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ABSTRACT

Apolypropylene microporous membrane (PPMM) was fabricated by thermally induced phase separation (TIPS)
method. The effects of protein size and structure as well as filtration pressure on the membrane performance
and fouling mechanisms were investigated using two different proteins, bovine serum albumin (BSA) and collagen,
in dead-end filtration setup. Obtained results showed that, for each protein filtration, increasing the operational
pressure led to higher irreversible fouling ratio (IFR) and consequently lower flux recovery (FR). Moreover, in
collagen filtration, the higher portion of the total fouling ratio (TFR) belonged to reversible fouling ratio (RFR)
and the FR of membrane in collagen solution filtration was higher than that in BSA solution filtration at the same
operational pressure. The FR values were about 42.48 and 56.32% at 2 bar, 52.28 and 64.53% at 1.5 bar and
65.97 and 75.83% at 0.75 bar for BSA and collagen solutions filtrations, respectively. Investigation of the fouling
mechanisms using Hermia's models showed that the cake filtration mechanism of fouling turned to pore blocking
mechanism in both proteins filtrations by increasing the operational pressure. Obtained results using combined
fouling models for all filtration processes confirmed that the cake filtration-standard blocking model (CFSBM) was
the prevailing mechanism, whilst the contribution of standard blockage increased by increasing the operational
pressure. Polyolefins J (2017) 4: 175-189

Keywords: Polypropylene membrane; bovine serum albumin (BSA); collagen protein; Hermia's fouling models; combined

fouling models.

INTRODUCTION

Membrane is at the heart of every membrane process
and can be considered as a permselective barrier or in-
terphase between two phases. Separation is achieved
because the membrane has the ability to transport one
component from the feed mixture more readily than
any other components [1]. Even though ceramic, metal
and liquid membranes are gaining more importance,
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the majority of membranes are and will be made from
solid polymers. In general, this is due to the wide va-
riety of barrier structures and properties, which can be
designed by polymer materials [2]. Most commercial
membranes are made from polysulfone (PSf), poly-
ethersulfone (PES), polypropylene (PP), polyethylene
(PE), and polyvinylidenefluoride (PVDF) due to their
excellent chemical resistance, thermal as well as me-
chanical properties [3]. PP is superior compared to
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many other polymers in mechanical strength, chemi-
cal stability, thermal and chemical resistance, and low
cost. Therefore, PP is a very promising material for
using in separating membranes [4-6]. There are sev-
eral ways to prepare porous polymeric films, such
as sintering, stretching and track etching. Most tech-
niques used for preparation of membranes, however,
are carried out by controlled phase separation [7].
Phase separation of polymer solutions can be induced
by several ways such as thermally induced phase sep-
aration (TIPS), non-solvent induced phase separation
(NIPS), evaporation induced phase separation (EIPS),
and vapor induced phase separation (VIPS) [2, 8].
Membrane separation processes are currently applied
in various fields such as water and wastewater treat-
ment, medicine, pharmacy, and food and beverage in-
dustries [9-14]. Recently, membrane-based processes
such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), membrane chromatography, and
membrane contactors have gained importance in bio-
technology due to their ability for protein separation
and purification [15-21].

They are very well suited to the processing of biologi-
cal molecules since they operate at relatively low tem-
peratures and pressures and require no phase changes
or chemical additives, thereby minimize the extent of
denaturation, deactivation, and/or degradation of bio-
logical products [22]. Although all membrane process-
es are essentially used for protein separation/purifica-
tion, the greatest interest has been directed toward the
application of pressure-driven processes using MF, UF
and NF systems [23]. MF is widely used for the sepa-
ration and purification of protein-containing solutions,
e.g. for the recovery of extracellular proteins produced
via fermentation and for the removal of bacteria and/
or viruses in the final formulation of therapeutic pro-
teins [15]. Membrane fouling, however, is one of the
major limitations to practical application of mem-
brane processes. Membrane fouling is usually defined
as a process in which solutes or suspended particles
are deposited on a membrane surface or into the mem-
brane pores during membrane filtration or operation of
membrane bioreactors, which results in degradation of
the membrane performance. In other words, fouling is
a major obstacle against the widespread use of mem-
brane technology. It also causes severe flux decline
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and deterioration of membrane performance, which
affect the quality of the produced/recycled water. The
IUPAC working party on membrane nomenclatures
has defined “fouling” as “‘the process resulting in loss
of performance of a membrane due to deposition of
suspended or dissolved substances on its external sur-
faces, at its pore openings, or within the pores” [24].
Fouling is a complicated phenomenon which is seri-
ously affected by such operating conditions as trans-
membrane pressure, cross-flow velocity and tempera-
ture, feed characteristics such as foulant type and size,
foulant concentration and feed pH and finally mem-
brane properties such as hydrophilicity/hydrophobic-
ity, roughness, pore size and pore type [18, 25].

Generally, four mechanisms are introduced for
membrane fouling during membrane filtration, con-
sisting of cake filtration, complete blocking, interme-
diate blocking and standard blocking [26]. In the case
of cake filtration mechanism, foulants form a layer on
the membrane surface. This layer grows with time and
causes further flux decline [12]. For complete block-
ing mechanism, it is assumed that particles seal off
pore entrances and prevent flow. Intermediate block-
ing is similar to complete blocking but it is assumed
that a portion of the particles seal off pores and the rest
accumulates on the top of other deposited particles
[27]. Standard blocking, which also called internal
pore blocking, occurs when small size solutes deposit
or adsorb onto the pore walls in the membrane [28]. It
takes place when the sizes of solutes are less than the
size of the pore entrance [29]. These mechanisms may
occur individually or in combinations of two or more
mechanisms.

Several mathematical models have been derived and
introduced by researchers to determine the fouling
mechanisms during membrane filtration processes.
Hermia's models [30] are the most well-known mod-
els which have been used over the years to investi-
gate the fouling mechanisms during constant pressure
dead-end filtration processes [29, 31, 32]. In Hermia's
models, it is assumed that single fouling mechanism
prevails throughout the filtration. However, different
studies have reported a transition in fouling mecha-
nism during the course of filtration. For this reason,
some combined models have been recently derived
and introduced. Bolton et al. [27] derived fouling
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models from Darcy’s law that accounted the combined
effects of the different individual fouling mechanisms.
These fouling models are relatively new but have al-
ready attracted much attention of several researchers
due to their simple application and well agreement
with experimental flux decline data [33-35].

In this study, polypropylene microporous membrane
is fabricated via TIPS method. The BSA and collagen
proteins solutions were filtered using fabricated mem-
brane at different operational pressure and the effects
of the foulant type and structure as well as filtration
pressure on the membrane performance and fouling
mechanisms were investigated. Hermia's and newly
presented combined fouling models were used to in-
vestigate and analyze the fouling mechanism during
each filtration process.

It should be noted that, most fouling studies have
been conducted by applying UF membranes [16, 36,
37] and only a few studies have been devoted to pro-
tein interaction with MF membranes [23]. Therefore
in this work, valuable information has been reported
to indicate the protein type and operation pressure ef-
fects on the polypropylene microporous membrane
fouling and performance during microfiltration pro-
cess of proteins.

Theory

Hermia's models

The mode of permeate flux decline during filtration
process can be identified by the following equation
[30]:

d*t
dv?

_ gty (D
=P

where V is the cumulative volume of filtrate, t is the
time of operation and P is a constant. The permeate
flux is presented as [32]:

_1lav @)
A dt

which can be written as:

e _ 1 3)
dv  AJ

Taking derivative of Eq 3 with respect to t and substi-
tuting in Eq. 1, we obtain the governing equation of
flux decline with time as follow [32]:

ﬂ =—qJ*" (4)
dt

where o is a constant and n is a general index which
depends on fouling mechanism. The values of n are
2, 1.5, 1 and 0 for complete pore blocking, standard
pore blocking, intermediate pore blocking, and cake
filtration, respectively. The analytical solutions of Eq.
4 for each n value as well as the linear forms of flux
expressions are listed in Table 1 [38].

Combined models

Ho and Zydney [39] developed the first combined
model that described the membrane fouling transition
by using a single mathematical expression. The model
has three fitted parameters and the flux decline, as a
function of time, is obtained by approximate solution
without integrating. Bolton et al. [27] expanded Ho
and Zydney's modeling work by using a new method
to combine the four individual fouling mechanisms.
Explicit equations were derived to relate the pressure
to the time during constant flow operation and the vol-

Table 1. Solutions of Eq. 4 for different n values (Hermia's fouling models).

Fouling mechanisms n Fouling models Linear forms
Cake filtration 0 J=—do L
1+ J3kt)™ R
. ] 1 1
Intermediate blockage 1 = 0 —=—+kt
(1+7J,kt) I,
S J Jo ! ! +kt
tandard blockage 1.5 = T = o5
g (1+ Jg.skt)z 703 Jg,s
1
Complete blockage 2 J=J exp(-kt) ln(j) = ln[J] +kt
0

Polyolefins Journal, Vol. 4, No. 2 (2017)

177



Fouling mechanisms during protein microfiltration: the effects of protein structure and filtration pressure on polypropylene microporous ... IPPI

ume to the time during constant pressure operation.
All the models have two fitted parameters and are re-
duced to individual models in the absence of second
fouling mechanisms. A summary of constant pressure
combined fouling models is provided in Table 2

EXPERIMENTAL

Materials

Commercial isotactic polypropylene (i-PP, EPD60R,
MFI = 0.35 g/10min, Arak Petrochemical Co.) as
polymer, mineral oil (MO, Acros Organics) as diluent,
Irganox (1010, Ciba Co.) as heat stabilizer and ace-
tone (Merck) as oil extractor were used for membrane
fabrication. Bovine serum albumin (BSA, Sigma-Al-
drich, M, = 66.5kDa) and collagen (Sigma-Aldrich,
M,, = 139kDa) proteins were used as model proteins.
Phosphate buffered saline (PBS, pH 7.4) and HCI
aqueous solution (pH 3) were used to prepare the BSA
and collagen proteins solutions, respectively. PBS was
prepared by adding a certain amount of buffer salts to
deionized water. All materials were used as received
without further treatment.

Membrane fabrication

The PP microporous membrane was fabricated via
TIPS method. 24 g iPP polymer granule and 1 g Irgan-
ox 1010 were added to the 75 g MO. The mixture was
melt blended at 170°C and 300 rpm in a sealed glass
vessel kept in a silicon oil bath. The solution was then
allowed to degas for 30 min and to cast on a preheated

Table 2. Combined fouling models at constant pressure.

glass plate using a doctor blade with the film thick-
ness of 300 pm. The plate was immediately quenched
in the water bath of 30°C to induce phase separation.
The membrane was then immersed in acetone for 24 h
to extract its diluent. Finally, membranes were dried at
room temperature for 2 h [40].

Membrane morphology observation and pore size
measurement
The morphology of the fabricated membrane was
observed by a scanning electron microscope (SEM)
(VEGA3, TESCAN). To observe the membrane cross-
section, membrane sample was immersed in liquid
nitrogen and then was broken, carefully. All samples
were coated with a thin layer of gold by sputtering
before observation to become conductive.

Average surface and internal pore sizes of fabricated
membrane were determined from SEM images and
image analysis software Imagel.

Pure water flux

Pure water flux of membranes was determined by an
in-house fabricated dead-end filtration system having
5 c¢m® of membrane area at 0.75, 1.5 and 2 bar. To
do this, membrane sample was pre-wetted by ethanol
with immersing the membrane in ethanol for 30 min.
Then the membrane was set in the filtration system.
To minimize the compaction effect on the membrane
flux, the pre-wetted membrane was compacted for 90
min and after reaching steady state, water flux was
calculated by the following equation:

Fouling mechanisms

Fouling models Fitted parameters

K,

Cake filtration-intermediate blockage (CFIBM)

Cake filtration-standard blockage (CFSBM)

8

J
Cake filtration-complete blockage (CFCBM) V=—"A(l-

V= 2 Bcos[zn - larc cos((x)j + 1
k, 3 3 3

k, (min™), k_ (min/m?)

b(J1+2k J2t — 1))
0

1+2k J3t -

k (m™), k, (min/m?)

k. (m), k_ (min/m?)

4k, 4k’t

+ —
3Pk, 3k,

4 4k 2kt
B — —+ s S
9 3kJ, 3k,

BEYTS
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14 (5) rinsing (J,) was measured using Eq. 5. With J, J, and
" At J, on hand, we can determine the fouling ratios and

where JP is the pure water flux, V is the volume of
collected water (1), A is the membrane area (m2) and
t is the time (h).

Protein solution preparation

In order to investigate the protein fouling of polypro-
pylene microfiltration membrane, BSA and collagen
proteins solutions were prepared and filtered through
membrane at three different operational pressures. To
prepare BSA protein solution, 1g of BSA protein pow-
der was dissolved in 1L of PBS solution (pH 7.4).

In order to prepare a collagen protein solution, a
similar method mentioned in our previous published
work [41] was carried out, in which 1 gr of collagen
protein powder was dissolved in 1L of PBS solution
(pH 7.4). In order to prevent proteins denaturation,
proteins solutions were prepared and kept at 0°C us-
ing the ice bath.

Protein fouling tests through dead-end filtration
experiments

In order to study the effect of operational pressure and
foulant type, microfiltration processes of protein solu-
tions with the prepared microporous membrane were
conducted using an in- house manufactured dead-end
filtration system. At each filtration process, the trans-
membrane pressure was set at desired pressure, manu-
ally. In order to eliminate the membrane compaction
effect on the membrane flux decline at each filtration
process, the membranes were compacted with pure
water for 90 min before protein solution filtration.
After reaching steady state condition, the pure water
flux was measured at each operational pressure. Then
the protein solution was filtered for about 120 min at
each filtration process and flux decline was depicted
versus time during filtration. After about 120 min pro-
tein solution filtration, the membrane cell was again
connected to the pure water filtration system and pure
water flux after fouling (J,) was measured using Eq.
5. Then the cake layer on the membrane was gently
removed mechanically by a sponge and the membrane
was immersed in deionized water for 1h. Finally, the
membrane was held in the holder and connected to the
pure water filtration system and pure water flux after

Polyolefins Journal, Vol. 4, No. 2 (2017)

flux recovery [33, 34]. The total fouling ratio (TFR) of
a membrane is defined as follows:

TFR = (%J x100 (6)

P

TFR is the sum of reversible fouling ratio (RFR) and
irreversible fouling ratio (IFR), which

can be defined by the following equations:

RFR:(JZ_JIJXIOO ™)

JP

IFR = [MJX 100 ®)
P

Finally, the flux recovery (FR) can be calculated as

follow:

FR= [QJ %100 ©)

P

The flux recovery is an index of antifouling property
of membranes.

Protein retention

The retention percentage of BSA and collagen pro-
teins by polypropylene microfiltration membrane was
calculated by the following equation:

R(%) =[1—&Jx1oo (10)

¢
where C, and C, are the concentrations of proteins in
permeate and feed, respectively. The concentrations
of BSA and collagen proteins in the feed and perme-
ate were estimated with a UV-VIS spectrophotometer
(Agilent-HP 8452A) at wavelengths of 278 and 540

nm, respectively.

Analysis of fouling mechanism

In order to identify the fouling mechanism during mi-
crofiltration of proteins solutions by PP membrane,
Hermia's fouling models as well as combined fouling
models presented in Table 1 and Table 2, respectively,
were fitted to the experimental data of each filtration
process, using the least square method. The best fit
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was determined by minimizing the sum of squared re-
siduals, where the residual is equal to the difference
between a data point and the model prediction. All the
calculations were carried out by curve fitting tool of
MATLAB software. This tool of MATLAB software
enables to fit any equation with different constants to
experimental data with high accuracy and reliability.

RESULTS AND DISCUSSION

Membrane morphology observation

SEM images of the surface and cross-section of the
fabricated membrane at different magnifications are
shown in Figure 1. From the SEM images of cross-

section it can be seen that the membrane has sponge
like porosity and symmetric structure.

Fabricated membrane approximately has the aver-
age surface pore size of 0.256 + 0.136 um and internal
pore size of 0.667 £ 0.169 um which were measured
by ImagelJ software. It has been reported that the mi-
crofiltration membranes have the pore size of 0.1-10
um [1]. So, the obtained results confirm the micropo-
rous structure of the fabricated PP membrane.

Pure water flux

Pure water flux of the fabricated PPMM was mea-
sured at each operational pressure and the results are
presented in Figure 2. It can be seen that increasing
the trans-membrane pressure leads to pure water flux
increment due to the higher driving force across the

(b)

Figure 1. SEM images of fabricated PP microporous membrane. (a) Surface (1000 x), (b) surface (enlarged, 5000 x), (c) cross-
section (500 x), and (d) cross-section (enlarged, 4000 x).

Polyolefins Journal, Vol. 4, No. 2 (2017)
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membrane. The obtained results were in good agree-
ment with the finding reported by Nandi et al. [42].

Protein fouling tests through dead-end filtration
experiments

Permeate flux decline versus time during BSA and
collagen solutions microfiltration at different opera-
tional pressures is presented in Figure 3. According to
Figure 3, it can be seen that for all filtration processes,
permeate flux reduces constantly until it reaches a uni-
form rate known as steady-state. Permeate flux decline
during filtration process occurs due to concentration
polarization and fouling phenomenon [1]. Concentra-
tion polarization results in higher solute concentration
in the region close to the membrane surface than the
bulk feed stream, which is caused due to the diffusive
flow of solute back to the bulk feed [43]. Although
the concentration polarization leads to permeate flux
decline, it is different from fouling and is not consid-
ered as fouling, because once the filtration process is
stopped, concentration polarization disappears [ 1, 44].
According to Figure 3, in the case of BSA solution
filtration (Figure 3 (a)) as well as collagen solution
filtration (Figure 3 (b)), it can be seen that the perme-
ate flux decline becomes more severe with increasing
operational pressure. So, the permeate flux decreases
from 11.265 to 3.805 L/m?h at 0.75 bar, from 24.450
to 8.363 L/m?h at 1.5 bar and from 35.45 to 12.763 L/
m?h at 2 bar for BSA solution filtrations. In the case of
collagen solution filtration, the permeate flux decreas-
es from 8.889 to 3.456 L/m?h at 0.75 bar, from 20.326
to 4.796 L/m?h at 1.5 bar, and from 29.326 to 6.796 L/
m*h at 2 bar. It is due to the higher permeate flux ac-
cording to higher driving force across the membrane,
which results in severe concentration polarization.

80
70
60 |
50 4
40 -
30 4
20 -
10 |

0 : : : ‘
0.50 1.00 1.50 2.00 2.45

Pressure (har)
Figure 2. Pure water flux of fabricated PP microporous
membrane at different operational pressure.

Pure water flux (1/m*h)
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Higher permeate flux leads to higher transportation of
protein macromolecules to the membrane surface and
higher accumulation of these macromolecules near
the membrane surface at the certain filtration time.
Moreover, it can be seen that the flux decline during
collagen solution filtration is much more severe than
that of BSA solution filtration at the same operational
pressure and becomes sharper by increasing the opera-
tional pressure. Therefore, permeate fluxes at the end
of the filtration processes of BSA and collagen solu-
tions are 3.805 and 3.456 L/m?h at 0.75 bar, 8.383 and
4.796 L/m?h at 1.5 bar, and 12.763 and 6.796 L/m?h at
2 bar, respectively. This may be attributed to the dif-
ference in the sizes of the BSA and collagen proteins'
molecules. BSA is a globular protein with 66 kDa and
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Figure 3. Permeate flux versus time at different operational
pressures. (a) BSA solution filtrations, and (b) Collagen so-
lution filtrations.
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0.014 pm of average molecular weight and normal
diameter, respectively [45]. Collagen, however, is a
filamentous protein with 139 kDa, 0.3 yum and 1.5 nm
of average molecular weight, length and diameter, re-
spectively. Comparison of the molecular weight of the
BSA and collagen proteins shows that the concentra-
tion polarization can be much more severe in the case
of collagen solution filtration due to the lower diffu-
sion coefficient and consequently lower mass transfer
coefficient of collagen protein [23]. Therefore, diffu-
sion across the membrane cross-section and back dif-
fusion into the feed bulk of collagen macromolecues
would be very low, which consequently results in
higher accumulation of collagen macromolecules in
the visinity of the membrane surface and higher con-
centration polarization.

Permeate volumes versus time at different opera-
tional pressures for BSA and collagen solutions filtra-
tion are depicted at Figure 4. It can be seen that, for
both protein solution filtrations, increasing operation-
al pressure results in higher feed filtration in a certain
filtration period. Moreover, comparing Figs. 4 (a) and
(b) reveals that at the same operational pressure, the
amount of the filtrated BSA solution is higher than
that of the collagen solution at the end of each filtra-
tion period. The difference in the amount of permeate
volumes becomes more severe by increasing the oper-
ational pressure. It could also be attributed to the afor-
mentioned concentration polarization phenomenan, as

explained in the previous paragraph.

Based on the measured values of J,, J,, J, and data
obtained from Egs. 6-9 for each filtration process,
fouling ratios and flux recoveries were calculated. The
calculation results are presented in Figure 5 for BSA
and collagen ollagen solutions filtrations. The results
show that, in the case of BSA solution filtration, TFR
decreases by decreasing the operational pressure. The
obtained results show that the TFR is 68.72, 61.56 and
49.48% at 2, 1.5 and 0.75 bar, respectively. Moreover,
it can be seen that the RFR is very low for BSA solu-
tion filtration at each operational pressure and decreas-
es slightly by increasing pressure. RFR for BSA solu-
tion filtration is about 11.20, 13.84 and 15.46% at 2,
1.5 and 0.75 bar, respectively. The [FR is 57.52,47.72,
and 34.02% at 2, 1.5 and 0.75 bar, respectively. It is
clear that, increasing the operational pressure results
in higher IFR. It could be attributed to the more pen-
etration of macromolecules into the membrane pores
due to the high driving force exerted by increased
trans-membrane pressure. As it has been said earlier,
TFR is the sum of RFR and IFR. Therefore, it is obvi-
ous that the higher portion of TFR in BSA solution
filtration belongs to IFR in all operational pressures,
which results in lower flux recovery of the membrane.
The FR for BSA solution filtration is 42.48, 52.28 and
65.97% at 2, 1.5 and 0.75 bar, respectively. It is also
obvious that the flux recovery increases with decreas-
ing the operational pressure.
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Figure 4. Permeate volume versus time at different operational pressures. (a) BSA solution filtrations, and (b) Collagen solution
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Figure 5. Fouling ratios and flux recovery at different operational pressures of 0.75, 1.5, and 2 bar. (a) BSA solution filtrations,
and (b) Collagen solution filtrations. TFR: Total fouling ratio, RFR: Reversible fouling ratio, IFR: Irreversible fouling ratio, and

FR: Flux recovery.

In the case of collagen solution filtration, the TFR
is very high for all operational pressure ranges and in-
creases slightly as pressure is increased. TFR is 95.11
at 2 bar, 91.75 and 87.68 at 1.5 and 0.75 bar, respec-
tively. Comparing RFR and IFR for collagen solution
filtrations shows that, unlike the BSA solution filtra-
tions, the high portion of the TFR belongs to RFR. So,
the FR of membrane for collagen solution filtration
is higher than the BSA solution filtration at the same
operational pressure. The FR value for collagen so-
lution filtration is 56.32, 64.53 and 75.83% at 2, 1.5
and 0.75 bar, respectively. Similar to the BSA solu-
tion filtrations, in collagen solution filtration processes
FR decreases with increasing the pressure. The results
of fouling ratios and flux recoveries for BSA and col-
lagen solutions filtrations show that the foulant size
and structure are key parameters in protein filtration
processes.

As has been said earlier, it can be speculated that
globular structure of BSA protein would result in easy
penetration of macromolecule into the membrane
pores and entrapment inside the microporous struc-
ture of the membrane, which consequently results in
severe internal fouling. Lower FR of the membranes
after cleaning with distillated water in BSA solution
filtration (a) also supports this speculation. Collagen
molecules with larger size and unique fibrous struc-
ture, however, are retained at the membrane surface
more readily than BSA molecules and a few number
of collagen molecules can enter the membrane pores
and result in internal fouling. Moreover, the retained
molecules of collagen accumulate on each other and

Polyolefins Journal, Vol. 4, No. 2 (2017)

act as a secondary barrier against the other collagen
molecules that reach the membrane surface. There-
fore, higher FR of membrane in collagen solution fil-
tration processes compared to BSA solution filtration
can be justified with the different size and structure of
two selected proteins. In comparison with BSA pro-
tein, the higher TFR of collagen solution filtration can
be related to the size and structure of proteins. Colla-
gen macromolecules cannot enter into the membrane
pores and hence collagen molecules are retained with
membrane and accumulate near the membrane sur-
face, which helps cake formation and consequently
higher TFR.

Protein retention

The retentions of BSA and collagen proteins by
PPMM for each filtration process were evaluated by
measuring the concentration of proteins in the feed
and permeate streams and the results were summa-
rized in Table 3. The results show that, for both protein
solutions filtration, operational pressure does not have
considerable effect on retention values, and retention
values decrease very slightly by increasing the opera-
tional pressure, which can be attributed to the higher
driving force exerted on the protein macromolecules
at higher pressures. Moreover, it can be seen that the
retention of collagen is higher than the BSA. It must be
due to the difference in sizes as well as the structures
of both proteins. As has been mentioned in the pre-
vious section, collagen macromolecules with special
fibrous structure, higher molecular weight, and bigger
size cannot pass through the membrane cross-section
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as easily as BSA macromolecules with globular struc-
ture, lower molecular weight, and smaller size. There-
fore the collagen removal efficiency of the membrane
will be higher than that of BSA.

It is interesting to note that, although the sizes of
BSA and collagen macromolecules appear to be small-
er than the membrane pore size; measured by SEM
images; the pore tortuosity and contraction across the
cross-section of the membrane help to capture the
BSA and collagen macromolecules, which results in
high protein retention of microporous membrane [10].

Analysis of fouling mechanism
Hermia's models

Hermia's fouling models were fitted to the experimen-
tal data by using MATLAB software of each filtration
process in order to find the best fouling model describ-
ing membrane fouling during microfiltration of BSA
and collagen solutions. The results of fitting the foul-
ing models to experimental data of BSA and collagen
solutions are presented in Tables 4 and 5, respectively.
For each filtration process, the model with higher cor-
relation coefficient (R2) has been selected as the best
model describing the fouling mechanism. According
to the data shown in Tables 4 and 5, it can be seen that
the experimental data at 0.75 bar for BSA and colla-
gen solutions filtrations are well fitted with cake filtra-
tion model since the R? values of this model for BSA
and collagen solutions, equal with 0.9758 and 0.9865,
respectively, are higher than the R? values of other
mechanism consisting of intermediate, standard and
complete blockage models. Increasing the operational
pressure from 0.75 to 1.5 bar leads to fouling mecha-
nism change from cake filtration model to intermediate
blocking model for both BSA and collagen solutions
filtrations. R? values of intermediate blockage model
are equal to 0.9824 and 0.9736 for BSA and collagen
solutions filtrations, respectively at 1.5 bar. For each

Table 3. Retention performance of PP microporous mem-
brane in the filtration processes of BSA and collagen pro-
teins solutions.

BSA . Retention Collagen Retention
solution (%) solution %)
filtration filtration

0.75 bar 83.34 +£0.43 0.75 bar 97.55+0.44
1.5 bar 81.45 + 0.66 1.5 bar 96.11 £ 0.56
2 bar 78.93£0.48 2 bar 94.63 £ 0.54
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Table 4. Values of k and correlation coefficient (R?) for BSA
solution filtrations at different operational pressures based
on the Hermia's models.

P(bar) Models R? k
n=0 0.9865 0.0006584
0.75 n=1 0.9542 0.002113
’ n=15 0.9139 0.002535
n=2 0.8609 0.01162
n=0 0.9770 0.000115
15 n=1 0.9824 0.0008598
’ n=15 0.9558 0.001601
n=2 0.9344 0.01149
n=0 0.9765 0.00004383
2 =1 0.9956 0.0005066
n=15 0.9890 0.00118
n=2 0.9695 0.01066

protein solution filtration process at 2 bar, intermedi-
ate blockage model still shows better fitting than other
models with R? values of 0.9956 and 0.9901 for BSA
and collagen solutions filtrations, respectively. It can
be concluded that increasing the operation pressure
changes the cake filtration mechanism of fouling into
the pore blocking mechanism for both proteins with
different sizes and structures. It may be the key reason
of lower flux recovery at higher operational pressures,
discussed in the previous section.

Experimental flux decline data versus time and pre-
dicted flux decline data using Hermia's fouling models
for filtration processes of BSA and collagen solutions
are shown in Figure 6.

Combined models
Combined models were fitted to the experimental data
of BSA and collagen solutions filtrations at different

Table 5. Values of k and correlation coefficient (R?) for col-
lagen solution filtrations at different operational pressures
based on the Hermia's models.

P(bar) Models R? k

n=0 0.9758 0.0006607

0.75 n=1 0.9308 0.001722
’ n=1.5 0.9000 0.001908
n=2 0.8659 0.008306
n=0 0.9172 0.0002961

15 n=1 0.9736 0.002057
’ n=1.5 0.9443 0.003243

n=2 0.8799 0.01875
n=0 0.9430 0.0001296

2 n=1 0.9901 0.001244
n=1.5 0.9734 0.002412

n=2 0.9264 0.01745
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operational pressures by using MATLAB software.
According to Table 2, each combined model has three
unknown parameters that must be calculated by fitting
the models to experimental data. Jo is one of the three
unknown parameters at each combined model, which
is defined as permeate flux at the beginning of the fil-
tration (permeate flux at t = 0). Jo cannot be measured
experimentally and according to the Bolton et al. [27],
it is a physical characteristic of a membrane. Hence,
although we cannot measure the Jo, but we know its
reasonable range. For example, fabricated membrane
in this study via TIPS method cannot have the Jo high-
er than 100 L/m?h at each filtration pressure. So, the
amount obtained for Jo from the fitting of combined
models to experimental data must be proportional to
pure water flux of the membrane, which is presented
in Figure 2. The results of fitting of the combined mod-
els with the experimental data of BSA and collagen
solutions filtrations are presented in Tables 6 and 7,
respectively. As shown in Table 6, at each operational
pressure of BSA solution filtration, R? value of each
combined model is very near the unity. However, the
obtained Jo values for CFCBM are 12600, 12996 and
14094 L/m?h at 0.75, 1.5 and 2 bar, respectively, which
are unreasonable Jo values for fabricated membranes.
Moreover, the obtained Jo values from CFIBM model
are equal with 3535.8, 4674 and 5221.8 L/m*h at 0.75,
1.5 and 2 bar, respectively, which are also unreason-
able values for fabricated membrane. In the case of
the R? value close to unity for the fitting of the experi-
mental data with CFSBM model, it can be seen that
at each operational pressure, the obtained Jo values
are reasonable. The obtained Jo values for CFSBM of
BSA solution filtration are 13.97, 29.03 and 41.01 L/
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Figure 6. Experimental flux decline data in company with
predicted flux decline data using Hermia's fouling models. (a)
BSA solution filtrations, and (b) Collagen solution filtration.

m?h at 0.75, 1.5 and 2 bar, respectively. Therefore, it
can be seen that the suggested fouling mechanism for
BSA solution filtration at each operational pressure is

Table 6. Values of correlation coefficient (R2), Jo and k for BSA solution filtration at different operating pressures based on the
combined models. CFCBM: cake filtration-complete blockage model, CFIBM: cake filtration-intermediate blockage model, and
cake filtration- standard blockage model.

P (bar) Models R? J, (/m?h) Fitted parameters
CFCB 0.9996 10452 k, = 0.0008798 (min""), k_ = 1.003 (min/m?)
0.75 CFIB 0.9941 2976.6 k =13.95 (m”"), k, = 3.006 (min/m?)
CFSB 0.9997 9.204 k,=15.73 (m™), k, = 10° (min/m?)
CFCB 0.9994 13278 k, =5.273 (min”), k_ = 2.467 (min/m?)
1.5 CFIB 0.9994 4811.4 k =33.39 (m”), k, = 15.47 (min/m?)
CFSB 0.9992 38.03 k,=73.13 (m"), k, =5 x 10°(min/m?)
CFCB 0.9995 13932 k, =3.916 (min”), k_ = 1.202 (min/m?)
2 CFIB 0.9995 5211.6 k =25.87 (m”), k, = 6.364 (min/m?)
CFSB 0.9993 41.42 k, =50 (m™), k, = 10° (min/m?)
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combination of cake filtration and standard blocking
(CFSBM) models.

From the results reported in Table 7, it can be seen
that for collagen solution filtration, at each filtration
pressure the R? values of CFCBM, CFIBM and CFS-
BM are almost 1. However, the obtained Jo from CF-
CBM and CFIBM is very high and unreasonable for
each filtration process. Therefore, it can be concluded
that CFSBM is the most reasonable model that can de-
scribe the flux decline mechanism during microfiltra-
tion of collagen solution. The obtained Jo values from
the CFSBM model in the collagen solution filtration
process are 9.204, 38.03 and 42.18 L/m?h at 0.75, 1.5,
and 2 bar operational pressures, respectively. Com-
bined cake filtration-standard blockage model relates
the fouling mechanism to combined effect of cake
formation and internal pore blocking. With respect to
the surface pore size of the fabricated membrane and
the sizes of BSA and collagen macromolecules it is
expected that some of the molecules can enter into the
pores and trap in microporous structure of membrane
and result in internal blocking. Therefore, CFSBM
fouling mechanism can be considered as the most rea-
sonable mechanism for flux decline during BSA and
collagen solution filtration.

Experimental filtrate volume data versus time and
predicted filtrate volume data using combined fouling
models for filtration processes of BSA and collagen
solutions are presented in Figure 7. It can be seen that,
combined fouling models show very good agreement
with experimental data. This finding has also been
confirmed by several published works [27, 33-35].

The contributions of standard blockage and cake
filtration to combined CFSBM model are also evalu-

ated from the values of k_and ks. The values of k J_
and ks have units of m™' and will be of similar magni-
tude when their contributions to the combined mod-
el of CFSBM are similar [27]. The values of k J /k_
ratio for each filtration process were calculated and
are presented in Table 8. As can be seen in Table 8§,
operational pressure and protein type have consider-
able effect on the k J /k_values. For BSA as well as
collagen solutions filtrations, k J /k value decreases
by increasing the operational pressure. So that, by in-
creasing the operational pressure from 0.75 to 2 bar,
k J /k_decreases from 5.87 to 0.28 and from 9.75 to
1.38 for BSA and collagen solutions filtrations, re-
spectively, which means that the contribution of
standard blockage mechanism to the fouling of the
membrane has increased by increasing the operational
pressure. Moreover, the results of Table 8 show that,
at the same operational pressure, k J /k_values for col-
lagen solution filtrations are higher than that of BSA
solution filtrations, therefore it can be concluded that
the contribution of cake filtration mechanism to mem-
brane fouling in collagen solution filtrations is higher
than that of BSA solution filtrations. It is clear that
an increment in the contribution of the cake filtration
mechanism to membrane fouling leads to higher flux
recovery of the membrane. Therefore, the higher flux
recovery of the membrane in collagen solution filtra-
tion processes can be justified by the higher values of
kJ /k, too. It can be seen that the obtained results of
combined models are in very good agreement with the
experimental data of previous sections, which con-
firms the ability of the new combined models to pre-
diction of membrane fouling mechanisms.

Table 7. Values of correlation coefficient (R?), Jo and k for collagen solution filtration at different operating pressures based on
the combined models. CFCBM: cake filtration-complete blockage model, CFIBM: cake filtration-intermediate blockage model,

and cake filtration- standard blockage model.

P (bar) Models R? J, (/m?h) Fitted parameters
CFCB 0.9996 10452 k, = 0.0008798 (min™), k_ = 1.003 (min/m?)
0.75 CFIB 0.9941 2976.6 k = 13.95 (m”), k, = 3.006 (min/m?)
CFSB 0.9997 9.204 k,=15.73 (m), k, = 10° (min/m?)
CFCB 0.9994 13278 k, =5.273 (min”), k_ = 2.467 (min/m?)
1.5 CFIB 0.9994 4811.4 k =33.39 (m”), k, = 15.47 (min/m?)
CFSB 0.9992 38.03 k,=73.13 (m"), k, = 5 x 10°(min/m?)
CFCB 0.9995 13932 k, =3.916 (min”), k_ = 1.202 (min/m?)
2 CFIB 0.9995 5211.6 k =25.87 (m”), k, = 6.364 (min/m?)
CFSB 0.9993 41.42 k, =50 (m™), k, = 10° (min/m?)
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Figure 7. Experimental permeate volume data in company
with predicted permeate volume data using combined foul-
ing models. (a) BSA solution filtrations, and (b) Collagen so-
lution filtration.

CONCLUSION

Polypropylene microporous membrane with special
structure for protein separation and purification was
fabricated via thermally induced phase separation
method. Microporous structure of the membrane was
confirmed by SEM images and ImageJ software. BSA
and collagen solutions as two types of proteins with

Table 8. Contributions of cake filtration and standard block-
age to membrane fouling at each filtration process.

Operational KJyf ks_ kJ /K, _

pressure (bar) BSA solution Collagen solution
filtrations filtrations

0.75 5.87 9.75

1.5 1.58 4.33

2 0.28 1.38

Polyolefins Journal, Vol. 4, No. 2 (2017)

different sizes, molecular weights, and structures were
filtered by fabricated microporous membrane at dif-
ferent operational pressures and the effect of protein
type and operational pressure on membrane foul-
ing as well as membrane filtration performance were
evaluated. The obtained results showed that the higher
amount of BSA solution was filtered by the membrane
than the collagen solution at the same filtration peri-
od and the flux decline was more severe in collagen
solution filtration than BSA solution filtration which
was attributed to the different sizes and structures of
the aforementioned proteins. Fouling analysis of the
membrane showed that, however the flux decline in
collagen solution filtrations was severe, the revers-
ible fouling ratio and consequently flux recovery of
the membrane were high in collagen solution filtra-
tion processes. Moreover, the high retention values,
especially in collagen solution filtrations, showed that
the protein removal efficiency of the fabricated mem-
brane with microporous structure was very high due
to the pore tortuosity and contraction across the cross-
section of the membrane.

In addition, fouling mechanisms of membrane at
each filtration process were evaluated by well- known
Hermia's fouling models and newly presented com-
bined fouling models. The results showed that the
operational pressure and foulant type were affecting
fouling mechanism of membrane considerably. More-
over, it was concluded that combined models by re-
lating the membrane fouling to combination of two
fouling mechanisms had potential ability in prediction
of fouling mechanisms during filtration processes.
This ability was confirmed by the good agreement of
predicted data with experimentally obtained permeate
volume results.
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