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ABSTRACT

Hydrophilic polyacrylonitrile (HPAN) ultrafiltration membranes were successfully prepared by
the phase inversion method with hydrolysis modified polyacrylonitrile as the basic materials.
The effect of hydrolysis time of polyacrylonitrile on the morphology and performance of the HPAN
ultrafiltration membranes were investigated by the approaches of ultrafiltration experiments, poros-
ity testing, scanning electron microscopy, attenuated total reflectance-Fourier-transform infrared
spectroscopy, water contact goniometer angle and dynamic anti-contamination. The results showed
that the hydrophilicity, pore connectivity, porosity and pure water flux of the membranes could
be improved by increasing the hydrolysis time of polyacrylonitrile (PAN). However, the longer
hydrolysis time will lead to degradation of PAN, resulting in a decrease of the retention rate and
mechanical strength. Through comprehensive consideration, when the hydrolysis time was 2 h, the
HPAN ultrafiltration membrane exhibited excellent water permeate flux and good anti-pollution
ability almost without decreasing the retention and mechanical strength. Thus, the proper hydrolysis
degree could improve the separation efficiency, prolong the life cycle and reduce the operational
costs of the polyacrylonitrile membrane. In addition, the presence of carboxyl groups due to hydro-

lysis provides unlimited possibilities for further modification of HPAN membranes.

Keywords: Polyacrylonitrile membrane; Hydrolysis modified; High water flux; Anti-pollution

1. Introduction

The technology of the ultrafiltration (UF) membrane
has a promising future in the field of water resource recov-
ery and utilization [1,2]. It can be applied as an effective
strategy of water treatment as a result of its low-priced,
easy development, operation and environmental-friend-
liness [3,4]. However, the industrial application of the
ultrafiltration membrane is still limited by the problems
of the membrane fouling, which requires additional clean-
ing processes to weaken pollution and increase operating

* Corresponding author.

costs [5,6]. Additionally, fouling accumulation on the
outside and in the pore of the membrane will provide an
advantageous living condition for microbial propagation,
which will damage the structure, shorten the lifetime of
the membrane and pollute the filtrate [7-9].

Hence, it is of great significance to minimize fouling in
UF membranes. Usually, the anti-pollution performance
of the membranes could be improved by furthering their
hydrophilicity [10,11]. The ground on this, many modifica-
tions were carried out such as blending, copolymerization
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and surface modification. Kim et al. [12] immobilized nisin
and dopamine on the skin layer of polysulfone ultrafiltration
membranes, which effectively built up the anti-pollution
performance of the ultrafiltration membrane. Hwang et
al. [13] adsorbed a layer of graphene oxide onto the poly-
sulfone membranes. The research data revealed that the
hydrophilicity and the water flux were obviously improved.
What’s more, the amount of absorbed bovine serum albu-
min (BSA) was significantly reduced. Garcia-Ivars et al. [14]
took polyethylene glycol (PEG) and Al O, as the hydrophilic
additives to polyethersulfone ultrafiltration membranes.
His research data proved that the ultrafiltration perfor-
mance and mechanical performance of polyethersulfone
ultrafiltration membranes were both improved. In the pre-
vious research of our research team, we tried to enhance
the performance of the ultrafiltration membrane by intro-
ducing nano titanium dioxide, and successfully introduced
titanium dioxide nanoparticles and titanium dioxide sol
into the polysulfone ultrafiltration membrane. The research
found that the ultrafiltration performance, anti-pollution
and mechanical properties of the ultrafiltration membrane
have been significantly improved. In particular, the inter-
penetrating network formed by titanium dioxide sol and
polysulfone is more prominent in performance improve-
ment [15-17].

Polyacrylonitrile (PAN) ultrafiltration membrane has
been diffusely used in the traditional ultrafiltration mem-
brane process as a result of its excellent chemical and
thermal stability and solvent resistance [18,19]. However,
as a kind of hydrophobic material, PAN is also affected by
the problem of membrane fouling. In order to improve the
applicability of PAN materials in ultrafiltration technology,
different researches were conducted by researchers. Meng
et al. [20] deposited the chitosan layer on the skin-layer of
the PAN basement membrane. Although the method can
efficaciously enhance the hydrophilicity of UF membranes,
it leads to a decrease in pore size of the basement mem-
brane and a loss of pure water flux. Nie et al. [21] attached
PEG400 to the PAN-MAH membrane and observed a sig-
nificant increase in water flux and a significant decrease in
the adsorption of BSA. Although PEG-based materials can
achieve the required modification, they are readily oxidized
in most biochemically related solutions. Beril Melbiah et al.
[22] added titanium dioxide nanoparticles to PAN casting
solution. The research found that the anti-pollution capac-
ity and hydrophilicity of the PAN membrane had been effi-
caciously enhanced. However, the research also revealed
that the addition of nanoparticles caused a certain degree
of blockage of the membrane pore and it had a negative
effect on the water permeability of the membrane. After
the summarization of many studies, it is obvious that the
introduction of relevant functional groups on the polymer
backbone can effectively improve the anti-pollution perfor-
mance while maintaining good water flux. Asatekin et al.
[23] applied the amphiphilic comb copolymer PAN-graft-
polyethylene oxide PAN-g-PEO as additives for the man-
ufacture of new PAN UF membranes. The research turned
out to be that water flux had been greatly improved as well
as the anti-pollution ability. Although this modification
method effectively improves the performance of the mem-
brane, it increases the cost of the UF membrane in practical

production and application. Thus, researchers are devoted
to finding an economical and effective modification method.

As is known to us, the cyanogen groups on side chains of
PAN can hydrolyze to form carboxyl groups under the alka-
line condition [24,25], which improves the hydrophilicity of
PAN and make it shown response to pH. So, making PAN
membranes hydrolyzed to improve the fouling resistance
and hydrophilicity of the membrane has been a research
focus [26].

In previous studies, some researchers have hydro-
lyzed the PAN membrane and grafted other functional
groups. Although this method has achieved the purpose
of modification, the negative impact of the hydrolysis after
membrane formation on the PAN film is fatal, so we con-
sider trying to hydrolyze the PAN material first, and then
use the hydrolyzed polyacrylonitrile (HPAN) to form the
membrane. In our study, a series of hydrophilic UF mem-
branes were prepared by using the HPAN as materials.
We investigated the effect of hydrolysis time of PAN on
membrane structure and properties and then found that
the proper hydrolysis time of PAN could improve mor-
phology and hydrophilicity, increase the permeability and
anti-fouling performance of the membranes.

2. Materials and methods
2.1. Chemical materials

Polyacrylonitrile powder (Mn = 50,000) was purchased
from BASF, Germany. Polyvinylpyrrolidone (Mr = 10,000),
N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone
(NMP), purchased from Tianjin Ghuangfu, China. Hydro-
chloric acid (HCl, 36%-38%) and sodium hydroxide were
analytical grades of Beijing Chemical Reagent Company
(China Chemical Reagent Company). Bovine serum albu-
min (BSA, 67 kDa) was obtained from Beijing Dingguo
Biotechnology (China). Anhydrous ethanol was purchased
from Chengdu Kelong, China. Distilled water was prepared
at the Changchun University of Technology.

2.2. Preparation of hydrolyzed PAN (HPAN)

HPAN is prepared by the alkaline hydrolysis of PAN.
Briefly speaking, taking HPAN-1 h for an example, the
virgin PAN was hydrolyzed by continuing stirring 1 h
in NaOH solution (1 mol/L) at 60°C [27]. HPAN pow-
der was collected from the sodium hydroxide solution by
suction filtration, and HPAN also is washed many times
with distilled water until the pH of the filtrate is neutral.
Then the HPAN powder was obtained after the final dry-
ing at 55°C for 6 h in a temperature-controlled dryer.
The hydrolysis mechanism of PAN is shown in Fig. 1.

2.3. Characterization of hydrolyzed PAN

The chemical constitution of HPAN was character-
ized by Fourier-transform infrared spectroscopy (FTIR)
using AVATAR-360. The spectrums were recorded over
the wavelength range of 500-4,000 cm™ using KBr pellets.
The acid-base titration method was used to determine the
degree of hydrolysis of the PAN powder by using phenol-
phthalein as an indicator in this experiment. The degree of
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In the above formula, M, : molar mass of acrylonitrile
structural unit, W, _: the total mass of PAN in reaction flask

PAN"
(g), My o molecular weight of sodium hydrox1de, NaOIL
the total mass of NaOH in reaction flask (g), W,: takeout

titration reaction mass (g), W : the total mass of reactants
in the reaction flask (g), including PAN, NaOH, water, M,
molar concentration of NH,, M, : standard hydrochlorlc
acid solution, V ;. : standard hydrochlorlc acid consumed by
titration volume (mL).

2.4. Preparation of ultrafiltration membrane

The HPAN membranes were prepared via a non-solvent
to induce the phase separation method (NIPs). HPAN
powder (16 wt.%) with different hydrolysis time (0, 1, 2,
3, 4, and 6 h) and poly(vinylpyrrolidone) (4 wt.%) were
dissolved in a mix solution of DMAc and NMP under the
stirring condition for 12 h in order to make casting solution
more homogeneous, and the casting solution has to be
stored at room temperature for 24 h to remove air bubbles.
Subsequently, the HPAN casting solution was poured onto a
special plate and cast by a doctor blade (thickness: 0.18 mm)
at room temperature, after about 15 s of solvent evaporation,
the special plate with casting solution was quickly plunged
into a coagulating bath to form a membrane by L-S phase
inversion. The resulting HPAN membranes were placed in
a distilled water bath at an indoor temperature and permit-
ted to stand for 3 d to remove the remaining solvent and
the HPAN membrane was kept in distilled water contain-
ing 1% formaldehyde to avoid bacterial growth [16,28].
The preparation flowchart is shown in Fig. 2.

2.5. Morphological observation

The cross-section morphology of the HPAN membrane
was observed by a JSM-6510 scanning electron microscopy
(SEM, Japan Electron). The samples were fractured in lig-
uid nitrogen and coated with a thin layer of gold before
examined.

Fig. 2. Preparation flow chart of HPAN membrane.

2.6. Ultrafiltration performances experiments

Ultrafiltration performances including the pure water
flux and the retention of the HPAN membranes. In this
study, the pure water flux was tested using the SCM300
ultrafiltration cup (Ecologic Center Shanghai) at room
temperature. Each membrane in the cup was fed with dis-
tilled water for 15 min at 0.05 MPa before the test. The fil-
tration time was 15 min, the volume of collecting water
was recorded every 3 min during the filtration process and
formed an average. The pure water permeability (] ) of the
membranes were calculated by Eq. (2):

%4
AxAt

Jo= @)

In the formula, V (L) is the average volume of the filtrate;
A (m?) is the filtration area; At (h) is the collection time.

In the ultrafiltration membrane retention performance
experiment, we tested the ultrafiltration membrane’s abil-
ity to retain bovine serum proteins (BSA, 67 kDa, Dingguo
Biologic Tech). We still used the SCM300 ultrafiltration cup
for testing. The BSA solution (0.1 g/L) was fed to the ultra-
filtration cup for 15 min, with operating conditions were:
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transmembrane pressure of 0.1 MPa, room temperature, and
tangent speed of water is 3 m/s. The retention rate is calcu-
lated by Eq. (3):

C
R:[1—”]x100% 3)
C

0

where C, is the concentration of BSA in the feed liquid,
C the concentration of BSA in the filtrate, and the values of
C, and C are analyzed by an ultraviolet spectrophotometer
(UV-1800) at 278.5 nm [29,30].

2.7. Hydrophilic test

In order to investigate the effect of alkaline modification
of PAN on the hydrophilicity of ultrafiltration membranes,
surface hydrophilicity was characterized by testing the
water contact angle (WCA) with a Drop Shape Analyzer
(DSA 100, Kriiss GmbH, Hamburg, Germany). Before test-
ing, all samples need to be washed to remove the loosely
adsorbed substances on the membrane surface, and then
dried in a 60°C vacuum oven for 24 h. For each sample, the
contact angle was measured 5 times at different positions
and then averaged.

2.8. Porosity and pore size test

Membrane porosity (g, %) was determined by the wet-
dry gravimetric method. Before the test, a 6 cm x 6 cm
membrane sample was washed to remove the materi-
als adsorbed on the surface, and the weight of the wet
membrane was weighed and recorded as W,. Then the sam-
ples were dried in a blast drying oven at 55°C for 1 h and
stayed in a vacuum dryer at 60°C for 24 h. The dry weight
of the membrane at this time was weighed and recorded
as W, and the porosity of the ultrafiltration membrane
was calculated by Eq. (4):

W -W,
Porisity = ‘]/ 2 x100% (4)

xp

where V (cm?) is the volume of the membrane and p is the
density of water at room temperature [15].

The pore size of the ultrafiltration membranes was tested
by a capillary flow porometer (POROLUX500, Germany),
and the pore size analysis was performed using computer
software (POROLUX500, porometer). In this work, the
POREFIL was used to wet membrane samples. Three mea-
surements were performed on different batches of mem-
branes made by the same method.

2.9. Mechanical strength tests

In this study, the mechanical strength of the HPAN
membranes were measured on an INSTRON-3365 univer-
sal material testing machine. The membrane length was
30 mm and the loading speed was 3 mm/min. Each sample
was tested three times in parallel.

2.10. Anti-pollution performance test

The antifouling property of the HPAN UF membrane
was evaluated through a dynamic fouling experiment by
using BSA as a model pollutant. The experiment was car-
ried out at 0.1 MPa, a tangential water velocity of 3 m/s
and room temperature with an SCM 300 ultrafiltration
cup. First, the membrane was feed by distilled water at
0.1 MPa for 30 min to get steady-state flux registered as |,
then was used to filtrate the BSA aqueous solution (1.0 g/L)
as the fouling fluid until the flux stabilization. After that,
the contaminated membrane in the ultrafiltration cup was
flushed with distilled water for 20 min under the tangen-
tial velocity of about 3.0 m/s and the pressure of 0.05 MPa
to clean all the unconsolidated BSA molecules deposited on
the membrane surface. This process was repeated for 30 d
and the final water flux was recorded as J,. Observe the
change of water flux with time and the recovery of water
flux, expressed by the flux attenuation coefficient m:

m= % x100% ®)

1

3. Results and discussion
3.1. Infrared spectra analysis for HPAN

We investigated the molecular structure changes of
HPAN caused by different hydrolysis time through FTIR
spectra (Fig. 3). In the infrared spectra of HPAN, we found
that the absorption cyanogroup peaks of HPAN at 2,224 and
1,440 cm™ became weaker compared with PAN [31], and the
absorption peak of carboxylate sodium groups appears at the
position of 1,568 cm™, which indicated that cyanogroups had
hydrolyzed into carboxylic groups. In addition, the intensity
of carboxyl absorption peaks at 1,568 cm™ became stronger
with the hydrolysis time increasing. So, we can speculate
that the content of carboxyl groups on the HPAN molecular
chain increases with the increase of hydrolysis time.

3.2. Conversion rate of cynaogroup with different hydrolysis time

In this experiment, the conversion rate of cyanogen
groups was tested through acid-base titration. The charac-
terization results are shown in Fig. 4, the conversion rate
of cyanogroups increased with the increase of hydroly-
sis time, especially at the initial stage of hydrolysis (about
1 h), the cyanogroup conversion rate increased rapidly,
and then the increasing trend became gentle. This phe-
nomenon may be related to the neighboring group effect
of a macromolecule that when a part of cyanogroups are
converted to carboxyl groups in the alkaline hydrolysis
reaction of PAN, the hydrolysis of the adjacent cyanogroups
will be limited because of the electrostatic repulsion of the
carboxyl to OH-attack [24,32].

3.3. Analysis of membrane cross-section

The cross-section morphologies of PAN ultrafiltration
membranes with different hydrolysis time were observed
by SEM. As shown in Fig. 5, with the hydrolysis time of the
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Fig. 4. Relationship between PAN cyanogroup conversion and hydrolysis time.

membrane material increasing, the sublayer structure of the
membrane underwent a transition from the semi-finger-
like pore to run-through finger-like pore structure, the vol-
ume of the finger pores increased and the thickness of the
membrane skin layer became thinner (a, b, ¢, d, e). These
variations of membrane structure could be explained that
the hydrogen bond interaction between carboxyl groups
formed through the PAN hydrolysis and water molecules
accelerated the indiffusion rate of non-solvent to casting
solution, which was the driving force to promote the growth
of the macropores growth during the precipitation process

of wet-casting polymeric membranes, thereby causing the
ultrafiltration membrane to produce a wider finger pore
structure [15,16]. At the same time, the increase of the indif-
fusion rate of non-solvent to casting solution also induced
a fast demixing process, preventing HPAN macromole-
cules to aggregate and rearrange to the membrane surface,
resulting in the formation of a thinner skin layer.

However, the last image (f) showed that the cross-section
of HPAN was damaged at longer hydrolysis time of PAN
(6 h), which indicated that excessive hydrolysis led to the
breaking of PAN molecular chains and then weaken the
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Fig. 5. SEM images of the cross-sections of the (a) PAN, (b) HPAN-1 h, (c) HPAN-2 h, (d) HPAN-3 h, (e) HPAN-4 h and (f) HPAN-6 h

membrane.

film-forming property of HPAN. So, we can conclude that
the hydrolysis time of PAN has a great influence on the
membrane structure.

3.4. Hydrophily of membrane

The hydrophilicity of the ultrafiltration membrane is
one of its main performances. The good hydrophilicity can
be beneficial to increase the flux of membrane and improve
the anti-pollution ability of ultrafiltration membranes.
Generally, we characterize hydrophilicity by the water contact
angle [33]. The better the hydrophilicity of the ultrafiltration
membrane, the smaller the water contact angle. As shown
in Fig. 6, the water contact angle of the HPAN membrane
decreased gradually with the increase of hydrolysis time. It is

mainly because the carboxyl groups of the HPAN membrane
could form hydrogen-bond with water molecules, which
reduced the interfacial tension between water molecules
and the membrane surface, thus decreasing the water con-
tact angle, which resulted in the improvement of membrane
hydrophilicity [34]. However, this decreasing tendency of the
water contact angle began to slow down when the hydrolysis
time was over 2 h, because the conversion rate of the cyanide
group increased slowly with the increase of hydrolysis time,
thus slowing down the increasing trend of carboxyl groups.

3.5. Porosity and pore size

As listed in Table 1, the porosity and the mean pore size
of the membrane increased with the increase of hydrolysis
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Fig. 6. The water contact angle of HPAN membrane with different hydrolysis time.

Table 1
Average aperture of HPAN membranes with different hydroly-
sis time

PAN hydrolysis time (h) Average aperture (nm) Porosity (%)

0 31 69.3
1 38.5 75.6
2 494 80.38
3 80.4 83.37
4 91.2 85.24

time because of a fast L-S phase conversion process caused
by the hydrogen-bonds between carboxyl groups of HPAN
hydrolysis and water molecules, which prevented HPAN
macromolecules to aggregate and rearrange fully to form
a dense structure and resulted in a porous structure [16].
These findings are consistent with the SEM images (Fig. 5)
and demonstrate that using HPAN as membrane material
can increase its porosity and pore size. As a result, these pore
structure changes can effectively improve the water flux of
the ultrafiltration membrane.

3.6. Ultrafiltration performance

To investigate the influence of hydrolysis time on the
pure water flux and BSA rejection rate of the membrane,
the UF experiments were implemented. The results were
shown in Fig. 7 indicated that with the increase of hydro-
lysis time, the pure water flux of membranes increased
gradually, and the rejection rate decreased. These changes
could be interpreted that during the filtration of the
HPAN membrane, the carboxyl groups contained in HPAN
improve the membrane hydrophilicity and attract water

molecules to pass through the membrane, the porosity
became even lager and the big run-through finger-shaped
pores were formed in the sublayer reduce the flow resis-
tance of water, resulting in the increased of pure water
flux [30]. While the decline of the BSA rejection rate is
attributed to the thin skin layer and the macrovoids of the
membrane [17,29], helping water molecules pass through
the membrane and reducing membrane rejection grad-
ually. When PAN was hydrolyzed for 2 h, the pure water
flux of the membrane increased from 200 to 583 L/h m?,
and the retention rate remained about 93% with little
decline compared to the PAN membrane. Thus, accord-
ing to the change of flux and rejection rate with hydroly-
sis time, we think the best hydrolysis time is 2 h when
the HPAN membrane possesses superior UF performance.

3.7. Mechanical properties of membranes

The mechanical strength of HPAN ultrafiltration mem-
branes was studied, and the relationship between tensile
strength and elongation rate at the break of different HPAN
membranes is illustrated in Fig. 8. The mechanical strength
of the membranes decreased with the increase of hydroly-
sis time. This phenomenon is due to the hydrolysis of PAN,
inducing the decline of PAN crystallinity and the more
porous structure of membranes such as high porosity, mac-
rovoids and run-through finger-like pores, which have a
negative effect on the mechanical strengths of the membrane.
Therefore, it is necessary to control the hydrolysis time of
PAN in order to maintain the proper mechanical strength
of membranes. When hydrolysis time is 2 h, although the
tensile strength of the HPAN membrane decreases slightly
(11.9%) compared with PAN, HPAN membranes possess
superior UF performance and hydrophilicity, which are ben-
eficial to improve the anti-pollution ability and operating
efficiency of the membrane.
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Fig. 8. Stress—strain curves of PAN and HPAN membranes.

3.8. Fouling resistance performance

The improved hydrophilicity of the membrane material
could reduce contact and non-directional bonding between
the membrane and contaminants, thereby reducing the
adsorption of contaminants and facilitating the backwash-
ing of the membrane [35]. In this work, we investigated the
antifouling capability of the PAN membrane and the HPAN
membrane with different hydrolysis time. The results are
shown in Table 2, under the same operating conditions,
the flux attenuation coefficient of the HPAN membranes
decreases with the increase of the hydrolysis time, and the

Strain (%)

flux attenuation caused by irreversible pollution is signifi-
cantly reduced. This indicates that the improvement of the
hydrophilicity of the membrane reduces the possibility of
contact and the various bonding between and the mem-
brane and the BSA, reducing the interaction between the
membrane and the BSA, thereby weakening the adsorption
and aggregation which caused membrane fouling [36-38].
In addition, since the carboxyl group carries the same neg-
ative charge as BSA, the repulsive force between them will
also lead to a decrease in the adsorption capacity of hydro-
phobic solutes on the surface of the membrane, which will
reduce the membrane pollution, and make the hydrophobic
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Table 2
Attenuated coefficient of water flux of membranes

Initial water Water flux after  Attenuated

flux, J, (L/hm?) 304, ], (L/hm?)  coefficient m
PAN 200 113 0.77
HPAN-1h 273 207 0.32
HPAN-2h 539 453 0.189
HPAN-3h 731 660 0.10

solutes more easily fall off the membrane to reduce the
flux attenuation during the backwash. Besides, as the car-
boxyl groups of HPAN carried the same negative charges
as BSA molecules, the repulsive force between these two
also attributed to the reduction of protein adsorption on the
membrane surface [29], resulting in a reduction of membrane
fouling and the hydrophobic solute is more easily detached
during the backwashing process to reduce flux attenuation.

4. Conclusion

In this study, a type of hydrophilic ultrafiltration mem-
brane was prepared via phase inversion method by using
the hydrolyzed polyacrylonitrile as membrane material.
The effects of PAN hydrolysis time on the structure and
performances of the membrane were investigated. With the
increase of hydrolysis time of PAN, the porosity and size
of the pore of PAN membranes increased. The hydrophilic-
ity, pure water flux and anti-pollution ability of PAN mem-
branes improved significantly, but the retention rate and
mechanical strength decreased slightly. When the hydro-
lysis time lasted for 2 h, the retention rate and mechanical
strength decreased 4% and 11.9% respectively. However,
the pure water flux of the HPAN membrane can reach 2.9
times that of the PAN membrane, the water contact angle
was reduced by 41.4°, the porosity reached 80%, and the flux
attenuation coefficient was reduced by 0.58 from 0.77 of PAN
membrane, showing excellent Anti-pollution performance.
Therefore, the preparation of ultrafiltration membranes
using PAN with appropriate hydrolysis could significantly
improve the performance of the membrane, enhancing the
fouling resistance and lifetime of the membrane. In the next
research, we will try to further functionalize the HPAN
ultrafiltration with a more active carboxyl reaction point.
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