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Abstract: This study deals with the investigation of the phase state of the polymer systems from
polysulfone (PSF) with the addition of polyethylene glycol (PEG-400, Mn = 400 g·mol−1) and
polyvinylpyrrolidone (PVP K-30, Mn = 40,000 g·mol−1) in N,N-dimethylacetamide (DMA), which
feature lower critical solution temperatures (LCSTs). A fragment of the phase state diagram of the
system PSF —PEG-400—PVP K-30—DMA was experimentally constructed in the following range
of component concentrations: PSF 20–24 wt.%, PEG-400—35–38 wt.% and PVP—0–8 wt.%. It has
been established that PVP addition substantially reduces the phase separation temperature down
to 50–60 ◦C. Based on the obtained phase diagrams, a method for preparation of highly permeable
hollow fiber membranes from PSF, which involves the processing of the dope solution at a tempera-
ture close to the LCST and the temperature of the bore fluid above the LCST, was proposed. Hollow
fiber membranes with pure water flux of 1200 L·m−2·h−1 and a sponge-like macrovoid-free structure
were obtained via LCST-thermally induced phase separation by free fall spinning technique.

Keywords: hollow fiber membranes; ultrafiltration; polysulfone; low critical solution temperature;
non-solvent-induced phase separation; temperature-induced phase separation

1. Introduction

Membrane separation processes feature the benefits of low energy consumption,
high separation performance and eco-friendliness, without the necessity of using chem-
ical reagents compared to traditional methods of water treatment [1]. Polymer hollow
fiber membranes have several benefits compared to flat-sheet membranes, such as high
surface area-to-volume ratios, good flexibility and easy handling, a self-supporting sys-
tem (no necessity of using support for membrane formation), relative ease of membrane
module production, high packing density per unit volume in a membrane module, the
possibility of back flushing and a low area of membrane equipment [2–5]. The phase
inversion is the most commonly applied and is an important method for polymer mem-
brane preparation. According to the driving force that induces the phase separation, two
different separation mechanisms take place: thermally induced phase separation (TIPS)
and non-solvent induced phase separation (NIPS). In the NIPS method, the polymer solu-
tion undergoes phase separation due to the contact to the vapor or liquid (non-solvent).
It yields the change in the local composition of the polymer film followed by polymer
precipitation [6,7]. NIPS is usually used for polymers which can be dissolved at room
temperature. NIPS yields the formation of the dense skin layer and the fingerlike large
macrovoids in the membrane matrix, which leads to poor mechanical strength and low

Fibers 2021, 9, 28. https://doi.org/10.3390/fib9050028 https://www.mdpi.com/journal/fibers

https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0000-0002-6534-7596
https://orcid.org/0000-0003-1106-2947
https://doi.org/10.3390/fib9050028
https://doi.org/10.3390/fib9050028
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fib9050028
https://www.mdpi.com/journal/fibers
https://www.mdpi.com/article/10.3390/fib9050028?type=check_update&version=1


Fibers 2021, 9, 28 2 of 12

membrane permeability [8]. In the TIPS method, a decrease in the temperature of the hot
one-phase casting solution leads to the precipitation of a membrane-forming polymer [9].
As the temperature of the cast film decreases, the membrane-forming polymer precipitates,
and the phase separation occurs: a polymer-rich phase forms a polymer matrix and a
polymer-lean phase forms the pores filled with solvent [10]. The TIPS method is commonly
used for preparation of porous membranes for ultrafiltration, microfiltration and mem-
brane desalination from low-soluble semicrystalline or crystalline polymers (polyethylene,
polypropylene, polytetrafluorethylene, polyvinylidene fluoride, poly(ethylene chlorotriflu-
oroethylene), poly(ethylene-co-vinyl alcohol), polyamide, polyvinyl butyral [9–12]. Three
types of membrane structure are known to be formed via TIPS: spinodal decomposition
leads to the network membrane structure formation, solid–liquid phase separation results
in the spherulite structure with the thicker skin-layer, and liquid–liquid phase separation
yields the closed cellular pore structure formation [10]. TIPS features several benefits in
comparison with the NIPS method. For instance, it provides a set of tools to easily control
membrane structure and crystal morphology, which is beneficial to tailor the membrane
hydrophobicity and the possibility of processing low-soluble polymers. Moreover, fewer
parameters have to be controlled during membrane preparation via TIPS compared to
NIPS and membranes with a higher mechanical strength and a more uniform structure
with fewer defects and a narrower pore size distribution can be formed [9–12].

To combine the benefits of NIPS and TIPS, novel methods of microporous membrane
preparation were developed, which involve the phase separation of a polymer solution via
temperature change and contact with the non-solvent. These methods include upper critical
solution temperature UCST-TIPS, lower critical solution temperature LCST–TIPS (reverse
TIPS, RTIPS) [13–19], nonsolvent thermally induced phase separation (N-TIPS) [20–23] and
thermally assisted NIPS (T-NIPS) [24–26].

In the LCST–TIPS, a homogeneous polymer solution featuring LCST is prepared at
room temperature and is put in a water coagulation bath at a temperature higher than LCST
for membrane preparation. Phase separation is caused by heating up the polymer solution
quickly to a LCST. The LCST–TIPS combines a low temperature of polymer solution
preparation with fast heat transfer. The driving force which induces phase separation is
fast heat transfer. However, the polymer undergoes precipitation also due to the contact
with the non-solvent. The membranes obtained via LSCT-TIPS were found to feature a
porous selective layer and a bi-continuous structure of membrane matrix, which usually
yields a high pure water flux and a high mechanical strength [13–19].

LCST-TIPS was applied to prepare high flux flat sheet microporous membranes using
such systems as polyethersulfone (PES) polyethylene glycol (PEG, Mn = 200 g·mole−1)-
N,N-dimethylacetamide (DMA) [13], PES-cellulose acetate (CA)-diethylene glycol (DEG)-
DMA [16], PES-DEG-DMA, PES-PEG-200-DMA, PES-PEG-300-DMA, PES-PEG-400-DMA [17].
Hollow fiber membranes via LCST-TIPS were prepared using the polymer systems PES-
sulfonated PES-PEG-200-DMA [16], PES-DEG-DMA-TiO2 [14], polysulfone (PSF)- hyper-
branched polyesters (HBPEs) based on 2,2-bis(methylol)propionic acid (bis-MPA)-PEG-
400-DMA [8].

For instance, hyperbranched polyesters (HBPEs) based on 2,2-bis(methylol)propionic
acid (bis-MPA) were used as an hydrophilizing additive and PEG-400 was used as a pore-
former to prepare PSF hollow fiber membranes from PSF casting solutions in DMA [8].
It was found that PSF solutions containing 0.5–1.5 wt.% HBE and 33.15–33.76 wt.% PEG-
400 feature LCST in the temperature range 47–72 ◦C. The significant increase of pure
water flux of hollow fiber membranes can be achieved when optimal HBPE content in
the casting solution was used and the coagulation bath temperature is kept at LCST (300–
400 L·m−2·h−1) [8].

Hollow fiber ultrafiltration membranes from polysulfones (PSF, PES) are widely used
for surface water purification and wastewater treatment [27]. PSF features several ad-
vantages as a membrane material: for instance, high thermal and chemical resistance,
mechanical stability, large scale production and commercial availability [28]. However, the
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hydrophobic nature of PSF yields a low pure water flux and reduces the membrane’s stabil-
ity to fouling by natural organic matter [29]. To avoid these drawbacks, water soluble hy-
drophilic polymers and oligomers (polyethylene glycol (PEG) [30–37], polyvinypyrrolidone
(PVP) [38–41] block copolymers of polyethylene glycol and polypropylene glycol [42,43])
are often added to casting solutions for membrane preparation.

PEGs of low molecular weights are commonly used as additives to the casting solu-
tions for membrane preparation for ultrafiltration, microfiltration, nanofiltration, dialysis
and reverse osmosis [29,32,33]. PEG additives often act as a pore-former upon membrane
preparation via NIPS. Thus, a significant difference in the effect of low molecular weight
PEG (200, 400 and 600 g·mol−1) on the structure and performance of membranes obtained
from casting solutions PES-N,N-dimethylformamide (DMF)-PEG is revealed [33]. It was
shown that the increase in the concentration of PEG with molecular weight of 200 g·mol−1

(PEG-200) in the casting solution from 5 wt.% to 25 wt.% yields the decrease in pure
water flux. It was found that when PEG-400 and PEG-600 are used, the relationship
is reversed [33]. The influence of PEG molecular weight (400 g·mol−1, 6000 g·mol−1,
20,000 g·mol−1) on the structure and performance of PSF anisotropic membranes, prepared
using N-methyl-2-pyrrolidone (NMP) and DMA as solvents, was studied [29,32]. It was
reported that when PEG molecular weight increases, the average pore size of the selective
layer decreases and membrane porosity increases. It yields the increase in membrane pure
water flux. The influence of PEG molecular weight in the range of 600–150,000 g·mol−1

on the separation performance and structure of hollow fiber microfiltration membranes
prepared from the PSF-NMP-PEG dope solutions via the combination of NIPS and evap-
oration induced phase separation was studied [35]. It was found that upon the increase
of PEG molecular weight from 600 g·mol−1 to 150,000 g·mol−1, pure water flux increases
from 160 to 8260 L·m−2·h−1, which is due to the increase in the pore size of the membrane
selective layer [35].

PVP is one of the commonly used additives for hydrophilization of both flat sheet
and hollow fiber membranes. PVP is well compatible with many membrane-forming
polymers (polysulfones, polyacrylonitrile, fluorinated polymers, polyamides) and features
high water solubility [38–41]. The main function of PVP is hydrophilization of membrane
material, adjustment of casting solution viscosity and formation of more uniform and
mechanically stable membrane structure [38–41]. The influence of the addition of PVP
and lithium chloride to the PSF casting solution on the structure and performance of flat
sheet membranes was studied in [41]. It was found that PVP introduction to the casting
solution yields the increase of porosity and membrane permeability [41]. PVP and PEG are
often added to the casting solution simultaneously. The formation of PSF ultrafiltration
membranes from the casting solutions with the addition of PEG with Mn = 4000 g·mol−1

(PEG-4000) and PVP with Mn = 40,000 g·mol−1 (PVP K-30) was studied [44]. PVP was
revealed to increase the casting solution viscosity, which results in a decrease in the rate of
phase separation. It was found that the addition of PEG-4000 to the PSF casting solutions
in DMA yields the slight decrease of the water contact angle of the membrane selective
layer from 70◦ (for reference PSF membrane) to 63–65◦ (for PSF-PEG-4000 membrane).
Meanwhile, it was shown that the introduction of 1–2 wt.% of PVP to the casting solution
results in the decrease of water contact angle from 70◦ (for reference PSF membrane) to 45◦

for modified membrane [44].
The aim of this research was to study the phase state of the polymer systems from PSF

with LCST, which offers a perspective for polymer membrane preparation and to develop
the LCST–TIPS method for highly permeable hollow fiber membrane formation. As such
a system is based on common and available polymer additives, the properties of four-
component solutions PSF-PEG-400-PVP K-30-DMA were studied. This polymer solution
is recognized to be a perspective system for preparation of highly permeable hollow
fiber membranes [17]. Data on the change in the phase state of PSF solutions depending
on concentration and temperature are of practical importance for the development of a
technological process for hollow fiber membrane formation, since they allow directionally
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varying the rate of phase inversion and the structure of the hollow fiber membranes
obtained. The idea of this study is that combining NIPS and LCST–TIPS allows changing
the membrane structure to prepare a highly permeable membrane. For the first time,
the LCST-TIPS technique was applied for hollow fiber membrane preparation using the
polymer system PSF-PEG-400-PVP K30-DMA by free fall spinning. It is worth noting that
only a few works have been reported on the application of LCST-TIPS for hollow fiber
membrane preparation and the polymer system PSF-PEG-400-PVP K30-DMA has not been
applied yet for hollow fiber membrane formation via LCST-TIPS [8,14].

2. Materials and Methods
2.1. Materials

Polysulfone (PSF, Ultrason S 6010, Mn = 55,000 g·mol−1, BASF, Ludwigshafen, Ger-
many), polyethylene glycol (PEG-400, Mn = 400 g·mol−1, BASF, Ludwigshafen, Germany),
polyvinylpyrrolidone with molecular weight of 10,000, 40,000, 1,300,000 g·mol−1 (PVP K-
15, PVP K-30, PVP K-90 respectively, Fluka, Germany) and N,N-dimethylacetamide (DMA,
BASF, Ludwigshafen, Germany) were used as membrane forming polymer, additives and
solvent, respectively.

2.2. Preparation of Polymer Solutions

For polymer solution preparation 20–24 wt.% PSF, 30–40 wt.% PEG-400, 0–8 wt.%
PVP (PVP K-15, PVP K-30, PVP K-90) and DMA were stirred for 5 h at 120 ◦C using an
overhead stirrer at 800 rpm. Preparation of the dope solutions for hollow fiber membranes
was performed in a laboratory stainless steel thermostated reactor at T = 120 ◦C. Stirring
duration was 5 h. The prepared solution was filtered using a stainless steel wire mesh with
a mesh width of 5 µm and degassed for 12 h.

2.3. Cloud Point Measurements

Cloud point of PSF solutions with PEG-400, PVP K-15, PVP K-30 and PVP K-90 addi-
tives in DMA was fixed by sight after keeping 5 mL of the solution in the oven for 120 min
at a given temperature. The temperature of the oven was changed from 25 ◦C up to 140 ◦C
with the step of 5 ◦C.

2.4. PSF Solution Viscosity

Viscosity (η) of PSF solutions with PEG-400, PVP K-15, PVP K-30 and PVP K-90 addi-
tives in DMA at T = 25 ◦C was measured by a Brookfield DV III Ultra instrument.

2.5. Hollow Fiber Membrane Formation

PSF hollow fiber membranes were prepared by a free fall spinning method using
distilled water as a bore fluid, which was described in detail previously [28,31]. There is no
take-up bobbin in the system; thus, the fiber is formed due to gravitational force by free
fall spinning. The main features of the free fall spinning technique are (1) phase separation
of the dope solution is usually carried out in air only upon contact with the bore fluid; in
the coagulation bath, the hollow fiber membrane is washed of the residual solvent; (2) the
hollow fiber structure is almost completely formed in the air gap during the passage of
the fiber from the spinneret to the coagulation bath; (3) the formation of the hollow fiber
membrane occurs under the action of gravity and the “driving” force of the process is
determined by the feed rates of the polymer solution and the bore fluid and by the air gap
length [28].

The dope solution and bore fluid are supplied to the spinneret by compressed air and
controlled by a pressure gauge. The conditions of hollow fiber membrane formation are
listed in Table 1. The as-prepared hollow fiber membranes were washed from the residual
solvent for 24 h, impregnated with an aqueous glycerol solution to prevent capillary
contraction of the pores and was dried at ambient temperature.
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Table 1. Spinning conditions for PSF hollow fiber membrane formation by free fall spinning technique.

Spinneret dimensions (mm) Inner diameter (ID) = 1.0
Outer diameter (OD) = 1.8

Dope solution flow rate (g min−1) 6.0–7.0
Bore fluid Distilled water

Bore fluid temperature, (◦C) 30–80
Bore fluid flow rate (ml min−1) 10–30

External coagulant Tap water
External coagulant temperature, (◦C) 20

Dope temperature, (◦C) 20 and 45
Air gap length, (m) 0.9–1.0

Ambient temperature, (◦C) 20
Humidity, (%) 70

2.6. Measurement of Pure Water Flux of Hollow Fiber Membranes

Hollow fiber membrane pure water flux (PWF) was determined at an average trans-
membrane pressure of 1.0 bar. PWF characterises membrane permeability in ultrafiltration.
For individual hollow fiber membranes, the PWF (J, L m−2 h−1) was measured using a
custom-made filtration system operating in the cross-flow mode (Figure 1) [31]. This system
includes a gear pump (DGS.68PPT type, Tuthill, Burr Ridge, IL, USA), and a flow-through
cell composed of inlet and outlet capillaries. The 0.6 m long sample of the hollow fiber
membrane was fixed on the tapered capillaries with special clamps. The pressure at the
inlet and outlet capillaries was 1.1 and 0.9 bar, respectively. The volumetric feed rate of
the solution supplied to the hollow fiber membrane was 4.5–4.8 L h–1. The pressure was
monitored with a manometer.
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Figure 1. Laboratory set-up for the testing of individual hollow fiber membranes: 1—vessel with
the feed solution; 2—pump; 3—clamps for fixation of hollow fiber membranes; 4—hollow fiber
membrane; 5—manometer (inlet pressure); 6—manometer (outlet pressure); 7—control unit of the
pump; 8—measuring cylinder for permeate; 9—pressure regulating valve.

The pure water flux for hollow fiber membranes was calculated according to the
Equation (1):

J =
V

(S · t)
=

V
(t · π · d · l)

(1)

where V is the volume of liquid (m3) passed through the membrane during time t (s); d is
the inner diameter of the hollow fiber (m); l is the length of hollow fiber (m); and S is the
area of the hollow fiber membrane (m2).

For measurement of PWF, five different membrane samples were tested and the
average value was calculated. The relative error was found to be less than 5%.
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2.7. Study of Hollow Fiber Membrane Structure

The investigation of the morphological structure of the hollow fiber membranes was
carried out using an LEO 1420 scanning electron microscope (LEO Electron Microscopy
Inc., Thornwood, NY, USA). Cleaved samples were prepared via cryogenic fracture in
liquid nitrogen followed by gold layer sputtering (DSR1, Vaccoat, UK).

2.8. Contact Angle Measurements

Water contact angle (θ, ◦) of the selective layer of hollow fiber membranes was mea-
sured by the captive bubble method using the LK-1 goniometer (Open Science, Krasnogorsk,
Russia). The hollow fiber membrane was carefully cut along its axis, unrolled and fastened
in the measuring cell by the outer surface with the inner skin layer or outer layer down. The
layer under study was directed to the 0.02 M NaCl solution. An air bubble with a volume of
0.02 cm3 was carefully applied to the membrane surface using a microsyringe. When the air
bubble was moving from the bottom to the surface of the cuvette it attached spontaneously
to the membrane surface (selective layer). The images of the system “membrane-air bubble”
in water were taken by a camera at magnification in 24 times and were processed by image
analysis software DropShape.

2.9. Determination of Hollow Fiber Burst Pressure

Hollow fiber burst pressure is a pressure at which the hollow fiber membrane loses its
integrity and breaks. To determine hollow fiber burst pressure, a sample of hollow fiber
membrane with the length of 1 m is fixed on a capillary connected to a gas balloon with
nitrogen or a compressor equipped with a manometer. The hollow fiber membrane sample
is blocked from the other side using epoxy glue in such a way that it does not allow the
gas to pass. The hollow fiber membrane is placed in the water. The pressure is increased
until the hollow fiber membrane breaks. During the increase of the pressure the occurrence
of bubbles of gas in water is observed. The presence of gas bubbles in water indicates the
micro defects of the selective layer. At least ten samples of the hollow fiber membrane
were tested.

3. Results
3.1. Investigation of the Phase State of PSF-PEG-400-PVP-DMA Solutions

The phase state and viscosity of PSF solutions in DMA with the addition of PEG-
400 has been studied previously [30]. It was found that for 20 wt.% PSF solutions with the
PEG-400 content less than 30 wt.%, low critical solution temperature (LCST) is higher than
the boiling point of the solvent (Tb = 164 ◦C) and afterwards cannot be detected [30]. It
was found that when PEG-400 concentration in 20 wt.% PSF solution in DMA increases
from 30 wt.% to 35 wt.%, LCST decreases down to 115 ◦C (Figure 2a). High LCST of the
solutions with the composition of 20 wt.% PSF 30–35 wt.% PEG-400 in DMA limit their
application as dope solutions for membrane preparation via LCST-TIPS. It was shown that
further increase in PEG-400 concentration in 20 wt.%PSF solutions in DMA from 35 wt.%
up to 40 wt.% yields a substantial decrease in LCST from 115 ◦C down to 50 ◦C (Figure 2a).

It was revealed that additional introduction of PVP K-30 into the casting solutions
containing 30–38 wt.% PEG-400 can significantly reduce the phase separation temperature
(Figure 2b), while the effect is mainly determined by the concentration of PVP K-30. Thus,
it was revealed that polymer systems with a composition of 20 wt.% PSF 35 wt.% PEG-
400 with a PVP K-30 concentration above 5 wt.% at room temperature are two-phase
systems due to liquid–liquid phase separation. It was found that in 20 wt.% PSF 38 wt.%
PEG-400 solution in DMA the threshold PVP K-30 concentration, at which it is possible to
obtain one-phase solutions at room temperature is 1.5 wt.% (Figure 2b).
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Figure 2. Dependence of LCST for (a) 20 wt.% PSF solutions in DMA on PEG-400 concentration and
(b) 20 wt.% PSF solutions in DMA containing, 30 wt.% (1), 35 wt.% (2) and 38 wt.% (3) PEG-400 on
PVP K-30 concentration.

It was revealed that phase separation temperature and viscosity of the polymer system
PSF-PEG-400-PVP-DMA significantly depends on the PVP molecular weight. It was shown
that upon the increase of PVP K-30 molecular weight from 10,000 g·mol−1 (PVP K15) to
1,300,000 g·mol−1 (PVP K90), the phase separation temperature decreases from 110 ◦C
down to 70 ◦C and viscosity increases from 17.6 Pa·s for PVP K15 to 19.5 Pa·s for PVP
K30 to 23.0 Pa·s for PVP K90 (Figure 3). The decrease in LCST with the increase in PVP
molecular weight is due to the decrease in compatibility of PSF and the high molecular
weight PVP in the solution, which yields the decrease of thermodynamic stability of the
solution. It leads to the narrowing of the miscibility gap on the phase state diagram.
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Figure 3. The dependence of LCST of the polymer solutions of 20 wt.% PSF 35 wt.% PEG-400,
0.5 wt.% PVP on PVP molecular weight.

3.2. Hollow Fiber Membrane Formation

According to the dependencies of the LCST of the PSF solutions on the concentrations
of the components (PEG-400 and PVP), the dope solution compositions for hollow fiber
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membrane formation were selected (Table 2). The casting solution compositions and
conditions for membrane formation are presented in Table 2. It is possible to obtain a
PSF-DMA-PVP-PEG-400 system with quite a low LCST, which can be easily attained
in the experimental conditions using a common hollow fiber membrane formation set-
up. It provides a fundamentally new possibility for processing dope solutions at the
temperature region in the vicinity of phase transition temperature. There are two possible
approaches for hollow fiber membrane formation: (1) application of the bore fluid at the
temperature near the LCST or higher than LCST and dope solution at the room temperature
and (2) the increase of the dope solution processing temperature up to the region near
LCST. In this case, at the temperature higher than LCST, the process of phase separation
of the dope solution due to temperature change will be superimposed on the process of
phase separation of the casting solution upon contact with the non-solvent (coagulant).
A combination of the phase separation due to the temperature change (TIPS) and phase
separation due to the contact with the non-solvent (coagulant) in the NIPS process is
expected to yield the significant change in membrane structure and performance.

Table 2. Dope solution compositions, conditions of the hollow fiber membrane formation and membrane performance. The
relative error for PWF is ≤5%.

Abbreviation
Dope Solution Composition, wt.%

LSCT, ◦C Tdope, ◦C η
(25 ◦C), Pa·s Tbore fluid, ◦C PWF, L·m−2·h−1

PSF PEG-400 PVP K-30

A 20 38 0.75 60 20 21.0
30 350

59 370

83 520

B 22 38 1.0 55 20 54.5

30 390

50 410

70 480

80 540

C 24 38 1.0 50 45 110.0
50 180

70 250

80 1200

At the first step of the approach, assuming the application of the dope solution at
room temperature and bore fluid (water), an elevated temperature higher than LCST was
implemented for hollow fiber membrane formation (Table 2, dope solution compositions A
and B). It was found that the increase in the temperature of the bore fluid (distilled water)
in NIPS results in the increase in pure water flux 1.4–1.5 times, which is attributed to the
increase in the rate of phase inversion when the bore fluid temperature is increased. The
increase in the phase inversion rate is due to approaching the casting solution to the limit
of the component compatibility.

To obtain the membranes with the high porosity of the membrane selective layer,
the second approach was applied, which implies the heating of the dope solution up to a
temperature close to the LCST and the increase in the temperature of the bore fluid higher
than LCST (Table 2, dope solution composition C). The increase in the PSF concentration
allows a decrease in the LCST down to 50 ◦C. In this case, the increase in the bore fluid
temperature yields the increase in the pure water flux up to 1200 L·m−2·h−1. According to
the data presented in Table 2, the substantial increase in the hollow fiber membrane pure
water flux occurs when bore fluid temperature is much higher than the LCST of the dope
solution (Tbore fluid = 70–80 ◦C). This is due to the fact that when the dope solution and
the bore fluid contact in the spinneret, the temperature of the bore fluid decreases due to
the heat exchange between the colder dope solution and the metal spinneret. Thus, at the
moment of the contact of the dope solution and the bore fluid, the temperature of the bore
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fluid is lower compared to the initial temperature of the bore fluid in the thermostated feed
tank and in the pipes of the spinning set-up.

Thus, upon the implementation of the first approach when the dope solution is used
at the room temperature and bore fluid (water)—at elevated temperature higher than LCST
the better increase of membrane permeability is achieved when the system with lower LCST
(dope solution composition B) is used. However, the better effect has the implementation
of the second approach when dope solution is used at elevated temperature and bore
fluid—at the temperature which is much higher than LSCT.

3.3. Hollow Fiber Membrane Structure Studies

The membrane structure was studied using scanning electron microscopy. The struc-
ture of the obtained membranes is presented in Figure 4. It was shown that hollow fiber
membrane obtained from dope solution A features quite a dense macrovoid-free structure.
The pores of the smooth selective layer located on the inner surface of the fiber are not
visible at the magnification used (×20,000). The structure of the selective layer is dense;
upon the transition from the lumen to the outer surface of the fiber polymer globules
appear as structural elements, which form the structure of interconnected pores. However,
the structure of the membrane in the vicinity of the selective layer features low porosity.
It was shown that the outer surface of the hollow fiber membrane is also dense and has a
low quantity of visible pores. This is due to the fact that the structure of the membrane
does not have enough time to complete the formation during the passage through the
air gap, and its final formation occurs in the coagulation bath. When the dope solution
with a lower phase transition temperature (55 ◦C) and higher viscosity (54.5 Pa·s) is used
(dope solution composition B), large macrovoids were revealed to appear in the membrane
matrix. It was found that the structural elements (polymer globules) of the membrane
selective layer become bigger and more visible at the magnification used (×20,000). They
form the network of interconnected pores in the vicinity of the selective layer (Figure 4e).
The outer membrane surface becomes more porous and rougher and large pores appeared
(Figure 4f). It yields the increase of membrane porosity, leading to the high pure water flux
of the membrane (Table 2). Upon the transition to hollow fiber membranes obtained from
composition C, further enlargement of the structural elements of the selective layer occurs.
Globular formations become clearly distinguishable, the size of which gradually increases
with distance from the inner channel of the fiber to the periphery (Figure 4h). Pores of a
bigger size appear closer to the selective layer compared to hollow fiber membranes A and
B (Figure 4b,e,h). The outer surface of the fiber is also developed and has well-defined
pores (Figure 4i).

It was found that the water contact angle of the selective layer of the developed mem-
branes was 45 ± 2 ◦C. The decrease in water contact angle compared to the contact angle
of polysulfone (70◦) is due to the addition of 0.75–1.0 wt.% PVP to the dope solution and is
consistent with the data reported in the literature [44]. It was revealed that the developed
hollow fibers are mechanically robust and defect-free: hollow fiber burst pressure was
found to be more than 10 bar. No micro defects were detected upon the increase of pressure
to 10 bar according to the procedure described in Section 2.9.
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4. Conclusions

The fragments of the phase diagrams of the systems PSF-PEG-400-PVP K-30-DMA
are obtained in the following concentration range of the components: 20–24 wt.% PSF,
35–38 wt.% PEG-400, 0–8 wt.% PVP K-30. It was found that the studied systems feature a
lower critical solution temperature (LSCT). The addition of PVP K-30 yields the decrease
in the critical solution temperature down to 50–60 ◦C. According to the phase diagrams
obtained, a method of preparation of highly permeable PSF hollow fiber membranes is
proposed, which implies the processing of the dope solution at the temperature close to
LCST and application of a bore fluid temperature higher than LCST. It was shown that
the combination of the non-solvent-induced phase separation and temperature-induced
phase separation upon hollow fiber membrane preparation allows significant change in
the structure and permeability in the hollow fiber membranes. The developed high flux
hollow fiber membranes can be applied for water and wastewater treatment.
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