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Abstract: The application of separation technology using ultrafiltration/nanofiltration membranes
for protein purification and concentration has grown rapidly in the last decade. Innovations to
synthesize membranes with properties and performance that suit the characteristics of the feed
solution have been and will keep developing. This study aims to examine the strategies to improve
the performance of the Polyvinylidene Fluoride (PVDF) membrane for lactalbumin protein isolation.
The PVDF polymer membrane was modified by adding Poloxamer 188 (Pol) copolymer and a combi-
nation of two types of nanocarbons, i.e., single-walled carbon nanotubes (S-CnT) and multi-walled
carbon nanotubes (M-CnT). The following membrane characteristics were examined: mechanical
properties, morphological structure, porosity, elemental composition and functional groups, and
surface hydrophilicity. The membrane’s filtration performance was analyzed in terms of its ability
to pass water (flux) and concentrate lactalbumin protein. The results showed that the changes in
the membrane morphological structure were clearly visible in the SEM test, which exposed more
open membrane pores after adding Pol and S-CnT/M-CnT additives. The mechanical properties of
the membrane also increased, as indicated by the increase in the tensile strength from 12.1 MPa to
16.07 MPa. In general, it was found that the composition of the PVDF/Pol/S-CnT/NMP polymer
solutions resulted in better filtration performance compared to the membranes made of only the
PVDF/NMP polymer solution.

Keywords: whey; a-lactalbumin; isolation; ultrafiltration membranes; carbon nanotube; Poloxamer

1. Introduction

Whey is a byproduct of the cheese-making process; it is known to have high nutritional
value, especially for protein, and is rich in sulfates and essential amino acids. Currently,
there are two types of whey on the market; whey protein concentrates (WPC) and whey
protein isolates (WPI). In general, WPC has a protein content of around 35% to 85%, while
WPI contains 90% protein and almost no carbohydrates. Therefore, WPI is often used to
meet the nutritional needs of athletes. Whey has a dominant protein component called
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lactalbumin. The percentage of lactalbumin in whey is 20% or 3—4% of the total protein in
milk. Lactalbumin contains the essential amino acid tryptophan, which is important for
brain development in infants. Lactalbumin functions as a component of the lactose synthase
enzyme, which is useful in the biosynthesis of lactose in milk. In addition, lactalbumin
also functions as an apoptotic or antitumor, anticancer, antibacterial, and antiviral. Such
benefits of lactalbumin for the human body encouraged the experts to isolate it. The yield
of lactalbumin isolation from cow’s milk carried out by experts amounts to £1.2 g/L [1].

Barone et al. (2020) applied selective precipitation and ion exchange methods to
concentrate lactalbumin protein in whey [2]. Then, Jiang et al. (2020) used another method
for separating lactalbumin, namely aqueous two-phase flotation (ATPF) using 1000 g/mol
polyethylene glycol (PEG1000)/trisodium citrate. However, these methods are less efficient
due to their costs, even though the separation was considered ideal [3].

The use of membranes is a promising alternative for the separation process in the in-
dustry [4-6]. The development of membrane technology applications in the environmental
and biomedical fields is growing rapidly, which has encouraged researchers to develop
modified membrane technology for the process of lactalbumin separation in whey [3]. The
use of membranes has many advantages, including the relatively easy and inexpensive
preparation process, low energy consumption, combinability with other processes, and
modifiability of the membrane characteristics, in which membranes can be developed
according to the purpose of application [7,8].

Membranes can be synthesized from various materials such as ceramics, polymers, or
macromolecules [9,10]. Polymers are the most widely used membrane materials in the man-
ufacture of microfiltration, ultrafiltration, and nanofiltration membranes. Polyvinylidene
Fluoride (PVDF) is one of the prime polymers widely applied, including in seawater desali-
nation, wastewater treatment, and chemical production processes [11]. PVDEF has excellent
physical and chemical resistance, thermal stability, and film-forming properties [6,12,13].
However, PVDF polymer is highly hydrophobic, which triggers cake formation on the
membrane surface and causes fouling. As a result, the purification time becomes longer and
uneconomical. Therefore, PVDF is usually modified using additives to increase membrane
hydrophilicity and prevent fouling.

Several previous studies have applied membrane technology in protein isolation.
Lin et al. (2020) modified PVDF membranes using PEG porogen for the purification of
Bovine Serum Albumin (BSA) protein. The best results were obtained with the addition
of 6 w/t% PEG, in which the permeate flux increased to 60 LMH-bar~! and BSA rejection
of 90% [14]. Vatanpour and Khorshidi (2020) modified PVDF membranes by coating the
membrane surface using ZIF-8 nanoparticles for BSA separation and dye removal processes.
After modification, the value of pure water flux increased from 43.1 to 57.5 L/ m?-h with
BSA rejection >98% and rejection of Rhodamine B, Reactive Green 19, and Direct Black 38
by 74%, 82% and 98%, respectively [15]. Modification of the PVDF membrane using multi-
walled carbon nanotubes (MWCNT) and zeolitic imidazolate framework-8 (ZIF-8) has also
been carried out by Wanie et al. (2020) to reject Bovine Serum Albumin (BSA) and humic
acid. The highest pure water flux for the PVDF/ZIF-8 membrane was 56.96 L/m?-h, while
the highest water flux for the PVDF/MWCNT membrane increased to 73.03 L/ m?2-h. In the
filtration test, the PVDF/ZIF-8 membrane achieved the highest rejection value for humic
acid solution (>94%) and BSA (>92%) compared to other membranes [16]. In another
study, PVDF membranes were also modified using hydrothermal carbon nanospheres
(CNS) by Yu et al. (2020) to increase membrane hydrophilicity and antifouling ability to
reject Bovine Serum Albumin (BSA). The highest pure water flux, BSA rejection, and flux
recovery ratio (FRR) increased in the membrane with the addition of 0.2 wt% CNS, namely
956.72 L/m?-h, 95.8%, and 83.21% [11].

Limited studies in the literature have been conducted on protein isolation in whey
using membranes, let alone developing a membrane for this particular application. There-
fore, it is necessary to conduct further studies to modify membranes with more optimal
characteristics and performance for the isolation of lactalbumin protein in whey. Our recent
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work [8] reported the development of a polysulfone (PES)-based ultrafiltration membrane
for the filtration of x-lactalbumin protein solution by employing Pluronic F127 and carbon
nanotubes with single- and multi-walled carbon nanotubes (S-CnT and M-CnT) as the
additives. In this study, a more challenging PVDF polymer was used as the basis to develop
membrane material for lactalbumin protein isolation. PVDF is more hydrophobic than
PES, with surface tensions of 29.2 and 46.6 mN/m, respectively. Unlike our earlier work
that coupled Pluronic F127 and S-CnT and M-CnT as the additive, this study explores
combinations of Poloxamer and S-CnT and M-CnT as the additives for the development
of PVDF UF membranes. Poloxamer has an optimal hydrophilic/lipophilic balance and a
high molecular weight. Poloxamer is used to modify the membrane surface and improve
the pore structure [17], while carbon nanotubes are used as additives to increase the mem-
brane’s durability, selectivity, and mechanical strength. Membrane modification is carried
out optimally using organic and inorganic additives. The combination of the two additives
is to improve the membrane characteristics comprehensively to increase the membrane
performance for lactalbumin isolation in whey.

2. Materials and Methods
2.1. Materials

The polymer used as the main component of the membrane is Polyvinylidene Fluoride
powder (PVDE, average Mw~534,000) obtained from Sigma Aldrich. The hydrophilic
forming agent Poloxamer 188 was purchased from (99%, WAKO, Osaka, Japan). Pore-
forming additives for carbon nanotubes, both single and multi-walled, were obtained from
Sigma Aldrich. To dissolve the polymers and additives, N-Methyl Pyrrolidone (NMP)
from WAKO, Pure Chemical Industries, Ltd. was used. (Osaka, Japan). Deionized water
as a coagulation medium of the cast polymer solution was obtained from the Chemical
Engineering Operations Laboratory, Syiah Kuala University, Banda Aceh. Finally, whey
and lactalbumin protein as reagents for the protein concentration process were ordered
from WPI 93 Glanbia, Jakarta, Indonesia.

2.2. Preparation of Membrane

The membrane was prepared using the phase inversion method by varying the type
of carbon nanotube additive used. The dope solution was prepared by dispersing the inor-
ganic components of S-CnT and M-CnT in NMP in different bottles using an ultrasonicator
(Branson 8510) at 40 kV. Then 20% w/v PVDF and 3% w/v Poloxamer were added to the
mixture. Four types of polymer solutions were prepared with the compositions, as shown
in Table 1. Each solution mixed with the polymer and additives was magnetically stirred
for 24 h and put on a hotplate. The homogeneous polymer solution was cast on a glass plate
using a membrane auto applicator (Yoshimitsu, Japan) with a film thickness of 300 pm.
The glass plate, along with the cast solution, was immediately immersed in a non-solvent
(distilled water) for the membrane to solidify. The resulting membrane sheets were stored
in a container containing distilled water at room temperature before being examined for
their properties, characteristics, and filtration performance.

Table 1. Composition of membrane solutions.

Composition (%)

Membrane
PVDF Pol S-CnT M-CnT NMP
MO 20 0 0 0 80
M1 20 3 0 0 77
M2 20 3 0.1 0 76.9
M3 20 3 0 0.1 76.9
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2.3. Swelling Analysis

Swelling is one of the membrane’s physical property parameters, which can be eval-
uated based on the gravimetric principle. The membrane was cut to a uniform size and
then dipped in deionized water for 24 h to obtain the wet weight. Then the membrane was
dried in an oven for 2 h at 50 °C to obtain the dry membrane. Swelling on the membrane
can be calculated using Equation (1) [18].

Wieet — W
Swelling = W“Tdry % 100% )
ry

where Wyet = Membrane wet weight (gram), Wq,y = Membrane dry weight (gram),

2.4. Membrane Composition and Morphological Analysis

Surface morphology and membrane cross-section were observed using Scanning
Electron Microscopy (SEM, JEOL JSM-6360 LA) at 20 kV voltage. For cross-sectional
analysis, each of the membranes was dipped in liquid nitrogen for a few seconds until
the sample hardened, and then it was broken using tweezers at both ends. Surface and
cross-section samples were mounted on metal channels and then coated with osmium
powder for 30 min. The samples were then mounted for SEM imaging and photographed at
1000 and 10,000 x magnification. The same samples were used to analyze the composition
of the membrane constituent elements using SEM-EDX.

2.5. Identification of Chemical Functional Groups

The membrane’s functional groups were analyzed using Fourier transform infrared
spectroscopy (FTIR, Nicolet™ iS50 Spectrometer). The membrane samples with a size of
1 x 1 cm were dried in an oven at 40 °C for 2 h. Subsequently, the membrane samples were
left at room temperature for approximately 2 h. Each membrane sample was placed at the
end of the Nicolet™ iS50 Spectrometer sample panel, and the transmittance was read at a
wave number of 400-4000 cm ™!

2.6. Porosity and Pore Size

The method used to test the membrane porosity was by first immersing the mem-
brane in water for 24 h at room temperature. The membrane was then weighed for its
wet weight. After that, the membrane was dried in an oven at 50 °C for 2 h and then
weighed for its dry weight. This was carried out 3 times with the same treatment to obtain
the appropriate results. The membrane porosity and pore size can be calculated using
Equations (2) and (3) [19].

Wi —W,
p-A-l

where W; = Membrane wet weight (gram), W, = Membrane dry weight (gram), p = Water den-
sity (gram/ cm?), A = Membrane surface active area (cm?), and I = Membrane thickness (cm)

2.9 —1.75¢) x 8l
rm (um) = \/( e xA>£<)A>1<° = )

e (%) = %100% @)

where ¢ = Porosity, I = Membrane thickness (cm), 1 = Water Viscosity (8.9 x 10 Pa-s),
Q = Permeate flow rate (cm3/s), and AP = pressure difference (Pa).

2.7. Surface Hydrophilicity

The membrane hydrophilicity was tested by dripping water onto the dry membrane
surface using a water contact angle meter (KSV Attension Theta device, Turkey). The
membrane was first dried in an oven at 50 °C for 2 h. The dry membrane was then put on a
glass plate, and a 0.7 uL drop of water was used to measure the contact angle. The contact
angle of the water and the membrane surface was read 5 times from different angles. The
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average value of the repetition was calculated as an indication of membrane hydrophilicity.
The smaller the WCA, the better the hydrophilicity value.

2.8. Membrane Mechanical Properties

The membrane mechanical properties evaluated were tensile strength and elongation,
analyzed using the Autograph AGS ] device, Japan, in line with ASTM D 638-14. The
membrane was cut to resemble a dumbbell. It was tested for tensile strength at a tensile
speed of 10 mm/min. The two ends of the membrane sample were clamped on a tensile
tester, and then the sample was pulled apart until it broke. The applied tensile force (kgF)
and the membrane elongation (Al) were recorded. The test was carried out 3 times to get
optimum results.

2.9. Membrane Filtration Performance

The type of filtration performance evaluated was the membrane’s ability to pass water,
known as flux, and concentrate lactalbumin protein. Flux measurement is carried out to
determine the ability of the membrane to pass a specific volume of feed. Flux is the volume
of water that passes through the membrane per unit active area in unit time. Deionized
water was fed to a crossflow flat sheet module membrane using a peristaltic pump at 2 Bar
pressure for 1 h until compaction occurred. Furthermore, filtration was carried out with a
pressure of 1 Bar, and the permeate volume was calculated every 10 min for one hour.

The flux (L/m?-hour) can be calculated using Equation (4) [19].

\Y
Flux = A% AL (4)
where V = permeate volume (L), A = membrane active surface area (m?), and t = permeate
collection time.

The membrane application test for lactalbumin protein isolation was carried out on a
laboratory scale using a series of crossflow modules. 100 mL of whey solution at 1000 ppm
concentration was fed through a membrane layer installed in the module for 3 h with an
operating pressure of 1 atm. The mass of the whey solution feed was weighed in advance.
The permeate solution was collected in a glass beaker while the retentate flowed back into
the feed. After the filtration process had been running for 3 h, the feed solutions were
taken, and the lactalbumin concentration was analyzed using a UV-VIS spectrophotometer.
The percentage of lactalbumin concentration obtained was calculated through the rejection
coefficient value in Equation (5).

R=1- (%) x 100% ®)
where R = Rejection coefficient (%), Cp = Concentration of solute in permeate (mg/L),
Cf = Concentration of solute in feed (mg/L).

3. Result and Discussions
3.1. Swelling

Figure 1 shows the results of the swelling test for all membrane samples. The data
obtained showed that the swelling on the M0, M1, M2, and M3 membranes was 95.055%,
135.458%, 67.249%, and 45.948%. The membrane swelling increased when P188 was added
to the polymer solution but decreased when both P-188 and CnT were added. The swelling
decreased significantly when only CnT was added to the polymer solution. The smaller
the swelling, the better the mechanical properties. M2 and M3 membranes underwent a
decrease in swelling after being modified using S-CnT (single-walled carbon nanotubes)
and M-CnT (multi-walled carbon nanotubes). The addition of the CnT additive reduced
the swelling of the membrane wall, which could cause damage to the membrane matrix.
When the membrane is in contact with water, the inner macrovoid cavity will retain water
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and increase the wet weight of the membrane, which is a measure of the swelling of the
membrane [20]. Membranes with the addition of M-CnT underwent a greater decrease in
swelling than membranes with S-CnT, due to the difference in the number of constituent
walls, where the former was composed of many walls, which provided excellent mechanical
properties [21].

Swelling Percentage (%)

MO Ml M2 M3

Membrane

Figure 1. The effect of polymer composition on the membrane swelling. Membrane swelling was
analyzed based on the ratio of the difference between the wet weight and dry weight of the membrane,
as described in Equation (1).

3.2. Tensile Strength

In addition to being carried out gravimetrically, the mechanical properties test was
also carried out physically by the tensile strength test. Tensile strength is the maximum
stress limit a sample can withstand when stretched before it breaks. Meanwhile, elongation
is the percentage of membrane elongation ability indicating a sample elasticity. Tensile
strength testing was carried out to examine the mechanical ability of the membrane.

Figure 2 shows that the M3 membrane, which is the membrane with the addition of
3% Poloxamer and 0.1% M-CnT, has the highest tensile strength and elongation values of
16.07 MPa and 136%, respectively. Meanwhile, the M0, M1, and M2 membranes have lower
tensile strength and elongation values than M3, but the difference is not too significant,
namely 12.06 MPa, 13.7284 MPa, 15.59 MPa, and 30.2%, 52.65%, 80.15%. Based on these
values, the tensile strength profile of the membranes in this study demonstrates good
mechanical properties. A previous study on the addition of M-CnT to produce FeCu
nanocomposites reported that the strong C—C covalent bonds and CNT wall structure
provided excellent mechanical capabilities, such as a high Young’s modulus and strong
resistance to breakage. The study also confirmed an increase in the thermal characteristics
and capabilities of the nanocomposite with the addition of M-CnT [21].
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Figure 2. Mechanical properties of the fabricated membrane at several polymer compositions. The
data was found based on mechanical tests using the Autograph AGS J standard as ASTM D 638-14
with a tensile speed of 10 mm/min.

3.3. Membrane Morphology

The membrane surface morphology and cross-section were analyzed using a Scanning
Electron Microscopy instrument. The purpose of this analysis is to see the differences or
changes in morphology on the surface and cross-section of the PVDF membrane before
and after modification. The surface structure and cross-section of the membranes on SEM
analysis are presented in Figure 3. There are differences in the structure of pure PVDF
membranes and modified PVDF membranes. The membranes were prepared using the
phase inversion method to form an asymmetrical transverse structure with a thin structure
on the top layer, a finger-like pore structure near the top layer, a macrovoid structure near
the bottom layer, and a dense pore structure on the bottom layer. Such a morphological
structure is a general form of membrane morphology produced through the phase inversion
method by solidification in a container with a non-solvent such as water.

The differences in the morphology of the membranes formed in all samples of this
study were in the number and size of finger-like and macrovoid structures. Compared to
the MO membrane, the M1, M2, and M3 membranes showed a structural change in the
form of an enlarged finger-like void due to the addition of Pol and CnT. The membrane
surface in Figure 3 does not show any cracks or excessive agglomeration, indicating that
the additives were well dispersed in the membranes.

It can be inferred that the M0, M1, M2, and M3 membranes are ultrafiltration mem-
branes. Ultrafiltration membranes have a pore size of 0.001-0.1 pm [22]. M3 membrane
has the largest pore size due to the addition of Pol, which increased its hydrophilicity by
increasing its pore size and the addition of M-CnT, which was more effective in improving
the membrane’s physical properties, as M-CnT has a multi-layered structure.

3.4. Functional Groups of the Membranes

Figure 4 shows the FTIR analysis results to determine the polymer functional groups.
The specific IR spectra of PVDF membranes appear at wavenumbers between 1800400 cm™!,
which indicate double bonds for C=C and C=0 atoms with weak intensity [23]. The
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x 10,000 == 10 pm

C=C functional group was detected at a wave number of 874.12 cm™!, and the C=O
functional group at a wave number of 1687.89 cm~!. On the modified M1, M2, and
M3 membranes using Pol 3% polymer, the C-H functional groups were identified at
wave numbers 2870.99 cm !, 2871.51 cm !, and 2871.77 cm !, and O-H groups at wave
numbers 1401.03 cm !, 1400.81 cm ™1, and 1400.67 cm ™! [15,24]. Then there are C-O
functional groups at wave numbers 1175.10 cm !, 1174.94 cm !, and 1172.90 cm~!. This is
in accordance with a study [25] which reported that in Pol polymers, C-H functional groups
are identified at a wave number of 2883.38 cm~—!, O-H at a wave number of 1348.15 cm ™!,
and C-O at a wave number of 1107.06 cm . Then, on the M2 and M3 membranes which
were modified with the addition of 0.1% nanocarbon (S-CnT & M-CnT), the presence of
the N-H functional group was identified at wave numbers of 3529.98 cm~1,3530.11 em ™1,
3530.01 cm !, and 3530.57 cm~!. This is in accordance with a study that membrane with
the addition of nanocarbon (5-CnT and M-CnT) has an N-H functional group at a wave
number of 3530 cm ™!, C-H at a wave number of 2922 cm~!, and C=0 at 1730 cm~! [26].

x 10,000 =—1 um

x 10,000 == 10 um

M2) (M3)

Figure 3. Morphological structure of the surface (A) and cross-section (B) membranes: (M0O) pure
PVDEF, (M1) PVDEF with Pol, (M2) PVDF with Pol and S-CnT, and (M3) PVDF with Pol and M-CnT. The
membrane sample was coated with osmium powder for 30 min, and the SEM imaging magnification
was 1000 and 10,000 for cross-section and surface structure, respectively.

c—0
c-0
ol C-H
c-0 c-0 C-H N-H

_ 0-H
5\: SA3
g
= M2
]
s
g DL
H
L
= MO

r\

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm")

Figure 4. IR spectra of the original PVDF and the modified PVDF with Pol, S-CnT, and M-CnT. The
measurement of FTIR was done using a dry membrane at room temperature.
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3.5. Porosity and Pore Size

Pore size and porosity are closely related to membrane filtration performance. The
pore size of the membrane affects the permease performance and the selectivity of the
membrane during filtration. The results of the pore size analysis and porosity can be seen
in Figure 5. The pore size of the PVDF membrane (M0) increased when the hydrophilic
additive Plo was added to the polymer solution (M1). The membrane’s pore size increased
even further when the polymer solution was added with a combination of Plo additives and
5-CnT and M-CnT nanoparticles. The increase in the size of the macrovoid, as evaluated
by SEM in Figure 3, provides evidence of an increase in the pore size of the M1, M2, and
M3 membranes. Pol has been widely used as a pore-forming agent for various types of
polymeric membranes. The presence of Pol in the polymer solution had an impact on
increasing the pore size of the membrane [27].

0.07 Bl pore size =+
—B— Porosity /

0.06 -

80

0.05

0.04

Pore size (um)
Porosity (%)

0.03

0.02

0.01

Mo M1 M2 M3

Membrane

Figure 5. Effect of polymer composition on the membrane porosity and pore size. The membrane
sample was immersed in water for 24 h at room temperature. Membrane porosity and pore size were
calculated using Equations (2) and (3).

Furthermore, the addition of nanoadditives such as carbon nanotubes in the polymer
solution has an impact on increasing the size of pores. The tube dimension of carbon
nanotubes helps water transport during phase inversion, leading to faster solvent-non-
solvent exchange and resulting in a membrane with larger pores. This membrane pore
size phenomenon has also been observed by other researchers. The membrane pore size in
this study ranged from 0.037 um to 0.087 um. Ultrafiltration membranes have pore sizes
ranging from 0.001-0.1 um. In other words, the membrane in this study belongs to the
ultrafiltration category.

What is interesting from the findings of this study is that the increase in the pore size
of the PVDF/Pol/M-CnT (M3) membrane is not necessarily proportional to the increase in
porosity. From Figure 5, it can be understood that the highest porosity of 74.98% was found
in the M2 membrane, which has the composition of the PVDF/Pol/S-CnT polymer solution.
Carbon nanotubes have carbon elements with strong C-C covalent bonds. S-CnT and M-
CnT have differences in their constituent walls. M-CnT has many walls, which could make
the blending process more difficult so that the resulting pore distribution on the membrane
is uneven [21]. Thus, the pore distribution or porosity of the M3 membrane containing
M-CnT was not higher than that of the M2 membrane containing PVDF/Pol/S-CnT.

3.6. Membrane Hydrophilicity

Polyvinylidene Fluoride (PVDF) polymers are widely used in the manufacture of
membranes due to their excellent physical and chemical resistance, thermal stability, and
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film-forming properties. However, these polymers are also susceptible to impurities due to
their strong hydrophobicity and non-uniform pore size. Therefore, it is necessary to modify
the PVDF membranes to reduce their hydrophobic properties and increase their hydrophilic
properties. Changes in the hydrophobic-hydrophilic properties of the membranes in this
study are shown in Figure 6.

100

80

(=2}
=4
1

Water Contact Angle (0)
=
1

(5
>
1

MO0 M1 M2 M3

Membrane

Figure 6. Water Contact Angle (WCA) values on M0 (pure PVDF membrane), M1 (PVDF + Pol),
M2 (PVDF + Pol + S-CnT), and M3 (PVDF + Pol + M-CnT). The measurement of the water contact
angle was carried out on the dried sample by dropping 0.7 uL of water on the top surface of the
membrane.

The original PVDF membrane (MO0) has a very high water contact angle value (82.5 O),
indicating that this membrane is hydrophobic. The presence of Pol in the polymer solution
(M1) resulted in a decrease in the water contact angle. This indicates that the blended
PVDF and POL membrane have better hydrophilic properties than the MO membrane.
Furthermore, the addition of S-CnT and M-CnT resulted in a blend membrane with an even
lower water contact angle than the two types of membranes MO and M1. This shows that
CnT also contributed to the increase in the hydrophilicity of the PVDF membranes. It is
induced by the water-wall interaction inside the carbon nanotube atoms that are arranged
on a honeycomb lattice [28]. CNTs help to transport water molecules due to their great
aspect ratio and smooth inner walls [29].

3.7. Filtration Performance

The membrane filtration performance tested in this study included pure water flux,
solute rejection, and lactalbumin protein concentration. Flux is one of the parameters for
describing the membrane performance. Ideally, the flux value is directly proportional to
the number and size of the membrane pores. The results of the evaluation of the membrane
flux in this study are shown in Figure 7. The original PVDF membrane (MO0) has a flux of
21.50 (L/m?h). The membrane flux increased with the presence of Pol, PoL + S-CnT,
and Pol + M-CnT additives in the polymer solution. In many studies, it is reported that
the presence of additives in the polymer solution will cause an increase in the number
and size of pores in the membrane, thereby increasing the water flux. In this study, the
membrane with the combined addition of PoL and M-CnT (M3) had the highest flux.
This can be confirmed by the fact presented in Figures 3 and 5, where a large macrovoid
structure dominates the M3 membrane body. In addition, the results of the calculation of
the membrane pore size show that the M3 membrane has the largest pore size (Figure 5).
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Figure 7. Water flux of the pure and modified PVDF membranes. The filtration test was designed
as a crossflow filtration module with an operating pressure of 1 bar, and the permeate volume was
collected every 10 min. Water flux was calculated using Equation (4).

The fabricated membranes in this works was then fed with a 1000 mg/L lactalbumin
solution through the same module as the pure water flux test. The aim was to determine the
membrane’s capacity for protein concentration processes. Figure 8 shows the percentage
increase in lactalbumin concentration in the retentate solution after 3 h of filtration. All
the types of membranes were able to concentrate lactalbumin solution well, with the
lowest percentage increase of 185.85% on the M0 membrane. Figure 8 shows that the M2
membrane, with the addition of Pol and S-CnT, showed the best filtration performance,
with an increase in lactalbumin concentration reaching 261.68%.
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Figure 8. Profile of lactalbumin concentration for pure (M0) and the modified PVDF membrane
(M1: PVDF + Pol, M2: PVDF + Pol + S-CnT, and M3: PVDF + Pol + M-CnT. The filtration test was
designed as a crossflow filtration module with an operating pressure of 1 bar, and the concentration
of lactalbumin was analyzed after 1 h operation.
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Data of the membrane morphological structure presented in Figure 3, the porosity and
pore size in Figure 5, and the pure water flux in Figure 7 strengthen the evidence that the
M2 membrane has excellent performance. The M2 membrane has a smaller pore size than
the M3 membrane, but the pores in the M2 membrane are better distributed, thus making
the M2 membrane have the best performance.

4. Conclusions

A porous polymeric membrane with improved characteristics and ultrafiltration
performance has been successfully prepared from PVDF polymer with a combination
of amphiphilic additive poloxamer and S-CnT/M-CnT nanoparticles into the polymer
solution. The hydrophilicity of the membrane increased with the addition of Pol and CnT
copolymers. The flux of the PVDF/Pol/M-CnT membrane was 110.27 L/m?-h, much higher
than that of the pure PVDF membrane at 21.20 L/m?-h. The mechanical properties of the
membrane also increased with the addition of the PVDFE/Pol/S-CnT or PVDE/Pol/M-CnT
solutions. The PVDF/Pol/S-CnT membrane achieved ultrafiltration performance with
high flux and rejection of lactalbumin protein.
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