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Poloxamer 407 Combined with Polyvinylpyrrolidone To Prepare a
High-Performance Poly(ether sulfone) Ultrafiltration Membrane
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ABSTRACT: At present, the design and fabrication of polymer
membranes with high permeability and good retention ability are
still huge challenges. In this study, the commercial Poloxamer 407 ¢
(Pluronic F127) is selected as a multifunctional additive, and
polyvinylpyrrolidone is used as a pore-forming agent to modify the o &
poly(ether sulfone) membrane by liquid—liquid phase conversion
technology to prepare an ultrafiltration membrane with excellent
performance. The hydrophobic poly(propylene oxide) segment in
Poloxamer 407 guarantees that this copolymer can be firmly
anchored to the poly(ether sulfone) matrix, and the hydrophilic
poly(ethylene oxide) segments in Poloxamer 407 impart a stronger
hydrophilic nature to the modified membrane surface. Therefore,
the permeability and hydrophilicity of the modified membrane are
significantly improved and the modified membrane also has good
stability. When the amount of Poloxamer 407 added to the casting solution reached 0.6 g, the water flux of the modified membrane
was as high as 368 L m™ h™", and the rejection rate of bovine serum albumin was close to 98%. In the test to isolate organic small
molecule dyes, the retention rate of the modified membrane to Congo red is 94.27%. In addition, the modified membrane shows an
excellent water flux recovery rate and antifouling ability. It performs well in subsequent cycle tests and long-term membrane life tests
and can be used repeatedly. Our work has resulted in poly(ether sulfone) membranes with good performance, which show great
potential in the treatment of biomedical wastewater and the removal of industrial organic dye wastewater, it provides ideas for the
development and application of amphiphilic polymer materials.
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B INTRODUCTION
Since the beginning of the 21st century, with the rapid

However, the common problems and disadvantages of some
polymer-based membrane materials are the same."” Due to its

development of the economy and the rapid increase in the
number of human beings, problems such as a sharp decline in
resources, energy shortages, and environmental pollution have
become increasingly prominent.” Membrane separation
technology with its unique technical characteristics and high
efficiency and economic advantages has gradually become the
key to solving the above problems.”” At present, membrane
separation technology has made significant progress in both
research and industrial production;” it has been widely used in
industrial wastewater treatment, biomedicine, seawater de-
salination, food processing, drug purification, and other
fields.”~” Commonly used membrane materials are mainly
divided into organic and inorganic membranes. Among them,
organic polymers have been widely used in the separation of
membrane materials because of their simple preparation
process, low cost, and rich variety.” Commonly used polymer
membrane materials are polyacrylonitrile, polyimide, cellulose,
poly(ether sulfone), poly(vinylidene fluoride), polysulfone, etc.
Among them, poly(ether sulfone) (PES) is a widely used
polymer membrane material due to its $ood thermal, physical,
chemical, and mechanical properties.””"*
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hydrophobicity, poly(ether sulfone) is easily contaminated by
the nonspecific adhesion of proteins and other contaminant
molecules. When used for wastewater purification, the
adhesion of proteins or other contaminant molecules on the
membrane surface and membrane pore surface can block the
transport channels of the membrane, thereby reducing its
permeation flux and stability during filtration.'* In particular,
for hemodialysis membranes, excessive protein adsorption and
platelet adhesion will lead to the formation of blood clots,
which in turn will adversely affect human health.">~"
Moreover, the surface hydrophobicity of the membrane is
not conducive to the penetration of water and the removal of
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the corresponding molecules, which will cause a low
purification efficiency of the membrane.

To overcome the defects of the poly(ether sulfone)
membrane material itself, many methods have been developed,
which can be divided into internal modification and surface
modification according to their different positions.'® The
internal modification methods mainly include blending
modification, bulk modification, plasticizer extraction mod-
ification, etc.'”>' The modification methods of the surface
mainly include surface coating, surface Agrafting, plasma
treatment, interface polyrnerization, etc.”> 2 However, most
of these methods are not satisfactory for industrial-scale
applications. The method is simple and low-cost and does not
cause damage to the structure of the membrane itself, which is
the most convenient and concise method.

Specific modifiers are added to membrane casting fluids,
such as commonly used hydrophilic polymers, including
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and
poly(vinyl alcohol) (PVA), inorganic nanoadditives such as
nanotitanium dioxide, nanosilica, carbon nanotubes, and
graphene nanomaterials.”* >’ Compared to the two, typical
hydrophilic polymers, such as PVP and PEG are highly
hydrophilic. In the NIPS process, pores are easy to extract from
the solid membrane surface, and they are often used for
hydrophobic membrane modification to significantly improve
the wettability of the membrane surface. Due to its difficult-to-
control branched structure, it is easy to come out of the
membrane, and mixing with the membrane matrix will produce
an uneven pore structure, thereby affecting the screening
performance of the membrane.”’ ~** However, the poor
binding ability of inorganic nanomaterials to matrix materials
will lead to unstable membrane modification.

Self-organizing blends containing hydrophilic and hydro-
phobic polymer segments are introduced,”*® such as
amphiphilic block copolymers that rely on their properties to
solve the shortcomings of the above-mentioned hydrophilic
polymer additives and inorganic nanoadditives to modify
poly(ether sulfone) membranes. The poly(ethylene oxide)
(PEO-PPO-PEO) triblock copolymer is a typical amphiphilic
block copolymer with hydrophobic PPO segments and
hydrophilic PEO segments.”” The poly(ether sulfone)
(PES)/Pluronic F127 blend prepared by Jiang et al. showed
satisfactory performance.”® During the NIPS phase conversion
process, Poloxamer 407 molecules are more likely to be
enriched on the membrane surface due to their hydrophilic
poly(ethylene oxide) (PEO) long chains, giving the membrane
surface stronger wettability, and the strong interaction between
the hydrophobic poly(propylene oxide) (PPO) segment and
the hydrophobic matrix makes the copolymer firmly fixed on
the PES matrix. Jiang et al. studied the effect of F-127 on the
permeability of PES-modified ultrafiltration membranes and
found that F-127 could be stably present in the blended
membrane and that PES and F-127 showed partial miscibility
by differential scanning calorimetry (DSC).* It is worth
mentioning that the Flory—Huggins interaction parameter can
be used to describe the compatibility between different
polymers for the result of the hydrophobic PPO segment on
F-127 being miscible with PES."” For two polymers that can be
miscible, a sufficiently beneficial interaction polymer solution
can form a mixing coil. In this case, it is possible to reduce the
Gibbs energy of the system by combining one polymer coil and
another polymer molecule into an isolated coil.*' In previous
studies, Pluronic F127’s effects were only considered a surface

modifier.”” However, Jiang et al. later found that the addition
of Pluronic F127 can also significantly increase the
permeability of cellulose acetate ultrafiltration membranes,
and the role of Pluronic F127 in this work is regarded as a
pore-forming agent.”> It is worth considering that adding
Poloxamer 407 as an additive to the membrane matrix can
significantly reduce protein adsorption or platelet adhesion on
the surface of the blended membrane, the separation
performance will hardly change, this also provides ideas for
the efficient treatment of biomedical wastewater.**~*
Although ampbhiphilic polymers can optimize the hydrophilic,
antifouling, and biocompatible performance of ultrafiltration
membranes at the laboratory level,"” the development of
amphiphilic polymer blended membrane materials is limited by
the scarcity of raw materials, the difficulty of large-scale
production, and the control of membrane-forming process, and
it is difficult to achieve successful application in commercial
factories.

In this study, we used PES as the polymer membrane matrix
and PVP as the pore-forming agent and P407 as a
multifunctional additive. By changing the polymer matrix and
the amount of P407 added to the modified membrane, we
prepared a series of M-PES/P407 ultrafiltration membranes
with improved permeation flux and high antifouling perform-
ance. The permeation flux of the prepared modified membrane
is controllable, which changes with the change of the content
of each component in the casting solution, while the modified
membrane maintains a high molecular retention rate, enhanced
antipollution ability, and long cycle stability and has a long
service life.

The comprehensive analysis of experimental results shows
that compared with single-porous PVP, P407 has the role of
multifunctional additive and performs well, which opens up
ideas for the development of amphiphilic polymer materials in
the future and their application in commercial factories. The
M-PES/P407-0.6 ultrafiltration membrane prepared with P407
and PVP as additives shows the potential for effective
treatment of biomedical wastewater and industrial wastewater,
which is of great significance for the future development of
water treatment and even hemodialysis technology.***’

B EXPERIMENTAL SECTION

Chemicals and Materials. Poly(ether sulfone) (PES,
Ultrason E6020P, M,, = 58,000 Da) was purchased from BASF,
Germany. Poloxamer 407(P407) was purchased from Jiangsu
Care Medical Technology Co., Ltd. (Suzhou, China).
Polyvinylpyrrolidone (PVP, M, = 58,000 g/mol) was
purchased from Shanghai Macklin Biotechnology Co., Ltd.
(Shanghai, China). N, N-dimethylacetamide (DMAc; AR,
purity 99.0%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and used as the solvent.
Bovine serum albumin (BSA, M,, = 67 kDa) and congo red
(CR, M,, = 696 Da) were purchased from Aladdin Reagent
Co., Ltd. All other reagents (analytical grade) were obtained
from Sinopharm Chemical Reagent Co., Ltd., China, and used
without further purification. Ultrapure water was prepared in a
laboratory.

Preparation of PES and M-PES/P407 Membrane. The
P407-modified PES membrane was prepared as follows: A
certain mass fraction of P407 was added into DMAc. After
P407 was completely dispersed, a certain mass fraction of PES
and 0.1 g of pvp were then added to the mixture, which was
stirred at room temperature for 12 h to obtain a homogeneous
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solution. After that, the uniform casting solution was degassed
for 4 h and spread on a clean glass surface. The thickness of the
membrane can be adjusted by scraping, and a certain amount
of casting solution is evenly applied to the glass plate. The
scraper thickness of the scraped blade is 150 um, and the
coating distance is 35 cm. The glass plate with the casting
solution is then quickly placed in DI water; stable membranes
were prepared by the method of nonsolvent-induced phase
separation (NIPS). To completely remove the solvent DMAc,
a stable membrane needs to be immersed in DI water for more
than 48 h. Different membranes were prepared by changing the
content ratios of PES, PVP, and P407. Specific ingredients can
be found in Table 1.

Table 1. Casting Solution Composition for Different
Membranes

samples PES (g) PVP (g) DMAC (mL) P407 (g)
PES 1.8 0 8.2 0
M-PES 1.7 0.1 8.2 0
M-PES/P407-0.2 1.5 0.1 8.2 0.2
M-PES/P407-0.4 1.3 0.1 8.2 0.4
M-PES/P407-0.6 1.1 0.1 8.2 0.6
M-PES/P407-0.8 0.9 0.1 8.2 0.8

Characterizations. The top surface and cross-sectional
morphologies of the membrane were characterized by scanning
electron microscopy (SEM, JSM-6700F JEOL, Japan), and the
membranes were fractured in liquid nitrogen to obtain their
cross-sectional structure. Fourier transform infrared (FTIR)
spectra were tested in the 4000—650 cm ™' wavenumber region
(Thermo Nicolet 6700, Thermo Fisher, USA). A thermogravi-
metric analysis (TGA, STA 6000, PerkinElmer, USA) was
performed between 30 and 800 °C in air to assess the
carbonaceous species weight percent. A SHIMADZU UV-3600
Plus UV spectrophotometer was used for measuring UV—vis
absorption spectra. The hydrophilicity of the surface of the
modified membrane was tested by the contact angle analyzer
(WCA, PHS-3C, Precision Science Co., Shanghai, China). The
porosity of the membrane was analyzed by an Electronic
analytical balance (FA 2004).

Membrane porosity € (%): £ (%) was the ratio of the total
volume of pores to the total volume of the membrane.”” In this
article, it was determined by the dry-wet weight method. The
membrane was cut into a size of S cm X § cm, dried at 60 °C,
immersed in DI water at 25 °C for 48 h, dried, and, weighed.
Porosity € (%) was calculated by

= "™

AXIXp (1)
where € (%) was the porosity of the membrane, W, (g) was
the wet membrane mass, W, (g) was the dry membrane mass,
A (m?) was the area of the membrane, I (m) was the thickness
of the membrane, and p (0.987 g cm™*) was the density of DI
water at 25 °C. The average value is obtained by repeated three
measurements.

Mean pore size test: The mean pore size (r,,) of the original
membrane and the modified membrane was measured using
the filtration velocimetry method in the literature and
calculated using the Guerout-Elford-Ferry equation®':

\/(2.9—1.75€)><8anle
T =
" £ X AX AP 2)

Among them, ¢ is the porosity of the membrane, 7 is the
viscosity of water (8.9 X 107™* Pa s), A is the membrane area
(m?), 1 is the thickness of the membrane (m), Q is the volume
of permeation solution per unit time (m® s™'), and AP is the
membrane filtration pressure (0.1 MPa).

Membrane Performance Test. Flux refers to the volume
of fluid passing through a membrane per unit of time and per
unit area. The retention rate refers to the retention rate of the
membrane to the solute as a percentage of the total solute,
reflecting the selective separation of a substance by the test
membrane.

Test of membrane flux, flux recovery ratio, and antifouling
performance: First, a cross-flow filtration device with an
effective area of 23.7 cm® was used to test the membrane
performance at room temperature. Then, the membrane was
prepressed at 0.2 MPa for 30 min and adjusted to 0.1 MPa for
the pure water flux test. It was measured the permeate volume
was every 10 min and repeated 6 times. Pure water flux (Jyy;)
was calculated by eq 3. After testing the pure water flux for 1 h,
replace the pure water in the instrument with a BSA or CR
solution (BSA solution is used to simulate biological
wastewater, CR solution (0.2 g L™') was used to simulate
organic dye CR wastewater). The specific test conditions and
methods are the same as those of pure water tests. During the
test, an appropriate amount of permeate is collected for
ultraviolet—visible (UV—vis) spectroscopy. The BSA or CR
flux (J,) is calculated by eq 3. According to eqs 4—7, the flux
recovery ratio (FRR), total fouling ratio (R,), reversible fouling
ratio (R,), and irreversible fouling ratio (R;,) were calculated,
respectively.

v
T oSxt (3)

where V (L) is the volume of permeate; S (m?) is the effective
test area; and t (h) is the test time.

Jw

FRR = Sz X 100%
Jwn 4)

R, = [1 —~ i] X 100%
W1

(8)

R =Pl o0
Jun (6)

J
R, = [1 — W2 % 100%
W1

(7)

Among them, Jy; (L m™>h™") is the first pure water flux; Jyy,
(L m™> h™) is the second recovery water flux; and J, (L m™
h™!) is the flux of the BSA solution or CR solution.

Membrane retention tests were performed using BSA or CR
solutions, the feed solution and permeate solution were
measured by UV—vis, and the corresponding concentrations
were calculated. The Retention rate (R) is calculated by eq 8.

CP
R=[1-—2|x 100%
Cf

(8)
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Scheme 1. Schematic Diagram of the Role of P407 and PVP in the Formation of Modified Membranes. (a) Three States of
Pore-forming Agents PVP and P407 in a Uniform Casting Solution. (b) Formation of an Ordered Structure and Pores in the

Modified Membrane by P407 and PVP

a DMAC

2

-3
2 =

P407 molecule

«—— hydrophilic end .

\/W\/ —— hydrophobic end

P407 micelle

where C, (g L") was the concentration of the permeate
solution, and C; (g L™') was the concentration of the feed
solution.

The long-term life test of the membrane is carried out every
day, such as 2 h in pure water, test in BSA solution for 2 h, and
finally, washing the membrane with DI water for 3 h. The daily
pure water flow, BSA flow rate, and retention rate, respectively,
are calculated; the duration of the test is 1 week. For the long-
term life test of the membrane in CR solution, the process is
the same as that described above.

B RESULTS AND DISCUSSION

Poly(ether sulfone) (PES), polyvinylpyrrolidone (PVP), and
poloxamer 407 (P407) are dissolved in N, N-dimethylaceta-
mide (DMAC) according to different additions, and a series of
modified membranes are prepared by liquid—liquid separation
phase conversion. The preparation process of the modified
membrane is shown in (Figure S1 in Supporting Information).
Among them, PES is a polymer matrix material, PVP is a pore-
forming agent, and P407 is a multifunctional modification
additive. The use of P407 as a multifunctional additive for PES
membrane modification improves the permeation flux and
antifouling ability of the modified membrane and gives the
modified membrane an improved water flux recovery rate, as
well as maintaining a high retention rate for the permeation
solution and the stability of the modified membrane.

During the phase conversion of NIPS, the strong interaction
between the coagulation bath water and the hydrophilic
poly(ethylene oxide) (PEO) segment rich in many hydroxyl
groups on P407 leads to the tendency of P407 molecules to
migrate outside the membrane and dissolve in the coagulation
bath. At the same time, with the solidification of the liquid
membrane in the coagulation bath, the migration resistance of
P407 molecules increased rapidly, thereby inhibiting the
migration and loss of the molecules. Such two interactions
will cause more P407 to be fixed in the surface cortex of the
membrane, and its hydrophobic poly(propylene oxide) (PPO)
segment will strongly tend to be combined by hydrophobic
PES cleavage so that its hydrophobic part is embedded in PES,
which will give the membrane better overall stability.”>>* The
hydrophilic PEO segment on P407 extends to the outside of
the membrane to form a catenary, which gives the modified
membrane better wettability and antifouling ability.

The hydrophobic poly(ether sulfone) is modified by
amphiphilic P407 and porous PVP. From an analytical point
of view, the role of PVP on the modified PES membrane is

relatively simple, mainly for the process of impregnating the
sinking phase into a membrane to come out, plays the role of
porogen, and its mechanism of action is similar to the third
point of the influence of P407 on the membrane formation
process described below. The addition of P407 to the casting
solution may have a more complex effect on the membrane
formation process, which can be roughly manifested in three
ways, as shown in Scheme 1. First, there is the formation of
PES/Pluronic aggregation. The hydrophobic PPO segments in
P407 strongly tend to bind to PES cleavage, and this
interaction results in P407 being wrapped around PES.
Second, the effect of surface adsorption. P407 is amphiphilic,
and DMAC (solvent) and water (nonsolvent) are hydrophilic;
therefore, the formation of a P407 layer at the interface of the
nonsolvent (water) and solvent (DMAC) phases will
accelerate the diffusion rate of the nonsolvent phase. In the
liquid—liquid separation phase conversion process, when the
solvent in the casting solution first meets the nonsolvent in the
solidification bath, most nonsolvents will be rapidly desolubi-
lized into the casting solution; this will result in the growth of
more nuclei in the porous sublayer and the formation of a high
concentration of polymers. Third, the micellization of the P407
copolymer itself. Hydrophilic PEO fragments are usually
confined to the outer layer (corona), while hydrophobic
PPO fragments are distributed closer to the micelles (core).
The formation of P407 micelles enables the flexible adjustment
of the pore size of the dense layer of the prepared membrane.
Since the addition of nonsolvent results in a change in the
composition of the casting solution, the membrane casting
system will cross the bimodal boundary into the unstable zone
and the first nucleus of the P407 micelle will grow and appear,
thus creating pores in the membrane surface. P407 micelles are
also trapped in the surface layer during membrane formation.
The mutual repulsion between the PES and P407 micelles will
also lead to the appearance of a loose membrane surface. When
hydrophilic P407 micelles are removed from the membrane by
a nonsolvent, the area left behind after their removal also
determines the pore size of the membrane. Therefore, the size
of the formed P407 micelles will affect the pore radius of the
membrane epidermis layer, and the pore structure change can
be indirectly judged. Relevant studies have shown that the
increasing concentration of P407 copolymer in nonsolvent
solutions will cause a decrease in the critical micelle
concentration (CMC), resulting in a gradual increase in the
aggregation of P407 micelles.>*>> Therefore, we can determine
that the number of P407 micelles and the pore size of the
membrane surface increase during phase conversion as the
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concentration of P407 in the casting solution increases.
Subsequent protein rejection and small organic molecule dye
separation experiments as well as the determination of
membrane porosity and average pore size provided additional
support.

Figure 1 shows the surface morphologies and structures of
the original and modified membrane. As can be seen from

Figure 1. SEM images of (a) PES, (b) M-PES/P407-0.2, (c) M-PES/
P407-0.4, (d) M-PES, and (g) M-PES/P407-0.6; (e, f) EDX spectrum
of membranes of M-PES; (h, i) EDS mapping of membranes of M-
PES/P407-0.6; and (j—1) three elements.

Figure 1, the surface of the original poly(ether sulfone) (PES)
looks smooth, compact, flat, and free of folds (Figure 1 a).
With the addition of 0.1 g of PVP, the surface of M-PES
appears smoother and smoother (Figure 2d). In contrast, when
changing the content of each component in the casting
solution to prepare a series of M-PES/P407 membranes in
different proportions, it can be observed that with the increase
of P407, the surface of the membrane begins to fold, becoming
less flat but still dense. The proportion of P407 in the casting
solution increases, and the coarser the membrane surface
becomes, with many small folds (Figure 1b,c,g). This
phenomenon increases the effective area of the membrane
and does not destroy the density of the membrane itself when
the ratio of PES to P407 and PVP is maintained (Figure S2 in
the Supporting Information). This surface morphology of the
modified membrane not only increases the effective contact
area with water and promotes the formation of the “hydrated
layer” during the infiltration process but also changes the shape
and morphology of the surface roughness of the membrane,
and it is easier to intercept large-sized pollutant molecules.
When the amount of P407 increases to 0.8 g, many holes in the
hundreds of nanometers appear on the scanned electron
microscopy images of M-PES/P407-0.8 (Figure S3 in the
Supporting Information); the membrane is now at the
microfiltration level. This shows that P407 has exceeded its
maximum addition at this modified membrane ratio, and with
the decrease of poly(ether sulfone) matrix addition, a larger
proportion of P407 will form many micelles that will destroy
the structure of the membrane itself. Comparing the energy
dispersion spectra of M-PES and M-PES/P407-0.6, the results
show that M-PES and M-PES/P407-0.6 are composed of three

Figure 2. SEM images of cross-sectional views of (a—c) PES, (d—f)
M-PES, (g—i) M-PES/P407-0.2, (j—1) M-PES/P407-0.4, and (m—o)
M-PES/P407-0.6.

elements: C, O, and S (figures ef and Figure h,i). Among
them, the mass percentages of M-PES elements are 67.65, 26.8,
and 5.55, while the mass percentages of M-PES/P407 elements
are 66.43, 23.92, and 9.65, respectively. Comparing the two, it
is found that no nitrogen is detected in the energy pigment
spectra, and it also shows from the side that PVP completely
plays the role of porosity and is completely removed in the
liquid—liquid phase conversion process. The addition of
poly(ether sulfone) to P407 is changed, resulting in a decrease
in the proportion of O in M-PES/P407 compared with M-PES,
which is also attributed to the large number of oxygen-
containing functional groups in P407. With the change in the
proportion of poly(ether sulfone) in the casting solution, the
mass percentage of S in M-PES/P407-0.6 is also expected. The
EDS mapping of the modified membrane M-PES/P407-0.6 is
shown in (Figure 1 hjj—1). The results further show that the
modified membrane contained C, S, and O elements on the
surface and showed uniform distribution. These results show
that P407 and PVP improve the effective contact area between
the membrane surface and the permeate, and under the
condition of a suitable ratio of casting solution, excellent
compatibility with the membrane matrix is maintained.
Figure 2 shows the cross-sectional SEM micrographs of the
pristine and modified PES membranes. It can be seen from the
figure that the cross-section of the original membrane and the
modified membrane present a typical finger-like pore
asymmetric membrane structure. The top of the membrane
cross-section is composed of a compact skin layer, the dense
layer acts as a molecular sieve to play the role of a selective
barrier, and the middle and lower parts are thick finger porelike
structures, mainly providing mechanical support for the
membrane. However, the thickness of the dense layer of the
M-PES/P407 modified membrane changes with the change in
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Figure 3. (a) FTIR spectra of M-PES and M-PES/P407-0.6. (b) TG curves of M-PES and M-PES/P407-0.6. (c—g) Average water contact angles

on the top layer of membranes.

the content of each component in the casting solution. The
thickness of PES is 887 nm, and after modification with the
porous agent PVP, the thickness of M-PES is reduced to 600
nm. After adding P407 and changing the content of each
component in the casting solution, the thickness of M-PES/
P407 is reduced sequentially; among them, the thickness of M-
PES/P407-0.6 is only 139 nm. The reduction of the thickness
of the dense layer can reduce the transmission resistance of the
permeate on the dense layer, thereby increasing the
permeation flux of the membrane. In general, the flatter the
dense layer of the membrane, the better the rejection
performance. It can also be seen from the cross-sectional
characterization that the dense layer of the modified
membranes is flat and regular, so it has good retention
performance.

At the same time, the finger hole of the modified membrane
becomes larger, and the inner wall of the finger hole is more
relaxed, with many spongy holes, larger holes at the several
hundred nanometer levels begin to communicate on the inner
wall of the finger hole, most prominently expressed by M-PES/
P407-0.6. The size of the finger pore of the M-PES/P407
modified membrane increases with the increase of the mass
fraction of P407, and the number and pore size of the large
pores in the inner wall of the finger hole also increase. This
phenomenon occurs because the PEO hydrophilic segments in
P407 interact strongly with the deionized water in the
solidification bath. This strong interaction will result in a
strong exchange between the solvent and the nonsolvent in the
solidification bath, increasing the phase separation rate and
thus expanding the finger-like pore structure of the membrane.
On the other hand, when the hydrophilic segment of the P407
migrates to the membrane surface, many spongy pores are
formed on the inner wall of the membrane, and the
hydrophobic chain segment is entangled with the molecular
chain of PES to form a network structure, maintaining the
integrity of the membrane structure. At the same time, as the
concentration of P407 in the casting solution increases, the
number of P407 micelles will increase and the formation of
many hydrophilic micelles and their detachment from the
membrane will result in the formation of large holes in the
inner wall of the connecting finger hole. Therefore, the
thinning of the dense layer of the modified membrane, the
enlargement of the finger pores, and the emergence of more
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macropores connecting the inner wall of the finger pores are
supported by the increase in the permeability of the modified
membrane.

As shown in Figure 3, the functional groups on the
membrane surfaces of M-PES and M-PES/P407-0.6 are
confirmed by FTIR (Figure 3 a). The FTIR spectra of the
test membrane show characteristic peaks at 1152 and 1298
cm™!, which are attributed to the symmetrical and asymmetric
O=S=0O0 tensile vibrations of PES. The peak at 1243 cm™"
can be attributed to the asymmetric C—O—C tensile vibration
of the PES substrate. When the infrared functional groups on
the membrane surface were tested, the test membrane was
dried at 60 °C to exclude the influence of the H,O peak on the
membrane surface. In the surface spectrum of the P407
modified membrane, the broad peak at 3450 cm™' and the
sharp characteristic peak at 1675 cm™ indicated the O—H
tensile vibration corresponding to P407. Analysis of infrared
spectroscopy results showed that P407 had been successfully
added to the modified membrane (Figure 3b). TG curves for
M-PES and M-PES/P407. The TG curves are analyzed, and
when the temperature rose to about 155 °C, P407 mixed in M-
PES/P407-0.6 began to decompose by heat. In the temper-
ature range of 155—510 °C, the weight of M-PES/P407-0.6
decreased by 26.18% relative to the initial moment. This result
also confirms that a large amount of P407 in the M-PES/
P407—0.6 membrane remains in the modified membrane after
the NIPS process. Compared to M-PES, the addition of P407
will reduce the thermal stability of the poly(ether sulfone)
matrix. At the same time, the TG curves are analyzed, and it is
found that the amount of P407 lost by the modified membrane
is less than the amount added to the corresponding casting
solution. This result also validates our idea that part of P407
will be removed during the liquid—liquid phase separation to
form a membrane, which plays the role of porosity. The value
of the final sintered product of M-PES/P407-0.6 is 2.69%,
while the value of the final product obtained by the TG curves
of M-PES is negative, considering that the TG test is measured
under air atmosphere conditions, and there are many
influencing factors, but it is still in the normal error
atmosphere. The wettability of the membrane surface is
estimated by the water contact angle (WCA) as shown in
(Figure 3c—g). In general, the wettability of the membrane
surface is related to the hydrophilicity and porosity of the
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Figure 4. Performance of the modified membranes: (a) time-dependent flux, (b) fouling ratio, (c) overall porosity, (d) flux recovery ratios (FRR),

and BSA rejection ratios.

membrane surface. The higher the hydrophilicity and porosity
of the membrane surface, the smaller the water contact angle
on the membrane surface. Due to the hydrophobicity of PES
with a dense surface layer, the WCA of the original PES
membrane is 82.5° (Figure 3C). The WCA of the modified
membrane M-PES with 0.1 g of PVP is 76.5° (Figure 3d),
indicating that the wettability of the membrane surface is
enhanced. Compared with M-PES, the WCA of the P407
modified membrane changes with the increase of P407 content
in the casting solution, and WCA gradually decreases. For M-
PES/P407-0.6, the WCA on the membrane surface is reduced
from 82.5° to 45.4° of the original PES membrane (Figure 3g);
this indicates that the wettability of the modified membrane is
enhanced. It can be noted that with the addition of P407 and
PVP, the change of water contact angle on the membrane
surface can effectively reduce the WCA and increase the
wettability of the membrane. When the content of PVP in the
casting solution is constant with the further improvement of
the mass fraction of P407 in the modified membrane, the
wettability of the membrane is further improved. This is mainly
because P407 contains hydrophilic segments, which improve
the interaction between water molecules and the membrane
surface, and the pore-making role played by the additive P407
micellization, which increases the porosity of the membrane.
The ultrafiltration performance of the membrane can be
observed, as shown in Figure 4. Figure 4a records the flux
curve of pure water and BSA solution (simulated biomedical
wastewater) over time after one cycle. It can be observed that
with the addition of PVP and the increase of P407 content in
the casting solution, the pure water flux of the modified
membrane increases significantly. However, when the feed
solution is replaced from pure water with the BSA solution, the
permeation flux of the membrane decreases significantly. The
main reason for this phenomenon is that when the feed
solution is replaced with a BSA solution from pure water, a
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large number of BSA molecules will move to the membrane
surface under pressure and BSA molecules with high molecular
weight and large size are easy to adhere to the membrane
surface, resulting in membrane pore blockage. After the
membrane contaminated with the BSA solution is cleaned,
the pure water flux test is performed again. Since the BSA
molecular part adheres to the modified membrane and cannot
be completely removed, the membrane pores are blocked, so
the pure water flux of the membrane cannot be fully restored.
The antifouling properties of the membrane are shown in
(Figure 4b), and the total contamination rate (R,) and
irreversible contamination rate (R;.) of the modified membrane
decrease significantly as the proportion of P407 in the modified
membrane increases. However, the reversible contamination
rate (R,) of the modified membrane increased with the
increase of P407 content in the modified membrane mainly
because the increase of hydrophilicity on the membrane
surface would improve the fouling resistance of the membrane.
The strong interaction between hydrophilic groups and water
molecules on the modified membrane surface will promote the
formation of a hydration layer on the membrane surface,
thereby reducing the chance of BSA molecules being directly
adsorbed on the membrane surface during the penetration test.

Therefore, the improvement of hydrophilicity on the
membrane surface is conducive to improving the antifouling
performance of the membrane and significantly prolonging the
service life of the membrane. The effective porosity of the
membrane has great influence on the permeability of the
membrane. However, the porosity of the membrane can be
achieved by changing the preparation conditions. (Figure 4c)
shows the effect of P407 and PVP content on membrane
porosity. The porosity of PES is only 4.17%, but with the
addition of porous-forming agent PVP, the porosity of M-PES
can reach 50.5%, and with the introduction of P407 as a
multifunctional modifier, the porosity of M-PES/P407-0.6 is as
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CR rejection ratios.

high as 72.5%. With the addition of PVP and P407, the mean
pore size of M-PES increased to 11.23 nm compared with that
of PES, the mean pore size of a series of modified membranes
of M-PES/P407 also increased, and the mean pore size of M-
PES/P407 reached 42.81 nm (Figure S4 in the Supporting
Information). The increase in the average pore size of the
modified membrane also explains the improvement in its
permeability. Standard absorbance curve for BSA solution
(Figure SSa in the Supporting Information). Taking the
absorbance value as the ordinate and the BSA concentration
(mg mL™") as the abscissa, the standard curve equation was
fitted: y = 0.5807x + 0.0093, R* = 0.998. The concentration of
the permeate is then calculated according to the absorbance
standard curve of the BSA solution. Flux recovery (FRR) and
BSA rejection are shown in Figure 4d. With the increase in
P407 content in the M-PES/P407 membrane, the flux recovery
rate of the modified membrane also increased significantly. In
addition, the BSA retention rate of the modified membranes
remained above 98%. From the above results, it can be
observed that the modified membrane (M-PES/P407-0.6) can
have greatly improved permeability and antifouling ability
without sacrificing retention performance.

We use solute molecule CR of different sizes (simulated
industrial dye wastewater) to continue to study the
permeability and screening capacity of PES and the modified
membranes, as shown in Figure 5. Figure Sa records the flux
curve of pure water and the CR solution undergoing one cycle
over time. It can be seen from the figure that the pure water
flux of the modified membrane increases significantly with the
increase of P407 content in M-PES/P407. The first water flux
of PES is only 5.41 L m™ h™/, and the first water flux of M-
PES prepared after PVP can reach 86 L m™2 h™!, while the first
water flux of M-PES/P407—0.6 reaches 368 L m2 h™}, and the
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first water flux of CR dye is 254.SL m™> h™'. After 2 h of
membrane cleaning, the pure water flux returned to the first
3312 L m > h™’, indicating that the membrane had good water
flux recovery. This is because the addition of P407 and PVP
gives the modified membranes better hydrophilicity and higher
porosity. The Modified membranes with stronger surface
wettability and rich hydrophilic PEO segments will allow more
water molecules to be “attracted” to the membrane surface,
which can not only reduce the direct adsorption of CR
molecules on the membrane surface but also increase the
elution rate of contaminant molecules. The antifouling
properties of the membrane are shown in (Figure Sb); and
as the proportion of P407 in the casting solution increases, the
total contamination rate (R,) and irreversible contamination
rate (R,;,) of the modified membrane continue to decrease, and
the antifouling ability increases. As shown in Figure S, it is
obvious that there is a very significant characteristic peak on
the UV—vis spectral curve of the CR feed solution but almost
no peak in the CR permeate solution. It can be seen from the
color change of CR stock solution and permeate in physical
photos that the content of CR molecules in permeate solution
is greatly reduced. Similarly, the standard absorbance curve of
the fitted CR solution is y = 1.0318x + 0.01051, R* = 0.996,
and the CR concentration in the permeate is calculated
according to the fitting curve (Figure SSb in the Supporting
Information). Compared with the water flux test in the BSA
solution shown in Figure 4, the modified membrane has a
slightly higher antifouling ability for CR molecules than BSA
molecules and M-PES/P407-0.6 maintains a water flux
recovery rate of 90% and a high retention rate of 94.27% for
CR molecules (Figure 5d). Figures 4 and S show that M-PES/
P407-0.6 modified by P407 and PVP not only has good
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of M-PES/P407-0.6 in CR filtration.

application in biomedical wastewater but also has a high value
for the treatment of traditional industrial dye wastewater.

As shown in Figure 6, as a qualified or even excellent
ultrafiltration membrane, the cycle stability and long service life
of the membrane are very important for practical applications.
Figure 6a shows the flux stability test results for M-PES/P407-
0.6, where CR and BSA are repeated at a pressure of 0.1 MPa.
After the first flux test, the membrane reached a steady state
without a change in water flux and recovery, indicating that the
modified PES membrane had a good stability and recovery
rate. In contrast, the water flux continues to decrease during
flux stability testing of M-PES membranes (Figure S6 in the
Supporting Information). This is mainly due to the strong
adhesion of macromolecular solutes on the surface of the M-
PES membrane, which is the result of the continuous
accumulation of solute molecules during the test. In addition,
the retention rate calculated by UV—vis detection of permeate
is shown in the figure. In Figure 6b, the retention rate of the
M-PES/P407-0.6 modified membrane remains unchanged,
indicating that the membrane still had a good retention
capacity under multiple cycles. As shown in Figure 6¢, M-PES/
P407-0.6 is subjected to long-term life testing in BSA. In the

long-term life test, the initial pure water flux is 368 L m™> h™"
and the BSA flux is 220.5 L m™> h™'. After several days of
circulation, it was found that the BSA flux began to stabilize,
the pure water flux reached a stable state, and the flux could
remain at 238 L m™> h™!, without continuing to decline. This
considers the excellent recovery properties of M-PES/P407-
0.6. It should be noted that the decrease in pure water flux is
mainly due to the membrane itself being contaminated with a
small amount of BSA. In long-term life tests, the retention rate
of BSA has been maintained above 97.2%. As shown in Figure
6d, M-PES/P407-0.6 is also tested for long life in CR solution,
and the results are similar to those of the BSA solution.
However, M-PES/P407-0.6 shows better resistance than BSA,
with a CR flux of 254.5 L m™> h™". Similarly, after a period of
cycling, the CR flux gradually stabilized, the pure water flux
gradually approached the limit value, and the flux remained at
about 257 L m™> h™". In long-term life testing, the retention
rate of CR remains above 93.6%. Moreover, compared to the
test in the process of filtering BSA, M-PES/P407 showed
better results in the process of filtering CR. This is mainly due
to the increase in membrane surface wettability and effective
contact area, as well as the increase in the porosity and average
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Table 2. Performance of Membranes with Different Additives in This Work and Literature

membrane addictive Water flux (L m™> h™')

PES DexPNI 118.5
PSF PluronicF127 250
PES Cu(tpa) @GO 140.0
PES PEI-TM-PES 72
PES PVP/GO 28
PES PES-b-PSBMA 118
PES PES-b-PHEDMA 82
PES TA-Ag 239.8
CA MOF@GO 183
PSF poly(AA-co-ACMO) 124.7
PES Poloxamer 407/PVP 368

rejection (%) pressure (MPa) ref
BSA 97 0.1 10
BSA 9§ 0.1 59
CR 90 0.2 60
BSA 91.4 0.1 61
BSA 90 0.4 62
BSA 80 0.1 63
BSA 90 0.2 64
BSA 96.1 0.1 65
BSA 914 0.15 66
BSA 9§ 0.25 67
BSA 98CR 94.3 0.1 This work

pore size of the modified membrane, and the small size of
organic dye molecules are easier to elute from the membrane
than the test results in BSA solution. The above long cycle and
stability tests show that P407 molecules have high stability in
the modified membranes. This stability also derives mainly
from the high migration resistance (kinetic factors) of the
ternary block copolymer P407 molecule in solid systems and
the strong interaction between its hydrophobic components
and the hydrophobic matrix (thermodynamic factors).”® Song
et al. prepared a surface-functionalized polyethersulfone
membrane by blending comb-like amphiphilic block copoly-
mers and explained the stability enhancement of the modified
membrane by using the principle that the hydrophobic
segments of the amphiphilic block copolymer and the
solubility parameters between the PES matrix were similar.”’
Surprisingly, in the subsequent study of poly(ether sulfone) in
situ phase separation to prepare ultrathin hybrid membranes
for highly flexible supercapacitors, Zhao et al. used the method
of in situ preparation to make PES and AC generated by no
new functional groups between each other. A homogeneous
hybrid membrane was obtained by the strong combination of
AC adsorption and PES, which maintained a good long-term
cycle life and showed high stability.”® In addition, we compare
the performance of this work with membranes prepared with
different kinds of additives®”~®” in other reports, as shown in
Table 2. In general, the poly(ether sulfone) membrane
modified by P407 and PVP showed good separation
performance for CR and BSA and greatly increased the
permeability and antifouling ability of the original membrane.
The permeation flux increases while maintaining a high
retention rate of the permeation solution as well as the long
service life of M-PES/P407-0.6 and excellent cycling stability.

B CONCLUSIONS

In summary, by simple blending, we add a certain amount of
the pore-forming agent PVP to the casting solution and adjust
the content of both the multifunctional additive P407 and the
polymer matrix PES. A series of M-PES/P407 modified
membranes are prepared by liquid—liquid-separated phase
conversion. The experimental results confirm that amphiphilic
P407 can be stably present in the blended membrane, and the
surface wettability and effective contact area of the membrane
are significantly improved. The prepared modified membrane
(M-PES/P407-0.6) not only has high permeability (pure water
flux of 368 L m™ h™") and good separation capacity (BSA
retention rate and CR retention rate of 98.02 and 94.27%,
respectively), with high antifouling performance and long
service life, which can be used in future separation processes

involving environmental applications. It provides ideas for the
development and application of amphiphilic polymer blended
membrane materials in the future.
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