted parameters are higher for the more fouled mem-
brane [43, 44]. As a result, since all of Kcf, Ki , Ks and 
Kc parameters for blend membrane were lower than 
those of pure membrane, blend membrane exhibited 
lower fouling. 

Combined pore blocking models
In order to explore the multiple mechanisms involved 
during the microfiltration of BSA solution, we used 
three pore blocking combined models including cake 
filtration-complete blocking model (CFCBM), cake 
filtration-intermediate blocking model (CFIBM) and 
cake filtration-standard blocking model (CFSBM). 
The best fit was selected based on minimizing the 
sum of squared residuals (SSR) or sum of square er-

rors (SSE). The values of SSE for both the membranes 
are presented in Table 8. Moreover, the results of ex-
perimental filtrated volume and model predictions for 
pure and blend membranes are shown in Figures 9 and 
10, respectively.

The results show that for the pure and blend mem-
branes, combination of intermediate blocking and 
cake filtration (CFIBM) models fit very well with 
the experimental data. As per this model, intermedi-
ate pore blocking occurs in the beginning of filtration 
and then followed by the cake formation in longer 
filtration time intervals. Moreover, the values of Kc 
for pure membrane (1.03-3.0 × 106 s/m2) are higher 
than those for blend membrane (5.64-11.45 × 104 s/
m2). As shown in Figure 5, the width of the size distri-
bution curve is decreased by the addition of EVA. So, 
the blend membrane is less susceptible to pore block-
ing due to the absence of very large pores. Moreover, 

Figure 7. Identification of HDPE membrane fouling mechanisms in the filtration of 1 g/L Collagen solution by classical Hermia’s 
model: (a) cake formation, (b) intermediate blocking, (c) standard blocking, (d) complete blocking model.

      (a)        (b)

      (c)        (d)
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incorporation of polar EVA molecules into the HDPE 
matrix decreases the attraction tendency between the 
hydrophobic BSA molecules and relatively hydrophil-
ic membrane surface, which followed by a very thin 
water film is continually formed on the membrane sur-
face and prevents direct contact between the solutes 
and the membrane surface [40].

It should be noted that although the blend membrane 
has no fully hydrophilic surface, however, the wetta-
bility of blend membrane is more than that of pure 

HDPE membrane. In the case of pure membrane, BSA 
molecules penetrate more easily into the very large 
pores of the membrane. In addition, strong attraction 
force between BSA molecules and pure membrane 
accelerate the rate of cake formation. Therefore, as 
expected, the pure membrane exhibited more severe 
fouling than that of the blend membrane. It is also 
observed that at each experiment, the value of Kb is 
the lowest in comparison with other fitted parameters, 
which is consistent with the results of classical Her-

Table 8. Model parameters and SSE values for pure HDPE and HDPE/PE-g-MA/EVA blend membranes. CFCBM: cake filtra-
tion-complete blocking, CFIBM: cake filtration-intermediate blocking and CFSBM: cake filtration-standard blocking models.

Membrane sample Models SSE×10-3 J0(m⁄s) ×10-5 Fitted parameters

Pure HDPE membrane CFCBM
CFIBM
CFSBM

13.668
4.8264
4.8632

1.5
1.1
1.3

Kc  = 3E+6 s/m2  , Kb  = 4E-6 s-1

Kc =  2E+6 s/m2  , Ki  = 1 m-1

Kc  = 1.03E+6 s/m2  ,  Ks  = 6 m-1

HDPE/PE-g-MA/EVA blend membrane
CFCBM
CFIBM
CFSBM

2.5792
1.9982
6.7406

2.9
2.9
3.2

Kc  = 1.145E+5 s/m2 , Kb  = 1E-12 s-1

Kc = 1.02E+5  s/m2 , Ki  = 2.03E-1 m-1

Kc  = 5.64E+4  s/m2 ,  Ks  = 7.5E-1 m-1

Figure 8. Identification of HDPE/PE-g-MA/EVA membrane fouling mechanism in the filtration of 1 g/L Collagen solution by clas-
sical Hermia’s model: (a) cake formation, (b) intermediate blocking, (c) standard blocking, (d) complete blocking model.

      (a)        (b)

      (c)        (d)
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mia’s models.
The values of the K parameters were also applied to 

clarify the individual contribution of the two mecha-
nisms in each combined models. In the case of CFCBM 
and CFIBM models, the ratios of KcJ0

2/Kb and KcJ0/Ki 
indicate the contribution of the cake formation with 
contributions of both complete and intermediate block-
ings, respectively. Also, the ratio of KcJ0/Ks indicates 
the contribution of cake formation to the contribution 
of standard blocking for CFSBM model [35]. The re-
sults are presented in Table 9. The values of KcJ0

2/Kb 
are 168.75 and 9.63×107; KcJ0/Ki are 22 and 14.57, and 
KcJ0/Ks are 2.23 and 2.4 for pure and blend membrane, 
respectively. These results clearly imply that for both 
the membranes the main contribution of each combined 
model was the cake formation. 

Membrane performance
The rejection of pure and blend membranes were ex-
amined by measuring the concentration of BSA pro-
tein in the feed and permeate streams and results were 

summarized in Table 10. As can be seen, the penetra-
tion of BSA molecule through both the membranes is 
approximately high. It can be explained by the fact 
that the average pore diameter of both MF membranes 
was larger than the BSA molecular size. Hence, BSA 
molecules were able to pass through the membrane 
pores. As mentioned before, after the initial stages of 
filtration, the cake layer was created and covered the 
whole membrane surface. At this stage, we can expect 
total or high membrane rejection. Therefore, a large 
portion of the protein in the permeate phase should 
be corresponded to the penetration of proteins at the 
initial period of filtration. This behavior also indicted 
that the intermediate pore blocking mechanism did 
not occur individually at the initial stage of filtration. 
This behavior can be explained in terms of the suc-
cessive or simultaneous pore blocking and cake fil-
tration mechanisms during protein microfiltration, as 
described by Bowen et al. [7].  
As mentioned before, for both the membranes, interme-
diate blocking is the dominant pore blocking mecha-

Table 9. Contribution of each individual model in the com-
bined model for pure HDPE and HDPE/PE-g-MA/EVA blend 
membranes in the filtration of 1 g/L BSA solution.

Figure 9. Experimental filtration volume data and combined 
fouling models for pure HDPE membrane in separation of 1 
g/L BSA solution. CFCBM: cake filtration-complete blockage 
model, CFIBM: cake filtration-intermediate blockage model, 
CFSBM: cake filtration-standard blockage model.

Figure 10. Experimental filtration volume data and com-
bined fouling models for HDPE/PE-g-MA/EVA blend mem-
brane in separation of 1 g/L BSA solution. CFCBM: cake 
filtration-complete blockage model, CFIBM: cake filtration-
intermediate blockage model, CFSBM: cake filtration-stan-
dard blockage model.

Membrane sample Kc J0
2/Kb Kc J0/Ki Kc J0/Ks

Pure HDPE membrane 168.75 22 2.23

 HDPE/PE-g-MA/EVA
blend membrane 9.63E+7 14.57 2.4

Table 10. Rejection performance of pure HDPE and HDPE/
PE-g-MA/EVA blend membranes.

Case Rejection (%)
Pure HDPE membrane

 HDPE/PE-g-MA/EVA blend membrane

66.4 ± 1.3

65.7± 0.9
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nism which was followed by the cake formation. More-
over, since the major fractions of pores are larger than 
the molecular size of BSA, the particles can easily enter 
into the pores. This statement is in agreement with the 
results of pore blocking models, in which the values of 
the measured   as well as the fitted parameters corre-
sponding to the standard blocking were noticeable in 
comparison with the other mechanisms. 

On the other hand, although mean pore diameter 
of the blend membrane is relatively higher than that 
of the pure membrane, both the membranes however 
exhibited almost the same rejection. This observation 
can be explained as follow. For hydrophobic foulants, 
during the initial stage of the filtration, rejection is 
mainly determined by the size exclusion effects (ste-
rical effects) and hydrophobic interactions between 
the foulant and the membrane surface. Sterical effect 
refers to a sieving mechanism; particles bigger than 
the membrane pores are retained by the membrane, 
while the smaller particles are able to pass through the 
pores. Moreover, rejection can be influenced by the 
foulant-membrane interaction forces. Since the most 
commercial polymeric membranes are made from 
hydrophobic polymers, hydrophobic/adsorptive inter-
actions have a significant impact on the rejection. It 
arises from the hydrophobic-hydrophobic interactions 
between the membrane and the foulant. Because of the 
tendency of the particles to the membrane, the particles 
can easily penetrate into the pores. These particles can 
move through the membrane pores and, consequently, 
transfer to the permeate side. Eventually, increasing 
the transmission of particles leads to a decrease in re-
jection percentage.  As a result, for hydrophobic fou-
lants, increasing membrane hydrophobicity (increas-
ing contact angle) leads to an increase of the solute 
mass transfer. This phenomenon increases the rate of 
penetration of particles into the membrane. Therefore, 
the rejection observed is less than the expected values 
obtained based on the sterical effects. Obtained results 
were in good agreement with the results reported in 
literature. In addition, Figure 5 shows a wide pore size 
distribution, especially in the pure membrane. As re-
ported in literature, pore size distribution might con-
siderably affect the particles removal which should 
be further taken into consideration [45]. According to 
the results presented in the “Hermia’s model” section, 

penetration of particles into the pure membrane was 
higher than that of blend membranes. This means that 
for pure membrane at the beginning of the filtration 
stage, hydrophobic interactions and pore size distribu-
tion had large effects on the transition of BSA. 

On the other hand, during the filtration stage, a cake 
layer which is formed on the surface of the membrane 
changes the performance of the membrane dramati-
cally. In fact, the cake itself acts as a filtration media 
for subsequently arriving particles [46]. At the begin-
ning of the cake formation, rejection by the cake layer 
depends strongly on the structural and physical char-
acteristics of the cake layer (e.g. thickness and com-
pressibility). The cake layer grows in the course of the 
filtration stage, so that a compact and thick layer is 
formed, providing high resistance against the perme-
ation stream. At this stage, one can expect total or high 
membrane rejection. As mentioned in the “Resistance-
in-series model” section, the magnitude of cake resis-
tance on the pure membrane was about 2 times as large 
as that on the blend membrane. It means that the cake 
layer on the surface of pure membrane was thicker and 
less permeable than that on the pure membrane, there-
fore, it has a greater impact on the particle removal. 
In conclusion, it seems that we should expect a higher 
initial rejection for the blend membrane. In contrast, 
this behavior is expected for the pure membrane in 
longer filtration times. Moreover, it was concluded 
that the dominant removal mechanism in pure mem-
brane was the absorption of BSA molecules within the 
cake layer rather than the size exclusion and hydro-
phobic/hydrophobic interactions. Some studies also 
have reported the rejection rates of 69.2% and 49.5% 
during microfiltration of BSA using PVDF and PES/
CA microporous membranes, respectively [47, 48]. 

CONCLUSION

Pure HDPE and HDPE/PE-g-MA/EVA blend mem-
branes were fabricated via TIPS method. Several struc-
tural characterizations such as FESEM micrograph, 
AFM and ATR-FTIR analyses, porosity and contact an-
gle measurements were carried out to confirm the suc-
cessful fabrication of blend membrane, in which a uni-
form distribution of blending polymers was obtained. 
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Image J analyzer was used to quantify the mean pore 
diameter and pore size distribution on the membrane 
surface. Fouling resistances and pore blocking mech-
anism were identified using the resistance-in-series 
(RIS) and Hermia’s models, respectively.

The RIS model suggested that the addition of EVA 
in the HDPE matrix decreased the irreversible fouling 
portion. Combined blocking models revealed that the 
decline in permeation was mainly due to the cake for-
mation and intermediate pore blocking, which simul-
taneously occurred for both the membranes. However, 
comparison between fitted parameters showed that 
more sever fouling occurred in the case of pure mem-
brane. The key reasons for such different fouling be-
haviors were mainly attributed to the difference in hy-
drophobicity as well as the distribution of pore size on 
the surface of pure and blend membranes. As a result, 
because of higher permeability as well as higher foul-
ing resistance, the blend membrane is a better choice 
for filtration process than the pure HDPE membrane.
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