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Abstract

The production of PVDF hollow fiber membranes via the non-solvent induced phase separation (NIPS) method is one of
the most straightforward and cost-effective techniques. However, conventional NIPS processes often struggle to achieve a
narrow pore size distribution, limiting their performance in precision ultrafiltration applications. In this work, we present
an enhanced NIPS approach that enables fine control over the membrane's limiting pore size. By carefully tuning the
composition of the spinning solution and optimizing processing parameters, we achieved precise regulation of membrane
structure. The resulting membranes exhibited a wide range of well-defined limiting pore sizes—from 80 nm, offering
high water permeability (960 L-m>h-bar?), down to 10 nm with lower permeability (68 L-m2-h*bar™). These findings
demonstrate the versatility and tunability of the modified NIPS method, enabling the fabrication of PVDF membranes

tailored for specific ultrafiltration applications.
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1. Introduction

Polyvinylidene fluoride (PVDF) has long been recognized
as a preferred material for membrane fabrication due to its
widespread commercial availability, exceptional chemical
and thermal stability, and superior mechanical properties.
This polymer exhibits good solubility in a range of clas-
sical organic solvents, including N,N-dimethylacetamide
(DMAc), 1-methyl-2-pyrrolidinone (NMP), N,N-dimethyl-
formamide (DMF), triethyl phosphate (TEP), and dimethyl
sulfoxide (DMSO), among others [1].

For water treatment applications, PVDF is commonly used
in the production of hollow fiber membranes with an exter-
nal selective layer, typically designed for ultrafiltration and
microfiltration. The hollow fiber configuration offers a large

active surface area, which directly contributes to improved
membrane element performance [2].

Despite its many advantages, the use of PVDF membranes
in water treatment is often limited by their inherent hydro-
phobicity. This characteristic leads to relatively low water
flux, increased fouling, and reduced backwash efficiency
[3]. However, PVDF membranes' high elongation at break,
combined with the external selective layer, allows for the
incorporation of alternative cleaning methods, such as air
purging and mechanical scrubbing using air bubbles under
pressure. These methods, which involve the movement of air
parallel to the membrane surface, help mitigate fouling and
reduce operational costs, particularly in ultrafiltration and
microfiltration systems [4]. As a result, PVDF-based mem-
branes, along with PES-based membranes, remain domi-
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nant in the field of water treatment, providing a cost-effec-
tive solution with enhanced cleaning capabilities.

PVDF membranes are currently produced using two prima-
ry methods: phase separation induced by the interaction
with a non-solvent (typically water) and thermally induced
phase separation (TIPS) [5]. Each method has distinct ad-
vantages and limitations. Membranes produced via the
TIPS method are often characterized by superior mechan-
ical properties, a narrower pore size distribution, and en-
hanced control over morphology, allowing for the formation
of the desired spongy structure. However, the TIPS process
requires more complex equipment and higher energy con-
sumption to maintain elevated processing temperatures (up
t0 200 °C). In contrast, membranes produced by the non-sol-
vent induced phase separation (NIPS) method utilize sim-
pler equipment and operate at lower energy costs, making
it a more cost-effective approach. Additionally, membranes
fabricated by the NIPS method tend to exhibit better anti-
fouling properties, which is particularly advantageous in
water treatment applications [6].

This study focuses on the fabrication of PVDF membranes
using the NIPS method, with particular attention given to
addressing the inherent challenges associated with this
process. A primary issue is the low hydrophilicity of PVDF,
which limits its effectiveness for water treatment applica-
tions. To mitigate this, pore-forming agents and hydrophilic
molecules are incorporated into the casting solution, which
helps to concentrate at the phase separation boundary and
enhancing the overall hydrophilicity of the resulting mem-
brane. Key additives include amphiphilic and hydrophilic
polymers such as polyvinylpyrrolidone (PVP), polyethylene
glycol (PEG), and Pluronic®-type block copolymers. Addi-
tionally, metal salts (e.g., lithium chloride, calcium chloride,
lithium perchlorate), ceramic particles (e.g., TiO, AIZO;’
Zr0)), and surfactants (e.g., Triton X-100, Span 80, Tween
20) are commonly incorporated to enhance membrane char-
acteristics [7]. For instance, an increase in membrane flux
was observed upon adding lithium chloride and PVP with a
molecular weight (Mw) of 10K to the casting solution [8]. it
has been reported that the properties of the resulting mem-
branes are influenced by the molecular weight of PVP in the
spinning solution [9]. Similarly, the impact of Tween 20 sur-
factant on membrane morphology has been demonstrated,
noting its ability to improve the pore distribution and sur-
face characteristics [10]. In addition, the significant effect of
TiO, particles in the casting solution on membrane perfor-
mance has been highlighted, with the incorporation of TiO,
particles shown to enhance membrane permeability [11].
Furthermore, TiO, particles have been shown to contribute
to the membrane's antifouling properties by reducing the
accumulation of organic and inorganic fouling agents on
the membrane surface, thereby extending its operational
lifespan [11].

In the context of a patent by LOTTE CHEMICAL CORPORA-
TION (US 2018/0085715 A1), a PVDF membrane containing
small amounts of acetylated methyl cellulose was charac-
terized, which was shown to improve the mechanical and
antifouling properties of the membrane [12]. Further, an
in-depth analysis has been provided regarding the effects
of Pluronic F127 on membrane quality, particularly its in-

fluence on pore structure and surface morphology [13]. In
addition to the use of additives, some studies have explored
post-formation modifications to improve membrane prop-
erties. Techniques such as UV treatment, plasma treatment,
and other surface modification methods have been inves-
tigated to enhance the hydrophilicity, antifouling perfor-
mance, and selectivity of the membranes [7].

Another significant challenge in NIPS-based membrane
fabrication is achieving a regular spongy structure and
a narrow pore size distribution in the selective layer. This
is influenced by several factors during the membrane for-
mation process, including the composition of the casting
solution (e.g., molecular weight and concentration of PVDF,
solvent nature, and the presence of additives), spinning pa-
rameters (such as temperature, bore composition, take-up
speed, coagulation bath composition, and air gap height),
as well as post-processing conditions [14]. The rate of phase
separation plays a crucial role in determining the structure
of the final membrane. Rapid phase separation, where the
solvent quickly exchanges with water, tends to form mem-
branes with macrovoids. In contrast, slower phase separa-
tion, which can be achieved by adding precipitants to the
spinning solution or by increasing the softness of the co-
agulation bath, facilitates the formation of a more uniform
spongy structure [15]. Fine-tuning these factors is essential
for controlling the pore size distribution and achieving the
desired membrane morphology, which is critical for opti-
mizing filtration performance.

The choice of solvent for the polymer is a critical step in the
production of the spinning solution for membrane fabrica-
tion. The solvent not only influences the physical properties
of the solution, such as density and viscosity, but also plays
a key role in the diffusion rate into water and its solubility
with respect to the polymer. It has been demonstrated that
the use of triethyl phosphate (TEP) as a solvent in the spin-
ning solution, which has a relatively low solvent capacity for
PVDF and a slow diffusion rate into water, results in the for-
mation of a regular spongy membrane structure [7].

It has been emphasized that increasing the softness of the
coagulation bath, or bore fluid, positively influences mem-
brane morphology and concentricity [16]. It has also been
shown that the impact of the coagulation bath composition
on membrane characteristics reinforces the significance of
bath parameters in determining the final membrane struc-
ture and performance [17].

In this study, we aimed to fabricate an ultrafiltration hollow
fiber membrane made of PVDF using the NIPS method, tar-
geting high permeability values while maintaining a regu-
lar sponge structure without macrovoids. Additionally, we
sought to explore the main factors influencing membrane
performance. It is important to note that the membrane
production method employed here is not purely NIPS. Phase
separation begins in the air gap of the precipitation bath,
where the presence of water vapor significantly contributes
to the formation of the outer selective layer [18]. In this pro-
cess, the temperature of the polymer solution is maintained
at 90°C, and the solution cools in the spinneret, approaching
the gelation point. As a result, the method can be character-
ized as a hybrid approach combining NIPS with elements
of VIPS (Vapor-Induced Phase Separation) and TIPS (Ther-
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mally Induced Phase Separation). This approach allows for
greater control over membrane morphology, contributing
to the achievement of the desired membrane structure and
performance characteristics.

2. Methods and Materials

2.1. Materials

The following materials were used in this study: polyvi-
nylidene difluoride (PVDF) KYNAR® G150 (Arkema, France);
polyvinylidene difluoride (PVDF) Solef® 6008 (Solvay, Bel-
gium); polyvinylpyrrolidone (PVP) Koo WIRUD (Mw = 1400
kDa, WIRUD GmbH, Germany); glycerol (= 99.5%, AKRI-
HIM, Russia); dimethylformamide (DMF, > 99.0%, Shan-
dong Hualu-Hengsheng Chemical Co., Ltd, China); dimeth-
yl sulfoxide (DMSO, > 99.0%, Shandong Hualu-Hengsheng
Chemical Co., Ltd, China); lyophilized myoglobin from
equine skeletal muscle (= 96%, Solarbio, China); bovine se-
rum albumin (> 97%, Solarbio, China); lithium chloride (>
99%, Jinan Sintop Co., China); and sodium chloride (> 99%,
Jinan Sintop Co., China).

2.2. Methods

2.2.1. Scanning Electron Microscopy Method

The analysis was performed using a Helios NanoLab™ 600i
(USA) scanning probe microscope in tapping mode. Wet
membrane samples were rapidly frozen in liquid nitrogen
and then fractured to obtain cross-sections. The samples
were subsequently dried overnight. Surface samples were
coated for 30 seconds, and cross-sectional samples for 45 sec-
onds, with a gold—platinum alloy using an Emitech SC7620
sputtering machine. Pore sizes were analyzed using Image]
1.41 software (National Institutes of Health, Bethesda, Mary-
land, USA), calculating the average pore size and standard
deviation for each size distribution. The average membrane
thickness was measured at five different locations on each
sample using a Mitutoyo digital micrometer (Mississauga,
Ontario, Canada).

2.2.2. Pore Size Distribution

A standard bubble point test was conducted to assess the
integrity of the membrane. This method, widely used by
membrane manufacturers globally, is described in great-
er detail in other publications [19,20]. In this procedure, a
s-meter-long membrane fiber was immersed in water, and
compressed nitrogen was introduced into the fiber. The
pressure was gradually increased until the membrane sur-
face began to bubble.

However, this method is relatively crude. It cannot provide
detailed information on the distribution of pores in the
membrane and only serves to confirm the absence of signif-
icant structural defects.

To better characterize the pores, we employed the Liquid-
Liquid Displacement Porosimetry (LLDP) method. For this

purpose, we used the POROLIQ™ 1000 SERIES porometer,
which is detailed in other specialized studies [19,20]. LLDP
involves two immiscible liquids. One liquid, referred to as
the wetting liquid, is chosen for its high affinity to the mem-
brane material, ensuring complete wetting and filling of all
the pores. The second liquid, called the displacing liquid, has
alower affinity and is used to displace the wetting liquid [20].

Pore size is determined based on the applied pressure,
which is a function of the interfacial tension between the
two liquids. This method assumes that the pores are cylin-
drical and unevenly distributed. The pressure (AP) required
to force the displacing liquid into a pore filled with wetting
liquid is described by the Young-Laplace equation [19]. For
this analysis, we selected a liquid pair; water as the wetting
liquid and isobutanol as the displacing liquid.

2.2.3. Organic Molecules Cut-Off and Permeability Test

A laboratory-scale experimental setup was used to evaluate
the performance of the membrane (Figure 1). The test module
consisted of a steel tube with an outer diameter (OD) of 15 mm
and an inner diameter (ID) of 12 mm, housing 10 hollow fiber
membranes, each with an effective length of 40 cm. The ex-
periments were conducted with wet hollow fiber membranes.

A 0.1 M NaCl aqueous solution containing myoglobin and
albumin (Table 1) was used as the feed solution, which was
introduced into the inter-fiber space at a pressure of 2 bar.

The system was configured using ball valves and a feed
pump to ensure that 10% of the initial flow was directed to
the permeate and 90% to the retentate. The concentrations
of myoglobin and albumin in the feed (C)) and permeate (CP)
solutions were determined using a Roche Cobas 8000 ana-
lyzer (Switzerland). The rejection of myoglobin and albumin
(R) was calculated using the following formula:

(1)

Fiber permeability was measured on individual fiber sam-
ples with a length of 50 cm. A schematic representation of
the experimental setup is standard and commonly described
in other studies [16]. The measurements were conducted at a
pressure drop of 1 bar using prepared reverse osmosis water
in dead-end mode. Water was supplied to the outside of the
membrane sample. Permeability was calculated using the
following formula:

CV
R, = |1 - 2| x 100%
Cr

1%
4 » (0.0006533 + T2 — 0.0559 * T + 1.865) (2)

L Y S
PP T+ dext % 1 % t + TMP

Where Lp,,,, is the membrane permeability (L.m™h™.bar?),
measured in outside-in mode at a specific TMP (bar), d_,
is the external diameter (m) and | is the length (m) of the
hollow fiber membrane sample, t (h) is the time it takes for
a certain amount of permeate Vp (I) to pass through mem-
brane sample, and T is temperature (°C).
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Figure 1: Organic molecules cut-off test system.

Table 1: Composition of the initial cut-off solution.

Ne Component Concentration, g/L
1 Myoglobin 5x10°

2 Albumin 5

3 Sodium chloride 6

3. Results and Discussion

3.1. Spinning Solution

The choice of spinning solution significantly influences the
final properties of the membrane. The literature provides nu-
merous examples of spinning solutions and their additives
for the preparation of UV PVDF membranes. In this study, we
focused on the key components that are expected to have the
greatest impact on the final characteristics of the membrane.

The concentration of PVDF in all solutions was fixed at
18%, which is sufficient to ensure the mechanical integ-
rity of the final membrane. Two different grades of PVDF
were employed in this study: one with a higher molecular
weight (Kynar® G150) and the other with a lower molecular
weight (Solef® 6008) [21]. The inclusion of the lower mo-
lecular weight PVDF was intended to reduce the solution
viscosity. Previous research has shown that using a PVDF
mixture in membrane spinning results in a smoother sur-
face and enhanced permeability [22]. However, at higher
concentrations of Solef® 6008, macrovoids began to form
within the membrane structure. The maximum permissible
concentration of Solef® 6008 in the PVDF mixture, at which
macrovoids were absent, was determined (Figure 2). At a
PVDF ratio of 9:9, single macrovoids were already observed,
prompting the incorporation of Kynar® G150 at a concentra-
tion of 12%, while Solef® 6008 was used at 6%.

Dimethyl sulfoxide (DMSO) and dimethylformamide (DMF)
were used as solvents in this study. DMSO is a safe, polar
aprotic solvent often classified as a "green" solvent. How-
ever, PVDF solutions in DMSO exhibit a high dynamic vis-
cosity (1.9 MPa-sec), which limits their use. To overcome
this limitation, DMF, with a lower dynamic viscosity of 0.9
MPa-sec, was used as a co-solvent [23].

To promote phase separation and prevent the formation of
macrovoids, reverse osmosis water was added as a non-sol-
vent. Water is a strong precipitant for PVDF and effectively
shifts the solution equilibrium toward the binodal line. Con-
sequently, only small amounts of water were required in the
spinning solution.

Lithium chloride (LiCl) was used as a pore-forming agent,
maintaining a consistent concentration of 5% in all spinning
solutions, as suggested by prior research. In addition, poly-
vinylpyrrolidone (PVP K-90) was introduced to enhance the
hydrophilicity of the membrane and to act as a secondary
pore-forming agent [8,24]. The hydrophilic nature of PVP in-
creases the water sorption capacity of the membrane. It was
observed that PVP was distributed unevenly within the mem-
brane structure during formation, with its concentration in-
creasing from the center of the membrane wall toward the
surface [25]. Due to its high molecular weight, PVP K-90 is
not fully removed during the membrane fabrication process
and remains embedded within the membrane matrix.

It was found that an increase in the molecular weight of PVP
in the spinning solution suppressed macrovoid formation,
leading to an increase in both the number of pores and the
overall porosity of the membrane [26]. Similarly, it was re-
ported that in standard systems consisting of a polymer, po-
lar aprotic solvent, and water, higher concentrations of PVP
in the solution inhibited macrovoid formation by slowing
down the phase separation process [27].

Amphiphilic Polyarylate-polyalkylene oxide (PAR-PAO)
block copolymers synthesized earlier were also added to the
polymer composition. Polymers of this type are hydrophilic,
but at the same time insoluble in water due to the terephthal-
ic fragment, which serves as a kind of anchor that retains the
polymer molecule on the membrane surface [28]. Therefore,
it was assumed that the pore size of the selective membrane
layer could be controlled. The compositions of the polymer
solutions are presented in Table 2.

For each solution, viscosity was measured using an A&D SV
100 viscosity analyzer (Japan). All viscosity values were re-
corded at 60°C (Table 3). This temperature was chosen be-
cause PVDF is a semi-crystalline polymer that tends to gel.
Gelation refers to a special state where the solution loses
its ability to flow and transforms into a so-called "soft sol-
id" [29]. Gels are formed when polymer chains crosslink,
creating a three-dimensional network that traps a signifi-
cant amount of solvent. This phenomenon is commonly ob-
served in solvents containing a ketone group (e.g., cyclohex-
anone-y-butyrolactone). However, such behavior was not
observed in PVDF solvents without ketone fragments (e.g.,
DMAc, DMF, and DMSO) [23]. Nonetheless, at high PVDF
concentrations and in the presence of PVP, gelation of the
polymer solutions was observed.

The gelation temperature of each solution was measured.
For these polymer solutions, the classical turbidity point
was not observable. The binodal line, or liquid-liquid phase
separation line, is located below the gelation temperature.
As a result, the crystallization of PVDF prevents the accu-
rate identification of the binodal line using haze points [30].
During the non-solvent-induced phase separation (NIPS)
process, membrane formation does not solely follow the
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classical liquid-liquid phase separation (LLPS) mechanism.
Instead, PVDF may undergo deposition through either LLPS
or gelation caused by crystallization, leading to solid-liquid
(S-L) phase separation. It is well known that PVDF crystals
can adopt three different molecular conformations: trans—
gauche-trans—-gauche' (TGTG'), trans-trans—trans (TTT),
and trans-trans—trans—gauche (TTTG) [23]. Therefore, the
intersection of the gelation temperature of the polymer
solution provides an additional method to control the prop-
erties of the membrane [30].

3.2. Membrane Spinning

The hollow fiber membrane was prepared using a lab-scale
manufacturing line, as previously described in the literature
[31]. The reactors for the polymer solution and bore solution
were equipped with jacketed silicone heating. The polymer
and bore solutions were delivered to the spinneret using
gear pumps with electric heating, ensuring stable flow and

precise temperature control. A heat exchanger was installed
directly before the spinneret to allow fine regulation of the
spinning solution temperature and, consequently, more
accurate control over the spinning process. The polymer
solution was introduced into the coagulation bath through
the air gap. The temperature of the coagulation bath was
adjustable within the range of 20 to 90 °C, allowing precise
control over the amount of water vapor in the air gap. Af-
ter coagulation, the formed fiber was guided into a washing
bath to remove residual solvent and unconsolidated com-
ponents. Subsequently, the fiber was wound onto a take-
up drum with a perimeter of 1.2 meters under continuous
water rinsing. Thus, in addition to the standard parameters
of non-solvent-induced phase separation, it was possible to
control the temperature of the polymer solution relative to
its gelling point, as well as the amount of water vapor above
the coagulation bath, both influencing the pore distribution
within the selective layer.

content of other components was: PVP K90-6%; LiCl-5%; H20-3.6%; DMSO-27.9%; DMFA-39.5%.

Table 2: Components of the spinning solution.

Components of the PVDF-1 PVDF-3 PVDF-6 PVDF-6_1 PVDF-6_3
spinning solution Mass fraction of the component (%)

KYNAR® G150 12 12 12 12 12
Solef® 6008 6 6 6 6 6
PVP Koo 1 3 6 6 6
LiCl 5 5 5 5 5
DMSO 27.6 27.7 27.9 27.9 28
DMFA 44.5 42.5 39.5 38.5 36.5
H2o 3.9 3.8 3.6 3.6 3.5
PAR-PAO - - - 1 3




Fateev et al. | PVDF Hollow Fiber

Table 3: Viscosity and gelation temperature of the
spinning solutions.

Solution Ne T gel,°C Viscosity at 60°C, Pa*sec
PVDF-1 39 6.9
PVDEF-3 42, 12.3
PVDF-6 45 18.2
PVDF-6_1 45 19.1
PVDF-6_3 46 19.9

The morphology of the membrane with external selective
dry-wet spinning is significantly influenced by the height
of the air gap, the composition of the coagulation bath, and
the temperature of the coagulation bath. The bore liquid
must be mild enough to ensure high porosity without lim-
iting the membrane's permeability. In all cases, the bore
composition was 65% DMSO/35% H O, rather mild, but at
the same time, providing the necessary precipitation rate
for stable fiber formation.

The outer selective membrane layer in the air gap is primarily
formed by the vapor of the coagulation bath liquid. The use of
more volatile and softer precipitants than water, such as iso-
propyl alcohol, can increase the porosity of the outer selective
layer [32]. However, for the membrane formation process,
reverse osmosis (RO) water was used in the coagulation bath
to ensure the process was both eco-friendly and commercially
feasible. The porosity and pore size of the selective layer were
controlled by adjusting the coagulation bath temperature and
the height of the air gap.

The spinneret had the following real dimensions: 1.35 mm—
the outer diameter of the outer channel; 0.8 mm—the outer
diameter of the bore; and 0.3 mm—the inner diameter of the
bore needle. Fibers were formed with a final geometry of 1.3 x
0.75 mm at a take-up speed of 11-12 m/min. The constant spin-
ning parameters are summarized in Table 4, while the differ-
ent hollow fiber fabrication modes are detailed in Table 5.

3.3. Post-Processing of the Membrane

After membrane formation, the fibers were kept in reverse
osmosis water for 12 hours to remove any residual solvents
from the membrane structure. Subsequently, the fibers were
transferred to a 5% hydrogen peroxide solution at 60 °C for
12 hours. After this period, the hydrogen peroxide solution
was replaced, and the fibers were stored in the fresh solu-
tion for another 12 hours at 60°C. This process was repeated
a third time for an additional 12 hours. The purpose of this
treatment was to remove residual PVP, as it is well known
that oxidants such as hydrogen peroxide break down the
PVP molecule, significantly accelerating its removal from
the membrane [33], while hydrogen peroxide does not have
any destructive effects on PVDF.

Finally, the membranes were immersed in a 35% glycer-
ol solution for impregnation and to prevent pore collapse
during drying. Drying was carried out using dehydrated air
at a temperature of 40°C. The fiber bundles were then filled
into mini-modules with a polyurethane compound to check
the membrane's cut-off performance.

Table 4: Constant spinning parameters.

Parameter Value
Coagulation bath composition HO

Bore composition 65/35 DMSO/H 0
Outer/Inner fiber diameter, mm 1.3/0.75
Take-up speed, m/min 11-12
Polymer solution flow rate, g/min 20

Bore liquid flow rate, g/min 7.5

Table 5: Hollow fiber spinning modes.

Spinning Airgap,cm  Tcoagulation T spinneret,
mode Ne bath, °C °C
A 20 40 40
B 40 40 40
C 60 40 40
D 60 25 40
E 60 60 40
F 60 25 25
G 60 25 60

3.4. Membrane Characteristics

3.4.1. Morphology of the Membrane

As anticipated, the presence of macrovoids in the membrane
structure decreased with increasing PVP K-90 concentration
in the spinning solution. In the case of the PVDF-1 solution,
large macrovoids were present, occupying almost the entire
membrane wall. For the PVDEF-3 solution, the number of
macrovoids was significantly reduced, and no macrovoids
were observed in the PVDF-6 fibers (Figure 3). PVP delays
the diffusion of solvents from the membrane, leading to the
formation of a spongy structure.

The introduction of an amphiphilic block copolymer result-
ed in a decrease in the pore size of the outer selective layer,
confirming the hypothesis that such block copolymers tend
to concentrate on the fiber surface (Figure 4). This behav-
ior suggests that block copolymers play a significant role in
modifying the membrane's selective layer properties by re-
ducing pore size and enhancing surface structure (Figure 5).

When the height of the air gap above the coagulation bath was
reduced to less than 60 cm, the inner opening of the fiber lost
its concentricity. This loss of concentricity can be attributed
to the viscoelastic properties of PVDF (Figure 6). Rapid phase
inversion prevents the relaxation of polymer chains, leading
to internal stresses in the nascent hollow fiber that can cause
structural disturbances. By increasing the air gap, the contact
time between the nascent membrane and the bore liquid was
extended, which helped suppress these internal disturbances
and maintain the fiber's concentricity.

An increase in the temperature of the coagulation bath re-
sulted in a larger pore size in the outer selective layer (Figure
7). Since the outer layer forms primarily in the air gap under
the influence of solvent vapors from the coagulation bath (in
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this case, water), raising the bath temperature increased the
number of pores in the near-fiber space, leading to a more
typical surface pore structure (Figure 8).

The inner surface morphology of the fiber remained consis-
tent across spinning modes, as it was entirely determined
by the composition of the coagulation bath. At a spinneret
temperature of 60°C, single voids were observed in the fiber

structure. This can be attributed to the fact that at this tem-
perature, the solution was sufficiently far from the binodal
line, allowing for a substantial outflow of solvent, which ini-
tiated the formation of macrovoids (Figure 9). In contrast,
at spinneret temperatures of 40°C and 25°C, no macrovoids
were observed, and the membrane exhibited a classical

spongy structure.

Figure 3: Influence of PVP concentration on hollow fiber morphology: a) 1%; b) 3%; c) 6%; (spinning mode: air gap - 60 cm,

T coagulation bath - 25°C, T spinneret - 40°C).
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solution: PVDF-6).

3.4.2. Membrane Characteristics

Membrane samples were tested for permeability, bubble
point, porometry, and protein molecule cut-off (myoglo-
bin, albumin). The tests were conducted exclusively on
concentric fibers with a spongy structure. Additionally, for
the PVDF-6_1 and PVDF-6_3 formulations, spinnings were
carried out only in a 25°C coagulation bath, as amphiphil-
ic block copolymers were used to reduce surface pore size.
Higher coagulation bath temperatures would have the op-
posite effect, which is why combining these two factors was
considered inadvisable.

All properties were evaluated after the membranes under-
went treatment with a hydrogen peroxide solution and
drying using a water—glycerol mixture (Table 6). The ob-
served decrease in permeability and average pore size, along

with an increase in albumin cut-off from the PVDEF-6(E)
to PVDF-6(C) and PVDF-6(D) samples, was expected. This
can be attributed to a reduction in the water vapor content
in the near-fiber space during molding at lower bath tem-
peratures. When the spinneret temperature was reduced
to 25°C (PVDF-6(F) sample), membrane permeability de-
creased, while other fiber characteristics remained largely
unchanged. This phenomenon can be attributed to the fact
that, at temperatures below the gel point, the solid-liquid
phase separation process predominates, leading to the for-
mation of spherulites with a closed, low-permeable struc-
ture. As a result, the membrane's porosity decreases, though
the size of the limiting pore remains unaffected. Similar be-
havior was observed when comparing the PVDF-6_1(D) and
PVDF-6_1(F) samples, as well as the PVDF-6_3(D) and PVDF-
6_3(F) samples (Figure 10).
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Figure 9: Influence of spinneret temperature on the membrane morphology: a) 25°C; b) 40°C; ¢) 60°C (spinning solution:

PVDF-6).
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Figure 10: Dependence of permeability of hollow fiber membranes on pore size for PVDF.
Table 6: Membrane characteristics.

Solution Ne Permeability, 1/ Albumin cut-off (%) ~ Myoglobin cut-off ~ Bubble pointin H O Mean pore size
(spinning mode No) m**h*bar (%) (bar) (nm)
PVDF-6(E) 960 75 o 6.9 80
PVDF-6(C) 725 90 o 7.0 40
PVDEF-6(D) 500 95+ o 7.1 28
PVDF-6(F) 370 95+ o) 7.0 29
PVDF-6_1(F) 180 95+ 45 7.3 18
PVDF-6_1(D) 310 95+ 48 7.2 18
PVDF-6_3(F) 68 95+ 95+ 7.5 10

PVDEF-6_3(D) 105 95+ 95+ 7.5 11
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None of the PVDF-6 membrane samples exhibited a myo-
globin cut-off. Without the addition of amphiphilic block
copolymers, it was impossible to achieve a 20 kDa cut-off.
However, fibers made from the PVDF-6_1 and PVDEF-
6_3 compositions had sufficiently small limiting pores to
demonstrate a myoglobin cut-off. As expected, an increase
in PAR-PAO concentration led to a decrease in membrane
permeability, and the cut-off value shifted toward higher
molecular weights. Fibers containing PAR-PAO exhibited
slightly higher bubble point values, suggesting that the block
copolymer may positively influence the mechanical proper-
ties of the membrane.

4. Conclusions

This study demonstrated that the composition of the spin-
ning solution and the processing conditions have a pro-
found effect on the morphology and performance of PVDF-
based hollow fiber membranes. The use of two distinct
PVDF grades with different molecular weights, KYNAR®
G150 and Solef® 6008, showed that higher molecular weight
PVDF contributed to enhanced mechanical strength, while
the lower molecular weight PVDF facilitated the reduction
of solution viscosity, leading to smoother membrane surfac-
es and improved permeability.

The incorporation of additives such as polyvinylpyrrolidone
(PVP K-90) and lithium chloride (LiCl) significantly influ-
enced the final membrane structure. Increasing the PVP
concentration resulted in a reduction of macrovoids and an
increase in porosity, enhancing the overall hydrophilicity of
the membrane. Furthermore, the use of amphiphilic block
copolymers, specifically polyarylate-polyalkylene oxide (PAR-
PAO), effectively controlled the pore size of the outer selective
layer, thereby improving the selectivity of the membrane.

Temperature control during the coagulation and spinning
processes was also crucial. The temperature of the coag-
ulation bath influenced the pore size of the outer selective
layer, with higher temperatures promoting larger pores. In
contrast, spinneret temperature affected macrovoid forma-
tion—higher temperatures shifted the solution further from
the binodal line, while lower temperatures (25°C) favored
solid-liquid phase separation, resulting in lower membrane
permeability due to the formation of a closed, low-permea-
bility structure.

The results confirm that by adjusting the spinning solu-
tion components and processing conditions, it is possible
to tailor the structural and functional properties of PVDF
hollow fiber membranes. By adjusting the coagulation bath
temperature and the PAR-PAO block copolymer content in
the spinning solution, membranes with the desired selec-
tive pore size can be obtained while maintaining a regular
spongy structure.
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