¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29784

306 (2023) 165-177
September

A method for alkali hydrolysis modification of PAN/PES/TiO, composite

ultrafiltration membranes

Xin Liu, Lei Kong, Xu Zhao, Kunpeng Wu, Zhiyong Tan*

“Engineering Research Center of the Ministry of Education for Synthetic Resins and Special Fibers, Changchun University of
Technology, Changchun 310012, [ilin, China, Tel.: +13074350138; email: tanzhiy@163.com (Z.Y. Tan), Tel.: +16604465116;
email: 1179563851@qq.com (X. Liu), Tel.: +15755230031; email: 2160470021@qq.com (L. Kong), Tel.: +18843569565;

email: 1342022011@qq.com (X. Zhao), Tel.: +18848005475; email: 1274368751@qq.com (K.P. Wu)

vCollege of Chemical Engineering, Changchun University of Technology, Changchun 310012, Jilin, China

Received 10 May 2023; Accepted 17 July 2023

ABSTRACT

In this work, we prepared polyacrylonitrile/polyethersulfone/TiO, (PAN/PES/TiO,) composite
ultrafiltration membranes using the immersed phase conversion method and used alkali hydro-
lysis modification to prepare a modified ultrafiltration membrane with high water flux, good
hydrophilicity, and excellent anti-pollution properties. The composite ultrafiltration membrane
was characterized by an infrared spectrometer, differential scanning calorimeter, scanning electron
microscope, contact angle tester, UV spectrophotometer, membrane performance evaluation instru-
ment, and other characterization means to perform a full range of performance tests. The results
showed that the water flux of the prepared PAN/PES/TiO, composite ultrafiltration membrane was
as high as 619.4 L/m?>h, and the rejection rate of bovine serum albumin was 95.78%, which reached
the ideal level. In this study, PAN/PES ultrafiltration membrane, PAN/PES hydrolysis membrane,
PAN/PES/TiO, ultrafiltration membrane, and PAN/PES/TiO, hydrolysis ultrafiltration membrane
were also tested for anti-pollution stability and filtration flux stability in comparison. The final test
results showed that the PAN/PES/TiO, hydrolysis ultrafiltration membrane had excellent anti-pol-
lution stability and performed the best in long-term flux. The final results showed that PAN/PES/
TiO, hydrolyzed ultrafiltration membranes had excellent anti-pollution stability and performed

best in long-term flux stability tests.
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1. Introduction

Water contamination is currently putting the entire world
to the test. Without question, developing countries bear the
burden of this dilemma [1,2]. Economic development and
human activities will eventually harm the global environ-
ment and climate. The world will avoid extreme freshwater
scarcity with appropriate responses shortly [3-5]. For these
reasons, many researchers are investigating methods to fil-
ter wastewater, and membrane separation technology has
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evolved. This technology has quickly grown as an easy-to-
use, extensively employed, and environmentally friendly
technology that has permeated various businesses world-
wide [6-8]. While providing economic benefits, membrane
separation technology has also considerably reduced the
problem of water scarcity caused by water contamination.
Because the commonly used ultrafiltration membrane sub-
strates polyethersulfone (PES) and polysulfone (PSF) have
poor hydrophilicity and serious membrane contamina-
tion issues [9-14], an increasing number of researchers are
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using polyacrylonitrile (PAN) with hydrophilic groups as
membrane substrates to prepare ultrafiltration membranes.
PAN is a low-cost polymer with strong solvent and chlo-
rine resistance. PAN also offers specific advantages. PAN
is a low-cost polymer with excellent solvent and chlorine
resistance and hydrophilic and flexible qualities. It is ideal
for use as a membrane-forming substrate in water purifi-
cation technology [15-17]. PAN has poor chemical stabil-
ity and mechanical properties during film formation [13].
There is already research in the literature to address these
issues, and one of the easiest and most effective solutions
is to combine PAN with another polymer with complemen-
tary advantages to compensate for the shortcomings of PAN
[18-21]. This can highlight the benefits of both materials
and eliminate any defects in single-component materials.
These requirements are precisely met by polyethersulfone
(PES), a high-performance thermoplastic with exceptional
thermal and mechanical stability [22,23]. This co-blending
method to create composite substrate membranes is prefer-
able to ultrafiltration membranes using a single material as
the membrane substrate.

Although PAN and PES have excellent physicochemical
properties, their hydrophilicity does not reach the expected
level when used as membrane substrates in ultrafiltration
membranes. Low ultrafiltration membrane water flux and
serious membrane contamination issues can result from low
hydrophilicity. Membrane contamination has long been a
problem in membrane water treatment technology. This is
because ultrafiltration membrane contamination resistance
determines their application scope and service life, and
ultrafiltration membranes with high contamination resis-
tance can significantly reduce operating costs, maintenance
time, and energy consumption [24-26]. To improve the con-
tamination resistance of ultrafiltration membranes, one fre-
quent strategy is to increase the hydrophilicity of the mem-
brane through a series of modifications, among which the
decreased hydrolysis method is one of the most common.
Wang et al. [27] prepared PAN/ZnCl, composite nanofiltra-
tion membranes and discovered that after soaking for a cer-
tain period in 1 M NaOH robust alkali solution, the pore size
on the membrane surface was reduced and more uniformly
distributed. These changes significantly improve the pollu-
tion resistance of the ultrafiltration membrane while main-
taining the composite membrane water flux without adverse
effects. Zhang et al. [28] hydrolytically modified the PAN
ultrafiltration membrane using 2 M NaOH, KOH, and the
Atomic Force Microscope (AFM) test results showed that the
hydrolysis reaction resulted in the formation of a smoother
surface of the PAN ultrafiltration membrane, which is essen-
tial for improving the contamination resistance of ultrafil-
tration membranes. However, using a high concentration
of alkali solution to treat the ultrafiltration membrane is
likely to cause damage to the membrane structure, necessi-
tating careful control of the reaction temperature and time,
and using such a high concentration of solid alkali solu-
tion to modify the ultrafiltration membrane carries certain
safety risks and is not suitable for mass production in plants.

Although many studies have reported that react-
ing PAN with alkali solutions such as NaOH, KOH, and
LiOH using alkali hydrolysis to generate more hydrophilic
amide and carboxylic acid groups can indeed improve the

hydrophilicity of ultrafiltration membranes [29,30], this
method inevitably damages the mechanical properties of
the ultrafiltration membrane [31], exacerbating the poor
mechanical properties of the PAN ultrafiltration membrane.
To address this issue, some researchers have found that
adding hydrophilic nanoparticles to the membrane matrix
can effectively improve the fouling resistance and mechan-
ical properties of ultrafiltration membranes [32-35]. Zhang
et al. [36] successfully encapsulated TiO, nanoparticles on
the surface of PSF ultrafiltration membranes using a surface
coating approach. The final results showed that the modi-
fied ultrafiltration membrane performed significantly better
regarding contaminant resistance and mechanical qualities
than the pristine PSF ultrafiltration membrane. However,
the water flux was lowered by 40.66%. This modification
method improved the contamination resistance of ultrafiltra-
tion membranes at the expense of reducing the water flux.
Still, the modification method using surface coating needs to
be simplified, and the modification conditions are demand-
ing, limiting the applicability of the modified membranes.
Rahimpour et al. [37] prepared PES/TiO, encapsulated mem-
branes, UV-irradiated PES/TiO, encapsulated membranes,
and UV-irradiated PES/TiO, co-blended membranes, and
the test results revealed that the added modified membranes
improved contamination resistance and long-term flux sta-
bility compared to pure PES ultrafiltration membranes.

We created PAN/PES/TiO, hybrid ultrafiltration mem-
branes by adding a specific quantity of TiO, nanoparti-
cles to the PAN/PES ultrafiltration membrane matrix using
a straightforward co-blending modification technique.
Including TiO, nanoparticles, many hydroxyl groups ((OH)
were added to improve the hydrophilicity and self-clean-
ing ability of the composite membrane. Simultaneously, the
modification conditions were adjusted, and the PAN/PES/
TiO, hybrid ultrafiltration membrane was changed by alkali
hydrolysis using a low concentration of NaOH solution to
explore the optimum modification conditions. This study
prepared a series of PAN/PES/TiO, composite ultrafiltra-
tion membranes with various modification conditions, and
in-depth research was conducted on the effect of hydrolysis
temperature on the performance of different ultrafiltration
membranes. The final ultrafiltration membranes were dis-
tinguished by significant water flux, good hydrophilicity,
powerful anti-pollution performance, and high long-term
flux stability. The preparation method of PAN/PES/TiO,
composite ultrafiltration membrane and the modification
principle is shown in Fig. 1.

2. Materials and methods
2.1. Materials

Polyacrylonitrile (PAN, PDI = 1.97, Mw = 15,000) poly-
mer dispersity index (PDI) and polyethylene glycol 1000
(PEG, PDI = 1.03, Mw = 1,000), purchased from Shanghai
Maclean Biochemical Technology Co., (Shanghai, China).
Polyethersulfone (PES, PDI=2.53, Mw =58,000), purchased from
Solvay Limited (Shanghai, China). N,N-dimethylacetamide
(DMAc), purchased from Tianjin Fuyu Fine Chemical Co.,
Ltd., (Tianjin, China). Sodium hydroxide (NaOH), purchased
from Tianjin Chemical Reagent Co., Ltd., (Tianjin, China).
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Fig. 1. Preparation method of PAN/PES/TiO, composite ultrafiltration membrane and schematic diagram of the modification

principle.

Bovine serum albumin (BSA, 66 kDa), purchased from Beijing
Dingguo Biological Co., Ltd., (Beijing, China). Titanium
dioxide nanoparticles (TiO,, 99.8% metals basis, 20 nm pri-
mary particle size, Mw = 79.87), purchased from Shanghai
Maclean Biochemical Technology Co., (Shanghai, China).

2.2. Preparation of PAN/PES/TiO, composite ultrafiltration
membrane

First, PES and PAN were vacuum dried for 8 h to ensure
complete elimination of water. A certain amount of TiO,
(2 wt.%) nanoparticles were mixed with DMAc. After 1 h of
ultrasonic shock, the ultrasonic dispersion was transferred
to a three-post round-bottom flask, and PAN (14 wt.%), PES
(3 wt.%), and PEG (5 wt.%) were added quantitatively in
turn. The three-post round-bottom flask was placed in a con-
stant temperature water bath at 80°C for 12 h with mechan-
ical stirring to obtain a transparent and uniform cast film
solution. The cast film solution is then defoamed at room
temperature for 12 h before being poured uniformly onto a
dry, clean, smooth glass plate with a wet film applicator and
scraped into a liquid film of uniform thickness (film thick-
ness of 150 pm). After the 30 s of waiting for the solvent in
the liquid membrane to evaporate, the liquid membrane is
instantly transferred to a solidification bath made of distilled
water to enable the solvent exchange to occur, resulting in
the final ultrafiltration membrane. After the membrane has
been completely peeled off the glass plate, the composite
ultrafiltration membrane is immersed in deionized water for
72 h to guarantee total solvent removal from the membrane
before being immersed in fresh distilled water for testing.

2.3. Preparation of PAN/PES/TiO, film modified by sodium
hydroxide

Soak the PAN/PES/TiO, composite membrane in NaOH
solution for 45 min at 40°C, 45°C, 50°C, 55°C, and 60°C. After
soaking, the membrane surface was thoroughly washed
with distilled water. After soaking, the membrane surface
was rinsed with distilled water until neutral and carefully
kept in distilled water for measurement. Following that,
the unhydrolyzed PAN/PES/TiO, ultrafiltration membrane
as MO, the ultrafiltration membrane hydrolyzed for 40°C as
M1, the ultrafiltration membrane hydrolyzed for 45°C as M2,
the ultrafiltration membrane hydrolyzed for 50°C as M3, the
ultrafiltration membrane hydrolyzed for 55°C as M4, the
ultrafiltration membrane hydrolyzed for 60°C as MS5.
For the convenience of subsequent description, the PAN/
PES ultrafiltration membrane without TiO, nanoparti-
cles is recorded as M6, the PAN/PES ultrafiltration mem-
brane after 45 min treatment with alkali solution at 50°C is
recorded as M7, the PAN/TIO, ultrafiltration membrane as
M8 and the PES/TiO, ultrafiltration membrane as M9.

2.4. Test method
2.4.1. Pure water flux test

A membrane performance evaluation equipment was
used to measure the pure water flux of a composite ultrafil-
tration membrane. The membrane was put into the device
at room temperature, the pressure was adjusted to 0.1 MPa,
and the pressure was pre-compression for 15 min. The per-
meable liquid volume was measured every 3 min once the
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pressure and flow rate were stabilized. The pure water
permeability (] ) of the membranes was calculated by Eq. (1):

1%
Jo=
S, x At

@

where | is the pure water permeability (L/m?>h); Vis the vol-
ume of water passing through the ultrafiltration membrane
(L); S, is the effective filtration area (m?); At is the collec-
tion time (h).

2.4.2. Retention test

A membrane performance evaluation equipment was
used to test the retention rate of a composite ultrafiltration
membrane. As the polluted liquid, a 0.1 g/L BSA solution
was created. After inserting the membrane into the instru-
ment, the pressure was reduced to 0.1 MPa. After stabilizing
the pressure and flow rate at room temperature for 10 min,
the polluted liquid was continued for 10 min, and the fil-
trate was collected. The retention rate (R) of the membranes
was calculated by Eq. (2).

R= [1 —Cle 100% @)
C

0

where C is the absorbance of BSA in feeding liquid; C, is the
absorbance of BSA infiltrate. In this experiment, C, and C,
were obtained from the ultraviolet absorbance at 278.5 nm.

2.4.3. Structural characterization

Before the test, the film should be sliced into splines of a
specific size, and the splines should be washed with deion-
ized water before being frozen and broken in liquid nitro-
gen. Using gold spraying equipment, a small layer of gold
was sprayed on the surface of the ultrafiltration membrane,
and the membrane structure was then examined using a
scanning electron microscope.

Ultrafiltration membrane chemical composition charac-
terization: The chemical composition of the ultrafiltration
membrane was investigated using an infrared spectrom-
eter before and after modification, as well as the impact
of varied hydrolysis times on the chemical composition
of the ultrafiltration membrane. The film should be dry
before the test. The Attenuated Total Refraction (ATR) mea-
suring mode was employed, with a measurement range
4,000—400 cm™ and a resolution of 4 cm™.

2.4.4. Porosity test

The gravimetric method was used to determine the
porosity of the ultrafiltration membrane. The film was sliced
into 3 cm x 3 cm pieces, and the surplus water on the sur-
face was gently wiped away using dust-free absorbent paper.
The thickness of the film was measured and weighed using
an electronic display caliper, designated as W,. The film
was soaked in anhydrous ethanol for 8 h before being dried
in a vacuum drying oven for 24 h. After the film had com-
pletely dried, it was weighed and labeled W,. The porosity
(Pr) of the membranes was calculated by Eq. (3).

®)

where W, is the composite film wet weight (g); W, is the com-
posite film dry weight (g); V  is the composite membrane

volume (cm®); o is the water density (g/cm?).

2.4.5. Water absorption rate test

Cut the film into small 2 cm x 2 cm pieces. After soaking
in deionized water for a day at room temperature, wipe off
excess water with dust-free absorbent paper and weigh it,
designated as W . The diaphragm was placed in a vacuum
drying oven and dried at 60°C for 12 h before being consid-
ered and denoted as W,. The water absorption rate (W) of
the membranes was calculated by Eq. (4).

ww - wd

W= x100% )

d

where W is the ultrafiltration membrane wet weight (g);
W, is the ultrafiltration membrane dry weight (g).

2.4.6. Test of static adsorption capacity

The ultrafiltration membrane was sliced into 3 cm x 3 cm
sample pieces and treated in a 0.1 g/L bovine serum albu-
min solution. After being enclosed and soaked for 12 h at
room temperature, the absorbance of the leftover liquid at
278.5 nm was measured using an ultraviolet spectropho-
tometer. Convert absorbance to concentration using com-
monly used working curve formulas and estimate the static
adsorption capacity Q of the ultrafiltration membrane. The
standard working curve calculation Eq. (5) and the static
adsorption capacity (Q) calculation Eq. (6) are as follows.

C = (Ax682.682) +18.98304 ()

where C is the solution concentration (mg/L); A is the
absorbance of the solution at 278.5 nm.

V.(C,-C
Q: 1(; 1) (6)

2

where Q is the static adsorption capacity (mg/cm?); V| is

the volume of BSA solution (L); C, is the initial concentra-
tion of BSA solution (mg/L); C, is the BSA residual solution
concentration (mg/L); S, is the ultrafiltration membrane

area (cm?).

2.4.7. Dynamic pollution test

The dynamic pollution test method was utilized to eval-
uate the anti-pollution property of alkali hydrolyzed mod-
ified ultrafiltration membrane using BSA solution (1 g/L)
as the pollution solution. After inserting the membrane
into the instrument, the pressure was reduced to 0.1 MPa,
and deionized water was filtered for 0.5 h. The water flux,
designated as ], was measured every 3 min during this
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operation. The deionized water was then replaced with BSA
solution, and the filtering experiment was carried out for
0.5 h at 0.1 MPa. The flux, designated as ], was measured
every 3 min during this operation.

Using the BSA solution (1 g/L) as a pollution solution, a
dynamic pollution test method was used to investigate the
anti-pollution property of the alkali hydrolyzed modified
ultrafiltration membrane. After the membrane was embed-
ded in the instrument, the pressure was adjusted to 0.1 MPa,
and the filtration was carried out with deionized water
for 0.5 h. During this process, the water flux was recorded
every 3 min, denoted as J. Then, the deionized water was
changed into BSA solution, and the filtration experiment
was carried out at 0.1 MPa for 0.5 h. In this process, the flux
was recorded every 3 min, denoted as J. The ultrafiltration
membrane was removed, and deionized water was used to
wash the contaminants adhering to the membrane surface
for 10 min. Then, deionized water was used for a 0.5 h filtra-
tion experiment. The flux was monitored every 3 min during
this operation and labeled J,.

The following three ratios were defined in this study
to characterize the anti-pollution performance of ultrafil-
tration membrane in detail to more intuitively depict the
anti-pollution capabilities of ultrafiltration membrane:

m=to=l @)

A

where m is the total pollution coefficient of the ultrafiltra-
tion membrane, it describes the decrease of membrane flux
after the pollution of the ultrafiltration membrane.

Il 715
Jo

Rr = 8)

where Rr is the reversible pollution coefficient of ultrafil-
tration membrane (%), which can be removed by cleaning.

Rir=Jo"/ €)

0

where Rir is the irreversible pollution coefficient of ultrafil-
tration membrane (%), which is permanent and cannot be
removed by artificial means.

2.4.8. Hydrophilicity test

The surface hydrophilicity of ultrafiltration membranes
is measured using a contact angle tester. To ensure that the
water contained in the ultrafiltration membrane is entirely
removed, the membrane should be sliced into strips of a spe-
cific size and dried in an oven for 24 h before the test. The
strips are then placed on a clean slide, and the contact angle
is measured by using a tiny syringe to administer a drop of
deionized water to the membrane surface. At least five differ-
ent places were chosen and averaged for each sample strip.

2.4.9. Thermal analysis

Perform thermal analysis of the ultrafiltration mem-
brane using differential scanning calorimeter (DSC). Before

testing, place the wet film in a vacuum oven at 60°C and thor-
oughly dry for 24 h. Heat approximately 8mg of the sample
in nitrogen at 10°C/min from 25°C to 400°C. When detecting
the glass transition temperature (T ), take a piece of about
8 mg and heat it in nitrogen at 40°C/min from 0°C to 280°C.

2.4.10. Anti-pollution stability test

The anti-pollution stability of the ultrafiltration mem-
brane was investigated using three cycles of dynamic con-
tamination testing. After embedding the membrane in the
apparatus, the pressure was reduced to 0.1 MPa, and deion-
ized water was utilized for 0.5 h of filtration, with the water
flux measured every 3 min. The deionized water was sub-
sequently replaced with a solution of BSA (1 g/L), and the
filtration experiment was carried out for 0.5 h at 0.1 MPa
pressure, with the flux recorded every 3 min. The membrane
was removed, and the pollutants adhered to the membrane
surface were washed with deionized water for 10 min before
repeating the filtering experiment with deionized water for
0.5 h for 30 min, with flux recorded every 3 min. The pre-
ceding procedure is a single cycle of anti-pollution testing;
following the test, the initial processes will be repeated
three times to evaluate changes in the filtration flow of
each component ultrafiltration membrane. All four types of
ultrafiltration membranes during the trial should be mea-
sured three times, and the average value should be taken.

2.4.11. Performance stability test

The PAN/PES ultrafiltration membrane, PAN/PES hydro-
lysis membrane, PAN/PES/TiO, ultrafiltration membrane,
and PAN/PES/TiO, hydrolysis membrane were immersed
in deionized water and then placed in the same manner for
three months and six months to test the dynamic anti-pol-
lution performance of the membranes and observe whether
the anti-pollution performance of the membranes had
decreased. During the placement procedure, the deionized
water must be replaced once a month, all four ultrafiltration
membranes must be measured three times, and the average
value must be obtained.

3. Results and discussion

3.1. Infrared spectroscopy of ultrafiltration membranes with
different components

Fig. 2 shows the infrared spectra of PAN/PES/TiO, films
and their hydrolysis temperatures. The distinctive peaks of
cyano groups showed between 2,244 and 1,440 cm™ in the
infrared spectrum of unhydrolyzed PAN/PES/TiO,, while
the characteristic peaks of alkyl fatty groups appeared at
1,733 cm™. Significant weakening of these polyacryloni-
trile distinct peaks was observed after hydrolysis, indicat-
ing that the number of cyano groups decreased to some
extent under the action of the hydrolysis reaction, and the
absorption peak strengths of 1,733 and 1,440 cm™ gradually
decreased with increasing hydrolysis temperature. A new
band developed in the infrared spectra of PAN hydrolysis at
1,677 cm™, which is the characteristic peak of sodium poly-
acrylate, indicating the production of hydrophilic groups.
The carboxylic acid (COO") groups generate a distinctive
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Fig. 2. Infrared spectra for PAN/PES/TiO, with different hydro-
lysis temperatures.

peak at 1,572 cm™. The strength of the characteristic peaks
at 1,572 and 1,677 cm™ gradually increases as the hydroly-
sis duration increases, showing that the concentration of
carboxyl groups gradually increases and the hydrophilicity
of the membrane improves. Fig. 3 shows that the hydrolysis
degree of M3 is more thorough than that of M7 at the same
hydrolysis temperature (50°C) because the infrared absorp-
tion peak of M3 is the most obvious at 1,677 cm™, which is
the characteristic peak of sodium polyacrylate. This shows
that M3 produces more hydrophilic groups. The insertion of
TiO, nanoparticles may increase the amount of -OH groups
in the associated state in the membrane matrix, hence speed-
ing up the hydrolysis reaction rate. According to prior work
results, excessive hydrolysis time can cause irreversible
damage to the membrane structure. So obtaining deeper
reaction levels in a shorter period will equip the ultrafiltra-
tion membrane with better performance.

3.2. Effect of hydrolysis temperature on the degree of PAN
cyclization reaction

The DSC curves of PAN/PES/TiO, ultrafiltration mem-
branes at different hydrolysis temperatures are shown in
Fig. 4, and the specific exothermic values and enthalpies
are shown in Table 1. It is not difficult to see that the peak
heat release of MO is the smallest, sharpest, and highest. The
peak height lowers after alkaline hydrolysis treatment, and
as the hydrolysis temperature rises, the exothermic peak
shifts to a lower temperature, resulting in a decrease in the
heat of the cyclization process and a gradual spreading of
the peak. Introducing amide and carboxyl groups into the
ultrafiltration membrane after treatment with an alkaline
solution promotes the nucleophilic reaction, increasing the
degree of cyclization. The cyanide group in PAN undergoes
a cyclization process, which causes the exothermic peak.
When the polymer chain degrades, a considerable quantity
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Fig. 3. Infrared spectra for different components of ultrafiltra-
tion membrane membranes.
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Fig. 4. DSC curves of PAN/PES/TiO2 ultrafiltration membranes
at different hydrolysis temperatures.

Table 1
Characteristic parameters in DSC curves of different ultrafil-
tration membranes

Exothermic temperature (°C) AH_ inN, (J/g)

MO 309.64 525.48
M1 316.22 513.11
M2 303.51 377.16
M3 302.98 366.76
M4 303.86 319.93
M5 301.75 2119

Mé 307.21 697.63
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of heat energy is released, forming a single exothermic peak,
as seen in the image. According to the DSC test results, the
hydrolyzed ultrafiltration membrane has a lower cyclization
temperature and a greater cyclization degree [38-40]. This
conclusion is consistent with infrared spectroscopy. Fig. 5
shows the influence of TiO, nanoparticles on the DSC curve
of the PAN/PES ultrafiltration membrane. As shown in the
figure, the amplitude of the exothermic peak of M6 is higher
than MO, but the exothermic peak is lower than M0 at 305°C,
and the exothermic peak of M6 is slightly wider than MO.
It is worth mentioning that filling a small amount of TiO,
nanoparticles significantly reduces the heat of the cycliza-
tion reaction, indicating that adding TiO, nanoparticles can
prevent the extreme heat release of PAN/PES ultrafiltration
membranes, thereby improving thermal stability [41].

3.3. Effect of alkali hydrolysis temperature on ultrafiltration
performance of ultrafiltration membrane

The variations in water flow and retention rate of a
PAN/PES/TiO, composite ultrafiltration membrane under
varied hydrolysis temperature settings are depicted in
Fig. 6. The experimental results show that as the hydroly-
sis time rises, the pure water flux of the composite mem-
brane increases first and then quickly falls. In contrast, the
interception reduces first and then increases. The maximum
water flow at a hydrolysis temperature 50°C is 619.4 L/
m?h, and the minimum retention rate is 95.78%. Because
of the comparatively moderate temperature conditions in
the early phases of hydrolysis, soaking the membrane in
an alkaline solution below 50°C can perform hydrolysis
without damaging the membrane structure, resulting in
more hydrophilic carboxylic acid groups. At the same time,
TiO, nanoparticles, which are hydrophilic inorganic fillers,
would naturally aggregate on the surface of the ultrafiltra-
tion membrane during the phase transition process, increas-
ing the hydrophilicity of the membrane surface even more
[42]. The pure water flux of an ultrafiltration membrane is
affected by its surface hydrophilicity, porosity, and over-
all structure. The composite membrane enters the alkaline
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Fig. 5. DSC curves of PAN/PES/TiO, ultrafiltration membranes
at different hydrolysis temperatures.

solution when the hydrolysis temperature surpasses 50°C,
and the membrane structure changes. The diameter of the
“small pits” on the membrane surface decreases, and the
contact area with water molecules sharply decreases, result-
ing in a significant decrease in water flux. When the hydro-
lysis temperature hits 60°C, the ultrafiltration membrane
curls due to the overly severe hydrolysis environment,
compressing the massive cavity structure in the center of
the ultrafiltration membrane. The water flow of the ultra-
filtration membrane is currently the lowest, at 180.6 L/m*h,
while the retention rate is as high as 98.99%.

3.4. Morphological analysis of PAN/PES/TiO, films at different
hydrolysis temperatures

Fig. 7 shows the effect of hydrolysis time on the surface
structure of PAN/PES/TiO, ultrafiltration membranes. It can
be seen that the diameter of the depressions on the surface
of the unhydrolyzed modified ultrafiltration membrane
is more significant, and the excavations are deeper. When
the hydrolysis temperature is 40°C, the depression niche
of the ultrafiltration membrane shrinks, and the diameter
of the cavity shrinks from 10 um to the range of 1~5 pm.
In contrast, the depth of depression becomes shallow, and
some tiny pores even disappear due to shrinkage. When the
hydrolysis temperature was increased to 50°C, the mem-
brane formed an ideal surface structure, and the shrinkage
of the diameter of the depressions did not affect the number
of nubs. Such a dense nub structure would enhance the sur-
face roughness of the ultrafiltration membrane and increase
the contact area between the membrane surface and water
molecules, which positively impacted the water flux of the
membrane. At the same time, the small diameter and shallow
depth of the niche structure are not conducive to the adhe-
sion of contaminants, and the contamination resistance of
the ultrafiltration membrane will be improved [31].

The cross-sectional diagrams of PAN/PES/TiO, mem-
branes at various hydrolysis temperatures are shown in
Fig. 8. As shown in the figure, alkali hydrolysis has a more
visible effect on the internal pore structure of the membrane.
The finger pores of the original PAN/PES/TiO, membrane
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Fig. 6. Trend of water flux and retention rate of PAN/PES/TiO2
membrane at different hydrolysis temperatures.
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Fig. 7. Surface morphology of PAN/PES/TiO, ultrafiltration membranes at different hydrolysis temperatures (a) MO0, (b) M1,
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Fig. 8. Cross-sectional view of PAN/PES/TiO, ultrafiltration membrane at different hydrolysis temperatures (a) MO, (b) M1,

(c) M2, (d) M3, (c) M4, and (f) M5.

have a curved morphology. The membrane has low water
permeability, and pollutants are more likely to be blocked
inside the membrane. The finger pores of the ultrafiltration
membrane are more thorough after hydrolysis modifica-
tion, which improves the pure water flux of the ultrafiltra-
tion membrane. When the hydrolysis temperature is 50°C,
the pore structure of the composite membrane is ideal,
with an increase in the number of connecting pores at the
top and bottom, resulting in finer and denser pores. When
the hydrolysis time reaches 50°C, the membrane structure
is degraded to some extent due to the excessive hydrolysis
and the number of PAN molecular chain breaks. The under-
lying structure of the membrane is bent and deformed, and
the coherent long pores that formed initially virtually all

dissolve, creating more circular pore patterns, as shown
in the following diagram. When the hydrolysis tempera-
ture reaches 60°C, the number of adequate holes suddenly
falls, and the large pore structure of the ultrafiltration mem-
brane is filled due to excessive hydrolysis, making water
molecules challenging to flow through the interior of the
ultrafiltration membrane.

3.5. Effect of alkali hydrolysis temperature on water absorption
and porosity of ultrafiltration membrane

Fig. 9 depicts the impact of different hydrolysis tem-
peratures on the water absorption and porosity of PAN/PES/
TiO, ultrafiltration membranes. The results revealed that
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Fig. 9. Trend of porosity and water absorption of PAN/PES/TiO,
membrane at different hydrolysis temperatures.

when the hydrolysis temperature increased, the porosity
and water absorption of the composite membrane increased
and eventually declined. The membrane functioned best at
a hydrolysis temperature of 50°C, with maximum poros-
ity and water absorption values of 85.12% and 422.16%,
respectively. The hydrolysis reaction between PAN and
NaOH solution in PAN/PES/TiO, composite ultrafiltration
membrane forms more hydrophilic carboxylic acid groups,
which is the reason for improving membrane performance
in the early hydrolysis stage. The alkali hydrolysis reaction
becomes more complete as the temperature rises, producing
more hydrophilic groups. However, the excessive hydrolysis
reaction fills the pore structure of the PAN/PES/TiO, ultrafil-
tration membrane, and the molecular chains of PAN and PES
curl due to the high temperature, resulting in ultrafiltration
membrane deformation. As a result, when the hydrolysis
temperature is above 50°C, the pore size and water absorp-
tion of the ultrafiltration membrane decrease. This suggests
that various parameters influence the performance of ultra-
filtration membranes, and improving the hydrophilicity of
ultrafiltration membranes while preserving their internal
structure is vital.

3.6. Effect of alkali hydrolysis temperature on the hydrophilicity of
ultrafiltration membranes

The impact of alkaline hydrolysis temperature on the
surface hydrophilicity of PAN/PES/TiO, composite ultra-
filtration membranes is investigated in Fig. 10. The results
revealed that as the hydrolysis temperature increased, the
water contact angle of the composite membrane decreased,
indicating that the surface hydrophilicity of the membrane
increased. The water contact angle reduces by 26.1% when
the hydrolysis temperature exceeds 50°C compared to the
composite ultrafiltration membrane without soaking modi-
fication. The water contact angle is 31.3% smaller than the
composite ultrafiltration membrane without washing mod-
ification when the hydrolysis temperature reaches 60°C.
The rise in hydrophilicity of ultrafiltration membranes with
increasing temperature is attributed to increased hydro-
philic groups formed by PAN hydrolysis. Including TiO,

85

Water contact angle(”)

MO Ml M2 M3 M4 M5

Fig. 10. Trend of contact angle of PAN/PES/TiO, film at different
hydrolysis temperatures.

nanoparticles will improve the hydrolysis effect of ultrafil-
tration membranes, resulting in improved membrane sur-
face hydrophilicity [42,43]. Infrared spectroscopy analysis
and DSC testing support the preceding opinion. However, as
the hydrolysis temperature approaches 50°C, the membrane
water contact angle reduction reduces because hydrolysis
creates more hydrophilic groups, and the hydrophilicity of
the membrane is regulated by characteristics such as poros-
ity and pore size. The quantity of surface “small pits” drops
off quickly at high hydrolysis temperatures, and the fin-
ger-shaped prominent cavity structure is hidden. Scanning
electron microscopy and porosity testing can confirm this
conclusion. Significant structural alterations in ultrafiltra-
tion membranes have made it impossible for water mole-
cules to infiltrate the composite membrane, cancelling out
the beneficial benefits of hydrophilic groups. As a result, the
hydrophilicity of the membrane surface has not improved
considerably in the subsequent step.

3.7. Effect of alkali hydrolysis temperature on static contamination
resistance of ultrafiltration membranes

Fig. 11 shows the effect of hydrolysis temperature on the
static adsorption capacity of the PAN/PES/TiO, composite
ultrafiltration membrane. The results revealed that when
the hydrolysis temperature increased, the static adsorption
capacity of the composite ultrafiltration membrane declined
and then increased. Overall, the fixed adsorption amount
of the hydrolysis-modified ultrafiltration membrane was
lower than that of the unmodified composite membrane.
This indicates that hydrolysis modification can significantly
improve the surface anti-fouling performance of PAN/PES/
TiO, composite ultrafiltration membranes. At a hydrolysis
temperature of 50°C, the static adsorption quantity was as
low as 0.0299 mg/cm? When the hydrolysis temperature
approached 50°C, static adsorption rose while the anti-pol-
lution impact on the surface reduced. This happens because
as the temperature increases, more cyano groups in PAN are
hydrolyzed, resulting in more hydrophilic carboxylic acid
groups. The increased hydrophilicity promotes the formation
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Fig. 11. Trend of static adsorption of PAN/PES/T iO, membrane
at different hydrolysis temperatures.

of a hydrated layer film on the surface of the ultrafiltration
membrane, which improves the anti-pollution performance
of the membrane, and the addition of self-cleaning material
TiO, nanoparticles improves the anti-pollution performance
of the composite ultrafiltration membrane even further.
However, when the hydrolysis temperature rose over 50°C,
the membrane surface roughened, and the surface area of
the membrane in contact with pollutants increased, result-
ing in a loss of the static anti-pollution effect of the ultrafil-
tration membrane.

3.8. Effect of alkali hydrolysis temperature on the contamination
resistance factor of ultrafiltration membrane

Ultrafiltration membrane contamination resistance is
an essential indicator of membrane applicability, and mem-
brane anti-pollution performance directly impacts service
life and application breadth. The trend of each anti-pol-
lution coefficient of the composite membrane is shown
in Table 2. The results showed that as the hydrolysis tem-
perature increased, the m and Rir values of the ultrafiltra-
tion membrane decreased while the Rr value increased. It
implies that the modification method of increasing hydro-
lysis temperature can improve the anti-pollution property
of the ultrafiltration membrane. This contrasts the preceding
trend of static anti-pollution performance, which is boosted
initially and subsequently diminished because dynamic
anti-pollution has a backwashing process, and inevitable
impurities adhering to the membrane surface are eliminated
by simple cleaning with deionized water. The PAN/PES/
TiO, composite ultrafiltration membrane has the most min-
iature m and Rir when the hydrolysis temperature reaches
60°C, 0.03704, and 3.571%, respectively. The Rr value of the
membrane reached a maximum of 37.5% at the hydrolysis
temperature of 50°C, and it changed very little after this tem-
perature was exceeded. The primary cause of these events
is that when the temperature rises, the hydrolysis process
between PAN and NaOH becomes more complete, forming
more hydrophilic groups. Simultaneously, the addition of

Table 2
Anti-contamination performance parameters of PAN/PES/TiO2
membranes at different hydrolysis temperatures

m Rr (%) Rir (%)

MO 0.3455 32.43 25.68
M1 0.2951 34.18 22.78
M2 0.2192 35.96 17.98
M3 0.1429 375 12.5
M4 0.1364 25 12
M5 0.03704 24 3.57
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Fig. 12. Three-cycle filtration fluxes of different substrate mem-
branes after hydrolysis modification.

hydrophilic inorganic filler TiO, nanoparticles improves the
hydrophilicity of the hydrolyzed ultrafiltration membrane,
improving the transport ability of water molecules through
the pores of the composite ultrafiltration membrane, increas-
ing the water flux of the membrane and making it difficult
for pollutants to adhere to the membrane surface, causing
membrane fouling. Specifically, complete the ultrafiltration
membrane self-cleaning [44,45].

3.9. Comparison of the anti-pollution stability of different
components of ultrafiltration membranes

Fig. 12 shows the dynamic schematic diagram of ultra-
filtration membranes with different components under-
going three flux cycles, where PAN/PES hydrolysis mem-
branes were modified by immersion at 50°C for 60 min,
and PAN/PES/TiO, hydrolysis membranes were changed
by immersion at 50°C for 45 min. BSA was employed as a
contamination model in the tests to examine the stability
of ultrafiltration membranes against contamination. The
results showed that the PAN/PES ultrafiltration membrane
caused a decrease in filtration flux after each cycle of the test.
Still, the decline in filtration flux of the PAN/PES hydroly-
sis membrane and PAN/PES/TiO, ultrafiltration membrane
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Fig. 13. Filtration flux of ultrafiltration membranes at different
placement times (a) Initial membrane filtration flux, (b) ultra-
filtration membrane filtration flux after three months of place-
ment, and (c) ultrafiltration membrane filtration flux after
six months of placement.

was significantly reduced, especially the filtration flux of the
PAN/PES/TiO, hydrolysis membrane. Both surface hydroly-
sis and blending procedures can increase the hydrophilicity
of ultrafiltration membranes, which is why both occurrences
occur. According to research, including TiO, inorganic fill-
ers can increase the stability of ultrafiltration membranes
and significantly improve their hydrophilicity. The increase
in hydrophilicity might make the membrane surface more
readily saturated with water molecules, forming a “hydrated
layer” film. This thin layer not only acts as a pollution barrier
but also improves the anti-pollution stability of the ultrafil-
tration membrane, which is critical for extending the service
life of the membrane and lowering maintenance costs [46].

3.10. Filtration flux stability test of ultrafiltration membranes
with different components

Fig. 13 compares the filtration fluxes of various fractions
of ultrafiltration membranes after 3 d (a), three months (b),
and six months (c) of deployment. The results showed that
the anti-pollution stability of ultrafiltration membranes with
different modifications was improved compared to PAN/
PES ultrafiltration membranes. In particular, the filtration
flux of the PAN/PES/TiO, hydrolysis membranes was hardly
reduced, which indicates that the anti-pollution stability
of the ultrafiltration membranes was finally modified by a
combination of modifications (surface modification and
co-blending modification) was improved. The main reason
for this phenomenon is that the hydrolysis modification
and the co-blending incorporation of TiO, nanoparticles can
introduce hydrophilic groups, such as carboxyl groups and
hydroxyl groups, which will strongly interact with water
to form an anti-fouling shield and reduce the probability of
contaminants falling on the ultrafiltration membrane surface.
Even if some pollutants adhere to the membrane surface, the
force between them and the membrane is feeble and can be
removed by a simple rinse [23]. The ultrafiltration mem-
brane can be endowed with self-cleaning ability using such
compound modification. Hence, the filtration performance

Table 3
Glass transition temperature (T ) of different component ultrafil-
tration membranes

T, (°C)
MO 104.16
M6 99.39
M8 95.09
M9 225.35

of the PAN/PES/TiO2 hydrolysis membrane still performs
well after six months of placement [47].

3.11. Thermal properties of membranes

Blended polymers with good compatibility will display
a T, value between the polymers [48]. As shown in Table 3,
the T values of M0 and M6 are between M8 and M9 ultrafil-
tration membranes, and all ultrafiltration membranes have
only a single T, value. Moreover, adding TiO, nanoparticles
will to some extent enhance the T of PAN/PES ultrafiltra-
tion membranes. This is because TiO, nanoparticles have
a higher T, and when blended with other materials with
good compatibility, the T of the blend will increase. TiO,
nanoparticles will agglomerate when compatibility is poor,
leading to a decrease in Tg. In summary, PAN, PES, and TiO,
nanoparticles have good compatibility.

4. Conclusion

This study used a phase inversion method to prepare
a PAN/PES/TiO, composite ultrafiltration membrane and
hydrophilic modification of the membrane was carried out
using a low-concentration NaOH solution. After thoroughly
examining the modification conditions of alkali hydrolysis,
the optimum hydrolysis temperature of 50°C was estab-
lished. The pure water flux of M3 achieved 619.4 L/m*h, an
improvement of 29.7% over the unmodified MO. In addi-
tion, the surface hydrophilicity and pollution resistance of
the hydrolysis-modified membrane and porosity were sig-
nificantly improved. Meanwhile, under the same working
conditions, we created PAN/PES ultrafiltration membranes
and PAN/PES-50°C, and the four separate components of
ultrafiltration membranes were tested for performance sta-
bility. The results showed that M3 performed admirably in
the anti-pollution and long-term flux stability tests. This sug-
gests that combining alkali hydrolysis surface modification
and co-blending with hydrophilic TiO, nanoparticles can
significantly improve the overall performance of ultrafiltra-
tion membranes, particularly anti-pollution and long-term
flux stability. This will present a fresh research proposal for
extending the service life and lowering the cost of ultrafiltra-
tion membrane maintenance.

Symbols

I, — Water flux, L/m*h

Vv — Volume of water passing through the mem-
brane, L

S — Effective filtration area, m?
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— Collection time, h

— Interception rate, %

— Absorbance of BSA in filtrate

—  Absorbance of BSA in feeding liquid

—  Porosity, %

— Composite film wet weight, g

— Composite film dry weight, g

— Composite membrane volume, cm?

—  Water density, g/cm?®

— Water absorption rate, %

—  Ultrafiltration membrane wet weight, g

—  Ultrafiltration membrane dry weight, g

— Solution concentration, mg/L

— Absorbance of the solution at 278.5 nm

— Static adsorption capacity, mg/cm?

— Volume of BSA solution, L

— Ultrafiltration membrane area, cm?

—  Total fouling coefficient of membrane

— Reversible fouling coefficient of membrane, %
— Irreversible fouling coefficient of membrane, %
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